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Abstract 

Synthesis of novel bridged-pentanidiums and their performance in 

asymmetric phase-transfer catalysis 

Emanuele Aresu 

Chiral phase-transfer catalysis (CPTC) is an efficient industrial process used to produce 

enantiomerically pure chemicals, such as agrochemicals, active pharmaceuticals 

ingredients (API), and monomers.1 CPTC has  been applied successfully in various 

organic reactions with many advantages,2–6 such as mild reaction conditions, high 

product yields, elimination of hazardous or expensive reagents and solvents, and large-

scale asymmetric productions.7 In the last decade, a chiral sp2-quaternary ammonium 

salt, pentanidium,  reported by Tan et al. in 2011, has represented a breakthrough in 

this field.8 Since pentanidium catalysts have a high impact on asymmetric synthesis and 

are highly amenable to modification, a new class of bridged-pentanidium catalysts is 

discussed in this dissertation. 

The first part focuses on the retrosynthesis of chiral bridged-pentanidium catalysts and 

how they might be differently functionalized, starting the synthesis from commercial 

chiral diamines. As a proof-of-concept, a non-chiral bridged-pentanidium was 

synthesized and fully characterized. The reaction conditions were optimized for each 

step, particularly the critical seven-membered ring closure reaction, which proved that 

the retrosynthetic pathway was reliable. Next more sophisticated structures of chiral 

bridged-pentanidium catalysts were developed. These synthetic pathways involved the 

discovery of new compounds, such as chiral tertiary bisthioureas, chiral tetraamides, 
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and chiral bisureas. Thus, various chiral bridged-pentanidium catalysts bearing various 

functional groups and counterions to tune their reactivity were produced.  

In the second part, the reactivity of chiral bridged-pentanidium catalysts was assessed 

in various asymmetric reactions. In particular, direct alkylation and Michael addition 

reactions were applied to synthesize natural and unnatural amino acids. Then, an 

asymmetric organocascade Michael-Michael reaction for the synthesis of chiral 

trisubstituted indanes was investigated. Lastly, additional control experiments 

involving various substrates and reagents were performed. 

The third part of this work investigated enantioselective induction through 

computational studies, including density functional theory (DFT), topographic steric 

maps, and topographic electrostatic maps.9 These studies characterized the properties 

of the previously synthesized chiral bridged-pentanidium catalysts and revealed how 

their enantioselectivity is affected by the structure of the catalyst. Finally, the structures 

and asymmetric induction of the novel chiral bridged-pentanidium catalysts were 

compared with those of open-pentanidium catalysts reported in the literature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 6 -  
 

 

 

Acknowledgements 
 

I would like to express my deep and sincere appreciation to my advisor, Professor Kuo-

Wei Huang (Andy), for his advice and mentorship through the last years; thanks to him, 

I really learned a lot, not only in science but also in real life. Most importantly, Andy 

taught me the importance of education for the young generations. “Andy, you have all 

my gratitude.”  

I would also like to thank my committee members, Professors Magnus Rueping, Osman 

Bakr, and Choon Hong Tan, for giving helpful suggestions and comments on my 

research and for their time and efforts in doing so. 

The work presented in chapter 4 was a collaboration with Dr. Laura Falivene, who 

calculated the topographic steric maps for the pentanidium catalysts and performed 

DFT studies of the Michael addition reaction, and Dr. Richmond Lee, who calculated 

the transition states involved in the Michael addition reaction. 

I would like to thank my dear colleague Dr. Priyanka Chakraborthy for her precious 

and professional work on measuring the crystal structures presented in this dissertation. 

I would like to thank all the people who proofread my dissertation: Dr. Theo Goncalves, 

Dr. Indranil Dutta, Dr. Laura Falivene,  and Dr. Sandeep Gholap. 

I would like to thank my GPC, Linda Sapolu, for her precious help and advice through 

this time. 

A special thank goes to all my group members I met here at KAUST in the past years; 

there are too many people to mention. Love you all!!! 

Finally, I want to thank my family: my mother Maria, my sisters Betty, Susy, and Lella, 

my brothers Ory and Lello, and my “added-sister” Tania for their constant support. 

Lastly, I would like to express my gratitude to the most important person in my life, 

my fiancée Marion, for her love and patience and for being close to me in the toughest 

moments of this journey. “Ich liebe dich mein Schatz.” 

 

…Lux Lucet In Tenebris… 

 

 

 



- 7 -  
 

Table of contents 

 

 

 

Examination committee page             2 

Copyright                3 

Abstract                4 

Acknowledgements               6 

Table of contents               7 

List of abbreviations               9 

List of figures             11 

List of tables              13 

List of schemes             14 

 

1 Introduction             16 

 1.1 Phase-Transfer Catalysis (PTC)          16 

 1.2 Chiral Phase-Transfer Catalysis (CPTC)         19 

 1.2.1 First generation of CPTC - ephedrine derivatives       20 

 1.2.2 Second generation - chinchona alkaloids        21 

 1.2.3 Third generation - anthracenylmethyl cinchona alkaloid  

 quaternary ammonium salts           23 

 1.2.4 Fourth generation - Maruoka’s catalysts        24 

 1.3 Application of pentanidium catalysts in asymmetric synthesis      25 

 

2 Synthesis and characterization of novel bridged-pentanidium catalysts     31 

 2.1 Introduction            31 

 2.1.1 Insight into pentanidium catalysts and aim of this work      31 

 2.1.2 Retrosynthetic analysis of chiral bridged-pentanidium catalysts     33 

 2.2 Results and discussion           38 

 2.2.1 Synthesis of a non-chiral bridged-pentanidium catalyst as a proof- 

 of-concept             38 

 2.2.2 Synthesis of chiral bridged-pentanidium catalysts       40 

 2.2.3 Stability of bridged-pentanidium catalysts         59 

 2.2.4 Potential application of chiral tertiary bisthioureas as building  

 blocks for saturated bisdiaminocarbene catalysts        60 

 2.3 Conclusions            61 

 



- 8 -  
 

3 Asymmetric reactions catalyzed by the bridged-pentanidium catalysts     63 

 3.1 Introduction            63 

 3.1.1 Asymmetric synthesis of unnatural α-amino acids       63 

 3.1.2 Asymmetric organocascade Michael-Michael reactions   

 for the synthesis of chiral trisubstituted indanes        64 

 3.2 Results and discussion           65 

 3.2.1 Application of chiral bridged-pentanidium catalysts for the          

 synthesis of unnatural α-amino acids          65 

 3.2.2 Application of chiral bridged-pentanidium catalysts in  

 organocascade Michael-Michael reactions for the synthesis   

 of chiral trisubstituted indanes          74 

 3.3 Conclusions            80 

 

4 Catalyst design and computational studies         82

 4.1 Introduction            82

 4.2 Results and discussion           84 

 4.2.1 DFT methods for steric and electrostatic topographic maps       84 

 4.2.2 Topographic steric maps          84 

 4.2.3 Topographic electrostatic maps         86 

 4.3 Mechanistic studies in Michael addition reactions       93 

 4.3.1 DFT calculations           93 

 4.4 Improvement of catalyst design           98 

 4.5 Conclusions            99 

 

5 General summary and outlook         102 

 

Supporting information          107 

 General methods          107 

 Crystal structure determination        107 

 Synthetic procedures          109 

 1H and 13C NMR spectra         133 

 HRMS full scans          154 

 Crystallographic data          162 

 Crystal structures          165 

 

Bibliography            174 

 



- 9 -  
 

List of abbreviations 

APCI  Atmospheric-pressure chemical ionization 

API  Active pharmaceutical ingredient 

B3LYP Becke’s three parameter hybrid functional with the nonlocal Lee-Yang-

  Parr correlation functional (DFT method) 

Bn  Benzyl group 

Bz  Benzoyl group 

CPTC  Chiral phase-transfer catalysis 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCC   N,N'-Dicyclohexylcarbodiimide 

DCE  1,2-Dichloroethane 

DCM   Dichloromethane 

DCU  Dicyclohexylurea 

DFT  Density-Functional Theory 

DMAP 4-Dimethylaminopyridine 

DMSO Dimethyl sulfoxide 

dr  Diastereomeric ratio 

EDC-HCl 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

ee  Enantiomeric excess 

ESI  Electron-Spray Ionization 

FG  Functional Group 

HRMS High-Resolution Mass Spectrometry 

IUPAC International Union of Pure and Applied Chemistry 

LRMS  Low-Resolution Mass Spectrometry 

M06-2X Minnesota 06 global hybrid functional with 54% Hartree-Fock  

  exchange (DFT method) 

MeCN  Acetonitrile 

MEPS  Molecular electrostatic potential surface 

MW  Microwave 

NCI  Non-covalent interaction 



- 10 -  
 

NHC  N-heterocyclic carbene 

NMR  Nuclear Magnetic Resonance 

PG  Protecting Group 

PMB  para-methoxy benzene 

PTC   Phase-Transfer Catalysis 

TEA  Triethylamine 

THF  Tetrahydrofuran 

TS  Transition State 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note 1: Literature-known or commercially available compounds will be numbered, 

inserting an L before their sequential number, unless differently specified. 

 

Note 2: The hypertextual links are working fine. Clicking the page number of any page 

will automatically send you to the Table of contents. 

 



- 11 -  
 

List of figures 
 

Figure 1.1 Example of anions successfully used under phase-transfer catalysis  

conditions.              16 

Figure 1.2 Extraction mechanism in phase-transfer catalysis.       18 

Figure 1.3 First examples of CPTCs derived from ephedrine.       20 

Figure 1.4 Cinchona alkaloid diastereomeric pairs.         21 

Figure 1.5 Anthracenylmethyl cinchona alkaloid quaternary ammonium salt.     23 

Figure 1.6 Examples of Maruoka’s catalysts.         24 

Figure 1.7 Examples of guanidine derivatives.         26 

Figure 1.8 Pentanidium catalysts reported in the literature.        27 

 

Figure 2.1 Crystal structure of pentanidium catalyst.        31 

Figure 2.2 Structures of Maruoka’s and pentanidium catalysts.       32 

Figure 2.3 Structures of Maruoka’s and bridged-pentanidium catalysts.      33 

Figure 2.4 Pentanidium and bridged-pentanidium catalysts.       34 

Figure 2.5 Possible by-products found in the crude mixture.       48 

Figure 2.6 Crystal structure of compound 14.         53 

Figure 2.7 Tetraamides for the synthesis of tertiary bisthioureas.       53 

Figure 2.8 Tertiary bisthioureas for the synthesis of bridged-pentanidium 

catalysts.              54 

Figure 2.9 Crystal structures of compounds 2, 21 and 7.        54 

Figure 2.10 Chiral bridged-pentanidium catalysts synthesized.       55 

Figure 2.11 Chiral bridged-pentanidium catalysts functionalized with chiral  

1,2-Diphenyl-1,2- ethylenediamine and L or D N-methyl-prolines.          56 

Figure 2.12 Crystal structure of compound 31.         58 

Figure 2.13 Pentanidium catalysts bearing six or eight chiral centers.      59 

Figure 3.1 Examples of unnatural amino acids obtainable through CPTC.      63 

Figure 3.2 Indane and indane-containing active drugs.        64 

Figure 3.3 Pentanidium catalysts studied for Michael addition reaction.      66 

Figure 3.4 LRMS of the degradation products of catalyst 22.       69 

Figure 3.5 Pentanidium catalysts studied for the organocascade  

Michael-Michael addition reaction.           75 

Figure 3.6 Proposed mechanism for the CPTC organocascade Michael-  

Michael addition reactions.            77 

 



- 12 -  
 

Figure 4.1 Key steps of the catalytic mechanism for pentanidium-catalyzed  

conjugate addition.             82 

Figure 4.2 Alignment of the catalysts for calculation of the steric maps.      85 

Figure 4.3 Schematic representation of the interaction surface between  

A substrate and catalyst.            86 

Figure 4.4. Ball-and-stick representation of the orientation of catalyst 23 (A),  

and  steric maps of the catalysts 23, 38, and 3 viewed down the z-axis (B).     88 

Figure 4.5. Ball-and-stick representation of the orientation of catalyst L14 (A), 

and  steric maps of the catalyst viewed down the z-axis (B).       89 

Figure 4.6. Ball-and-stick representation of the orientations of catalyst 23  

and L14 (A), and  steric maps of the catalyst viewed down the z-axis (B).      90 

Figure 4.7 Ball-and-stick representation of the orientation of catalysts 23  

and L14 (A), and  steric maps of the catalysts viewed down the z-axis (B).     91 

Figure 4.8 Ball-and-stick representation of the orientation of the catalysts 23  

and L14 (A). Electrostatic potential maps (B).         92 

Figure 4.9 Catalysts 36 and 22 used in DFT studies.        94 

Figure 4.10 Transition states of catalyst 36 and substrate leading to  

opposite configurations.            95 

Figure 4.11 Transition states of catalyst 22 and substrate leading to  

opposite configurations.            96 

Figure 4.12 Transition states of catalyst 36, represented by the corresponding  

Newman projections             97 

Figure 4.13 Transition states of catalyst 22, represented by the corresponding  

Newman projections.             98 

Figure 4.14 Bridged-pentanidium catalyst with a chiral bridge.       99 

 

Figure 5.1 Comparison between the crystal structures of catalysts L14  

and 24 both bearing methyl groups as substituents.       102 

Figure 5.2 Chemical structures of L24 and 39 copper dichloride complexes.   103 

Figure 5.3 Chemical structure of compound 40.       104 

Figure 5.4 Conversion of chiral bisthiourea 7 into saturated  

bisdiaminocarbenes 41.          104 

Figure 5.5 A selection of the novel building blocks obtained through the synthesis  

of bridged pentanidium catalysts.         105 

Figure 5.6 Plausible retrosynthetic pathway to obtain bridged-pentanidium 42.   106 

 



- 13 -  
 

List of tables 
 

Table 1.1 Applications of phase-transfer catalysis.         17 

 

Table 2.1 Optimization conditions of bisimidazoline salt synthesis.      49 

Table 2.2 Optimization conditions of the seven-membered ring closure  

reaction.              51 

 

Table 3.1 Catalyst screening for the Michael addition reaction between Schiff  

base L11 and MVK L12.            67 

Table 3.2 Optimization conditions for the Michael addition reaction between  

Schiff base L11 and MVK L12.           68 

Table 3.3 Catalyst screening for the Michael addition reaction.       70 

Table 3.4 Optimization conditions for the Michael addition reaction using  

catalyst 24.              71 

Table 3.5 Michael addition reaction using catalyst 36.        72 

Table 3.6 Michael addition reaction using ethyl phenyl ketone L15 as the  

nucleophile.              72 

Table 3.7 Michael addition reaction using phenol as an additive as reported by 

Adamo et al.              73 

Table 3.8 Direct alkylation for the synthesis of phenylalanine.       74 

Table 3.9 Catalyst screening conditions for organocascade Michael-Michael 

reaction.              78 

Table 3.10 Organocascade Michael-Michael reaction using catalyst 36.      79 

 

Table 4.1 Comparison between bridged and open-pentanidium catalysts  

in Michael addition reaction.            94 

Table 4.2 Comparison of the energy barriers involved in the TS leading  

to different enantiomers between bridged and open-pentanidium catalysts .   101 

 

 

 

 

 

 

 



- 14 -  
 

List of schemes 
 

Scheme 1.1 Methylation of 1-Indanone to (+)-Indacrinone.        22 

Scheme 1.2 Synthesis of diprotected unnatural α-amino acids.       22 

Scheme 1.3 Epoxidation catalyzed by anthracenylmethyl cinchona  

alkaloids.              24 

Scheme 1.4 Michael addition reaction of O’Donnel Schiff base to vinyl ketones  

and acrylates catalyzed by pentanidium catalyst.         28 

Scheme 1.5 Enantioselective α‑hydroperoxidation and α‑hydroxylation  

of oxindoles.              29 

Scheme 1.6 Asymmetric alkylation of the 2-thienyl sulfenate anion catalyzed 

by iodo-pentanidium.             29 

Scheme 1.7 Enantioselective conjugate addition of 3-alkyloxindoles to 

phenyl vinyl sulfone.             30 

Scheme 1.8 Pentanidium-catalyzed enantioselective alkylation of  

dihydrocoumarins.             30 

Scheme 1.9 Pentanidium-catalyzed  halogenophilic nucleophilic  

substitution SN2X reactions.            30 

 

Scheme 2.1 General synthesis of pentanidium catalysts.        34 

Scheme 2.2 Hypothetic synthesis of bridged-pentanidiums from  commercial  

chiral diamines.             35 

Scheme 2.3 Retrosynthetic analysis: ring closure reaction.        36 

Scheme 2.4 Retrosynthetic analysis: ring closure by cascade reaction.      36 

Scheme 2.5 Retrosynthetic analysis: formation of bisimidazoline from  

bisthiourea.              37 

Scheme 2.6 Retrosynthetic analysis: formation of the bisthiourea from 

linear tetraamines.             37 

Scheme 2.7 Retrosynthetic analysis: formation of bridged-pentanidium  

catalyst from linear tetraamines.           37 

Scheme 2.8 Synthesis of non-chiral bridged-pentanidium catalyst 1.      38 

Scheme 2.9 Synthesis of 1,10-Dibenzyl-1,4,7,10-tetraazadecane L1.      38 

Scheme 2.10 Synthesis of compound 2 assisted by microwave.       39 

Scheme 2.11 Scale-up of the synthesis of compound 2 made in sealed tube.     39 

Scheme 2.12 Reaction conditions to obtain catalyst 1.        40 

 



- 15 -  
 

Scheme 2.13 General retrosynthetic pathway to obtain a chiral bridged- 

pentanidium catalyst.             41 

Scheme 2.14 Retrosynthetic pathway to obtain a chiral bridged- 

pentanidium catalyst.             41 

Scheme 2.15 Conversion of PG into the desired FG through reduction  

reaction.              42 

Scheme 2.16 General retrosynthesis of a linear tetraamine.        43 

Scheme 2.17 Synthesis of catalyst 3 starting from commercial chiral  

diamines L3.              43 

Scheme 2.18  Literature known synthesis of compound L4.       44 

Scheme 2.19 Modified synthesis of compound L4.         44 

Scheme 2.20 Bridging reaction using oxalyl chloride as linker.       45 

Scheme 2.21 Drawbacks of 1,2-dioodoethane, glyoxal and diethyl  

oxalate as linkers.             46 

Scheme 2.22 Reduction reaction of compound 4.         47 

Scheme 2.23 Synthesis of bisthiourea 7.          47 

Scheme 2.24 Synthesis of catalyst 3.           48 

Scheme 2.25 Synthesis of compound 13.          49 

Scheme 2.26 Counterion exchange reaction.          52 

Scheme 2.27 Reduction reaction of compound 17.         55 

Scheme 2.28 Reaction of the chiral-diamine L3 with N-methyl-L-proline  

acyl chloride L10.             57 

Scheme 2.29 Synthesis of compound 30 via a DCC coupling reaction.      57 

Scheme 2.30 Synthesis of chiral-thiourea compound 31.        58 

Scheme 2.31 Degradation of chiral bridged-pentanidium catalysts in the 

presence of strong bases and water.           59 

Scheme 2.32 Degradation of non-chiral bridged-pentanidium catalyst 1.      60 

Scheme 2.33 Conversion of bisthioureas into their corresponding  

bisureas.              60 

Scheme 2.34 Possible conversion of tertiary bisthioureas into  

free-saturated bisdiaminocarbenes.           61 

 

Scheme 3.1 Michael addition reaction of L11 to L12.        65 

Scheme 3.2 Organocascade Michael-Michael addition reactions for the  

synthesis of trans-1,2,3-trisubstituted indanes.         75 

 



- 16 -  
 

1 Introduction 

1.1 Phase-Transfer Catalysis 

Phase-transfer catalysis (PTC) is a chemical process and synthetic methodology that is 

profitably used in various organic reactions, especially in industry.1 Products 

manufactured by PTC processes are estimated to result in dozens of billions of US 

dollars per year in sales. PTC is significantly applied to produce and modify 

pharmaceuticals, agrochemicals, and fine chemicals in general. Minor commercial 

applications include the preparation of paints, food additives, and perfumes. In general, 

PTC reactions implicate the transferring of anionic species from an aqueous phase or 

interface to an organic phase (Figure 1.1). Once in the organic phase, the anionic 

species react with enhanced reactivity due to various factors such as decreased 

hydration, increased concentration, or enhanced proximity of the reactants, which 

provides higher yields under milder reaction conditions.  

 

Figure 1.1 Example of anions successfully used under phase-transfer catalysis conditions. 
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As different organic reactions require anions, either as reagents or catalysts, PTC is 

undoubtedly a convenient process option for a broad scope of chemical productions 

(Table 1.1). Different features of PTC processes are beneficial from the viewpoint of 

process engineers and chemists.1  

PTC/X-* PTC/OH- 

Halide exchange 

Esterification 

Nucleophilic substitutions: (CN-, RS-, 

N3
-, SCN-, etc.) 

Oxidation 

Reduction 

Benzoin condensation 

Polymerization 

Alkylation (C-, N-, O-, S-) 

Dehydrohalogenation 

Condensation (Wittig, aldol, Darzens 

etc.) 

Michael addition 

Hydrolysis 

Deuterium exchange 

Isomerization 

Carbene addition 

* X- = Anion other than OH- 

Table 1.1 Applications of phase-transfer catalysis. 

The mechanism of PTC reactions, in general, follow the extraction mechanism shown 

by Starks in 1971. Typical PTCs, such as quaternary ammonium cations Q+, form ion 

pairs with anionic reactants X-, which equilibrate between the organic and the aqueous 

phase (Fig. 1.1).10 While being in the organic phase, the anions possess enhanced 

reactivity (due to lower solvation) towards the substrates RY to provide the products 

RX and the anionic leaving groups Y- which react with the catalysts. Once in the 

aqueous phase, the catalysts will exchange the leaving groups with other anionic 

reactants, thus closing the catalytic cycle.  
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Figure 1.2 Extraction mechanism in phase-transfer catalysis. 

PTC may be controlled by two different behaviors: (1) chemical reaction control and 

(2) mass-transfer control. Usually, PTC processes are controlled by various 

combinations of these two phenomena. The rate-determining step in PTC reactions is 

usually the chemical reaction e.g., Q+ X- + RY in the example in Figure 1.2. PTC 

pathways controlled by chemical reactions possess an increased reactivity; if the 

lipophilicity of the catalyst is increased, the solvation of the anionic reagent is 

decreased, and the polarity of the organic solvent is also decreased.11 If the rate-

determining step of a PTC reaction is the migration of the nucleophiles into the organic 

phase, then the process is likely mass-transfer controlled. Generally, the rate-limiting 

step of alkylation reactions anticipated by extraction of hydroxides is the transfer of the 

hydroxide ions into the organic phase. Mass-transfer limited reactions, which involve 

transferring of highly charged anions, exhibit three characteristics: (1) the reactivity 

increases if the positive charge on the quaternary nitrogen of the catalyst is more 

accessible (unless the catalyst becomes too hydrophilic to work appropriately); (2) 

highly dependent by agitation efficiency; and (3) reactivity increases with more polar 

solvents.12  

Generally, PTC reactions catalyzed by bases are mass-transfer limited if the substrates 

are not well solubilized in water and their pKa is less than 23. Mass-transfer control 
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may prevail with various anions other than hydroxides, such as fluorides. PTC reactions 

may be mass-transfer limited if the transfer of highly negative ions is involved.13 

1.2 Chiral Phase-Transfer Catalysis 

Chiral phase-transfer catalysis (CPTC) is an extremely effective technique for organic 

synthesis used by academic laboratories and the chemical industry to exploit all of the 

advantages of PTC to produce enantiomerically pure chemicals, such as active 

pharmaceutical ingredients (API). CPTC has been widely used in industry for almost 

50 years. Since the seventies, researchers have tried to combine the advantages of PTC 

such as mild reaction conditions, high product yields, reduced cycle times, and 

elimination of hazardous or expensive reagents and solvents in asymmetric synthesis 

for large-scale preparations.7 

CPTC has evolved along with asymmetric catalysis in general, with several notable 

breakthroughs achieved.14 The field continued to develop from the first low 

enantiomeric excess reaction in 1975,15,16 through the advancement of catalysts based 

on cinchona alkaloids in 1984,17 to the impressive breakthrough made by Maruoka18 in 

1999, who obtained one of the best classes of CPTC to date.7 In particular, during the 

last four decades, chiral phase-transfer catalysis based on structurally well-defined 

chiral catalysts has emerged as a topic of great scientific interest. Recent achievements 

have enabled various bond formation reactions to be performed under mild conditions 

using CPTC.19 
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1.2.1 First generation of CPTC - ephedrine derivatives 

The first examples of CPTCs were obtained from the conversion of well-known chiral 

auxiliaries, like ephedrine and pseudoephedrine derivatives, into the corresponding 

quaternary ammonium salts (Figure 1.3). The enantiomeric excesses (ee) reported in 

the first studies were not synthetically useful on a commercial scale; they ranged from 

only a low percentage up to approximately 50%. However, these catalysts were very 

significant from a proof-of-concept standpoint.20–23 

 

Figure 1.3 First examples of CPTCs derived from ephedrine. 

One of the major problems faced with these new catalysts was their lack of stability and 

consequent catalyst degradation, making the measurement of asymmetric induction 

very difficult. Nonetheless, these issues highlighted both the importance of catalyst 

stability and the use of other analytical techniques in addition to optical rotation to 

measure the asymmetric induction of a reaction.24  

One of the first remarkable results in this field was reported by Cram in 1981, who used 

a crown ether for the Michael addition reaction of an indanone to methyl vinyl ketone, 

which gave an ee of 99%.25 Despite the outstanding results, these catalysts had some 

disadvantages, such as their cost. The high cost of crown ethers, in general, is 

prohibitive, though the highest added-value products obtained should be considered in 

the overall process. Early studies reported that lowering the temperature increased the 

optical purity of the products.  
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1.2.2 Second generation - chinchona alkaloids 

The cinchona alkaloid quaternary ammonium salts are the most intensely studied group 

of catalysts for asymmetric synthesis. Cinchona alkaloids are readily available and 

inexpensive, it is easy to obtain their quaternary ammonium salts, and they exist in 

diastereomeric pairs (Figure 1.4).  

 

Figure 1.4 Cinchona alkaloid diastereomeric pairs. 

Quinine was one of the first catalysts used for asymmetric reactions, and has also been 

used as a chiral resolving agent. The “first generation” of cinchona quaternary 

ammonium salts had a free hydroxy group at C-9 and were functionalized with benzyl 

chloride derivatives. Nevertheless, the ee obtained rarely exceeded 50%, even though 

their rate of decomposition was lower than that of ephedra quaternary ammonium 

salts.26   

In 1984, researchers from Merck reported the efficient asymmetric methylation of 

indanone, using cinchoninium bromide functionalized with a p-(trifluoromethyl)benzyl 

group as the phase-transfer catalyst. 17 The yield obtained was 95%, with an ee of 92%. 

X-ray crystal structure analysis and molecular modeling made it possible to understand 

the reaction mechanism, and thus how asymmetry was induced. This study significantly 

improved the performance of CPTC, and paved the way for further development of 

cinchona alkaloid PTCs (Scheme 1.1).27 
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Scheme 1.1 Methylation of 1-Indanone to (+)-Indacrinone. 

The benchmark test reaction for chiral induction in PTC is asymmetric synthesis of α-

amino acids via alkylation of the N-(diphenylmethylene)glycine tert-butyl ester. In 

1989, O'Donnell’s group reported the synthesis of α-amino acids with an ee of 99%, 

using cinchoninium and cinchonidinium quaternary ammonium salts with benzylic 

groups (Scheme 1.2). With these two catalysts, it was possible to obtain the α-amino 

acids in both enantiomeric forms. 

 

Scheme 1.2 Synthesis of diprotected unnatural α-amino acids. 

N-benzylated and N,O-dibenzylated cinchonidinium bromide are very active as chiral 

catalysts. Alkylation of the oxygen at the C-9 position avoids the racemization of the 

α-amino acid by preventing the corresponding alkoxide from acting as a lipophilic 

base.28,29 
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1.2.3 Third generation - anthracenylmethyl cinchona alkaloid quaternary 

ammonium salts 

The third generation of CPTC was characterized by further development of the 

cinchona salts. The authors that contributed most to increase the ee and yields were 

Corey and Lygo, who independently reported the synthesis of the same catalyst in 1997, 

obtained by quaternization of cinchonidine with the very bulky anthracenylmethyl 

group (Figure 1.5).30,31 This catalyst was designed by considering several factors: 

quaternary nitrogen has four tetrahedral faces, but only one face should be open enough 

to allow the anion to approach. The bicyclic ring definitively blocks one face. The 

alkylated oxygen on the C-9 position blocks another face. The third face is blocked by 

the large anthracenylmethyl group, allowing the anion to interact with the positively 

charged nitrogen from only one fixed direction.32,33 The anthracene moiety highly 

enhances the π-π interaction with the substrates bringing phenyl groups like the N-

(diphenylmethylene)glycine tert-butyl ester.7 

 

Figure 1.5 Anthracenylmethyl cinchona alkaloid quaternary ammonium salt. 

Most of the work with anthracenylmethyl cinchona catalysts focused on chiral C-

alkylation, but other reactions were also investigated.34 Lygo’s work mainly focused on 

the epoxidation of chalcone using bleach as the oxidant.35 He observed the same ee 
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using two opposite diastereomers of the anthracenylmethyl cinchona quaternary 

ammonium salts (Scheme 1.3). 

 

Scheme 1.3 Epoxidation catalyzed by anthracenylmethyl cinchona alkaloids. 

1.2.4 Fourth Generation - Maruoka’s catalysts 

The most recent significant breakthrough in chiral phase-transfer catalysis, and perhaps 

the most crucial development in phase-transfer catalysis in general, was made by 

Maruoka in 1999. Maruoka’s group synthesized a series of C2-symmetric quaternary 

ammonium catalysts containing two binaphthyl groups.36–40 These catalysts gave very 

high enantioselectivity and yields for the formation of α-amino acids at only 1 mol% 

catalyst loading and under mild conditions (toluene, 50% KOH as the base, 0 °C); 

(Figure 1.6). 

 

Figure 1.6 Examples of Maruoka’s catalysts. 

Maruoka’s catalysts possess enhanced stability due to the lack of a β-hydrogen that 

might promote Hofmann elimination. Maruoka’s catalysts are more expensive than 
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cinchona quaternary ammonium salts due to their more elaborate synthesis. However, 

their higher activity, selectivity, recyclability, and stability offset some of the increased 

costs. Despite the advantages of the cinchona-derived catalysts in terms of price, 

availability, and their ease of synthesis, it must be noted that they cannot compete with 

Maruoka’s catalysts. 

1.3 Application of pentanidium catalysts in asymmetric synthesis 

A chiral pentanidium catalyst, the sp2-quaternary ammonium salt catalyst reported by 

Tan et al. in 2011, has definitely earned its position in the fourth generation of CPTC. 

Pentanidiums have been shown to be excellent chiral phase-transfer catalysts towards 

different types of asymmetric reactions, in terms of both yield and asymmetric 

induction.8   

After working on bicyclic guanidines as chiral catalysts41–48 for enantioselective 

reactions, Professor Tan focused his research on the development of novel structures 

that are more basic than guanidines.49 These studies naively led to the discovery of 

pentanidine, a molecule containing five conjugated nitrogen atoms. Unlike the 

guanidines, increased conjugation of pentanidine did not lead to the desired 

enhancement in basicity. However, serendipitously, the alkylated pentanidine salt 

pentanidium was found to be an excellent chiral phase-transfer catalyst. 

To avoid confusion about the nomenclature and definition of guanidines and their 

derivatives, see Figure 1.7. The IUPAC name for the 5-nitrogen core is 

diaminomethylidene guanidine, and some authors refer to this as biguanide. To avoid 

confusion with guanidine or biguanide, the base and salt are described as pentanidine 

and pentanidium, respectively. 
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Figure 1.7 Examples of guanidine derivatives. 

 

Pentanidium is a highly efficient catalyst that is very amenable to modification, thus it 

can be efficiently used with substrates for various asymmetric reactions (Figure 1.8). 

Almost all chiral PTCs are sp3-quaternary ammonium salts, whereas sp2-quaternary 

ammonium salts employed in PTC are scarce, with only a few examples reported.8 As 

shown in the previous paragraphs, sp3-quaternary ammonium salts have a nitrogen atom 

at the center of an imaginary tetrahedron built by four carbon atoms. Steric groups block 

three faces, and only one face is open enough to allow close contact between the 

nucleophilic substrate and the quaternary nitrogen. In contrast, the sp2-quaternary 

ammonium salts are freely accessible from two opposite directions. Thus, it is very 

challenging to manage the ion pair made by the catalyst and the substrate. To fix the 

ion pair in a rigid manner to potentially promote high stereoselectivity, different 

interactions such as Coulomb forces, H-bonding, and π interactions are needed. 
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Figure 1.8 Pentanidium catalysts reported in the literature. 

Since their discovery, chiral pentanidium catalysts have been successfully used for the 

following asymmetric reactions with a wide variety of substrates: conjugate addition, 

Michael addition, α‑hydroxylation, α‑hydroperoxidation, azidation, sulfonylation, 

halogenophilic nucleophilic substitution (SN2X), and different types of alkylation.8,50–56  

In the first reported works, the novel C2-symmetric chiral pentanidium was successfully 

applied to catalyze enantioselective Michael addition of tert-butyl glycinate-

benzophenone Schiff base to various α,β-unsaturated acceptors, 50,51 such as vinyl 

ketones, acrylates, and chalcones (Scheme 1.4). As described in the previous 

paragraph, this class of reactions has been used as a test reaction in CPTC studies.  
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Scheme 1.4 Michael addition reaction of the O’Donnell Schiff base to vinyl ketones and acrylates 

catalyzed by a pentanidium catalyst. 

 

The results obtained were promising: yields of up to 98% were obtained even at very 

low catalyst loadings of 0.05 to 2%, depending on the substrate and reagent, and 

asymmetric induction was also very high, with ee up to 97%. Even though the 

tetramethylated pentanidium catalyst did not perform as well as Maruoka’s catalyst for 

the same type of reaction, the results obtained for the new CPTC were excellent.8 

Since pentanidium can be easily modified, its structure has been employed to catalyze 

more challenging reactions, such as α‑hydroperoxidation and α-hydroxylation of 3-

substituted-2-oxindoles using molecular oxygen as the oxidative agent. These reactions 

were performed without an additional reductant such as triethyl phosphite, which is 

typically added to reduce the peroxide intermediate. The reaction consisted of two-

steps: enantioselective formation of oxindole hydroperoxide and its kinetic resolution 

via reduction with enolates generated from the oxindoles. The yields and ee obtained 

varied from good to excellent, depending on the substrate (Scheme 1.5).56 
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Scheme 1.5 Enantioselective α‑hydroperoxidation and α‑hydroxylation of oxindoles. 

The extraordinary catalytic activity of pentanidium has been also proven for addition 

reactions involving sulfur atoms in the substrates or the reagents. Indeed, two related 

works were reported by Tan in 2014 and 2015. In the first study, halogenated 

pentanidium catalysts were used as CPTC for the asymmetric alkylation of sulfenate 

anions to various sulfoxides with high enantioselectivities (up to 99% ee) and yields 

(up to 99%). This approach led to enantioenriched heterocyclic sulfoxides that might 

not be compatible with strong oxidants or organometallic reagents (Scheme 1.6). 

Highly enantioselective  pentanidium-catalyzed conjugate addition of 3-alkyloxindoles 

to phenyl vinyl sulfone was reported in another study by Tan. This approach allowed 

the construction of 3,3-dialkyl-substituted oxindole frameworks with high yield and 

excellent ee (up to 99%) under simple phase-transfer conditions. A variety of oxindoles 

bearing all-carbon quaternary stereogenic centers were obtained in the presence of 0.25 

mol% pentanidium (Scheme 1.7).53,55 

 

Scheme 1.6 Asymmetric alkylation of the 2-thienyl sulfenate anion catalyzed by iodo-pentanidium. 



- 30 -  
 

 

Scheme 1.7 Enantioselective conjugate addition of 3-alkyloxindoles to phenyl vinyl sulfone. 

Pentanidium has been successfully used with a probase for the synthesis of high-value 

chemicals employed in pharmaceutical chemistry such as dihydrocoumarin derivatives 

and more generally, with substrates and reagents particularly sensitive to the strongly 

basic conditions used in asymmetric PTC (Scheme 1.8).54 

 

Scheme 1.8 Pentanidium-catalyzed enantioselective alkylation of dihydrocoumarins. 

The most recent literature related to the pentanidium catalyst referred to its unique 

reactivity toward the halogenophilic nucleophilic substitution SN2X reaction. In this 

particular reaction, initial nucleophilic attack of the halogen group X occurs from the 

front, since it is less sensitive to steric hindrance from the back (Scheme 1.9). 

Enantioconvergent substitution reactions of activated tertiary bromides by 

thiocarboxylates or azides were reported as examples. These reactions proceeded via 

an unusual SN2X pathway: both electrophilic intermediates, benzoylsulfenyl bromide 

and bromine azide were shown to be effective.50,51 

 

Scheme 1.9 Pentanidium-catalyzed  halogenophilic nucleophilic substitution SN2X reactions. 
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2 Synthesis and characterization of novel bridged-pentanidium 

catalysts 

2.1 Introduction 

2.1.1 Insight into pentanidium catalysts and aim of this work 

As discussed in chapter 1, chiral pentanidium salts contain five conjugated nitrogen 

atoms. Despite conjugation, these atoms are not on the same plane due to steric reasons, 

so the catalysts are orthogonal (L-shaped), and thus less basic than normal guanidines. 

Crystal structure studies show the dihedral angle values between the two five-member 

rings are around 62 degrees (Figure 2.1). 

 

Figure 2.1 Crystal structure of a pentanidium catalyst.8 

While conventional phase-transfer catalysts are sp3-hybridized ammonium salts, 

pentanidium is sp2-hybridized. Since pentanidium catalysts can be approached from 

two faces, enantioselective control is expected to be more difficult. One of the problems 

related to these C2-symmetric catalysts is that the sp2-quaternary ammonium salts are 

freely accessible from two opposite directions, thus it is much more challenging to 
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control the configurational ion-pair made by the catalyst and the substrate. High 

asymmetric induction is achieved if the ion pair formed by the chiral catalyst and 

substrate is fixed very rigidly. Thus, the electrophile can only approach from a fixed 

direction, leading to high stereoselectivity. Therefore, various interactions such as 

Coulomb forces, H-bonding, non-classical H-bonding, or π interactions are required.8  

Comparison of Maruoka’s catalyst and pentanidium highlights several peculiarities, 

even though both structures are C2-symmetric. Maruoka’s catalyst is much more rigid 

because the chiral spiroammonium salt is completely fixed (Figure 2.2).57 In contrast, 

the two five-member rings of the pentanidium catalyst are free to tilt or partially rotate 

along with the C1-N1 or C18-N1 bonds, leading to a less rigid interaction between the 

ion pair made by the catalyst and the substrate (Figure 2.1). This feature is reflected in 

practice when we compare the two catalysts; in fact, Maruoka’s catalyst is much more 

active toward the enantioselective Michael addition reaction of nucleophiles and vinyl 

ketones or acrylates. At present, Maruoka’s catalyst is more efficient than pentanidiums 

in terms of isolated yields and ee toward an extensive number of substrates.8,58–60  

 

Figure 2.2 Structures of Maruoka’s and pentanidium catalysts. 

This work aims to study the reactivity of the new bridged-pentanidium catalysts; in 

particular, how enhancement of their rigidity, planarity, and C2-symmetric character 
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affect the yield and asymmetric induction. These three properties can be easily 

increased by just inserting a covalent bond between the two closest methyl groups of 

the pentanidium catalyst. The two methylene groups obtained, still preserve the C-H 

non-covalent interactions (NCI) that are crucial to the Michael addition reaction of the 

tert-butyl glycinate-benzophenone Schiff base to various α,β-unsaturated acceptors 

(Figure 2.3).61 

 

Figure 2.3 Structures of Maruoka’s and bridged-pentanidium catalysts. 

2.1.2 Retrosynthetic analysis of chiral bridged-pentanidium catalysts 

As reported in the literature, pentanidium catalysts can be easily modified with various 

chemical groups depending on the type of reaction to be catalyzed.50 The catalyst 

synthesis is straightforward; usually, only five steps are necessary (if R1 = R2). 

However, some additional steps may be needed, depending on the complexity of the 

substituents (R groups) added to the nitrogen atoms of the chiral diamine A (Scheme 

2.1). 
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Scheme 2.1 General synthesis of pentanidium catalysts. 

The synthesis of bridged-pentanidium catalysts can be very challenging due to several 

incompatibilities between functional groups, chemical reactions, and their complexity. 

Nevertheless, despite these drawbacks, bridged-pentanidiums are appealing not only as 

CPTC, but also due to their possible application in organometallic chemistry as cationic 

ligands.62–65 

 

 

Figure 2.4 Pentanidium and bridged-pentanidium catalysts. 

Post-modification of the catalyst is not a convenient way to insert a bond between the 

two methyl groups (C1 and C2), for several reasons (Figure 2.4). First, the two carbons 

that must be bonded are sp3-hybridized, thus they need to be selectively functionalized 

(which adds more steps to the catalyst synthesis). Second, the dihedral angle between 

the two five-member rings is around 62 degrees, making the distance between C1 and 
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C2 too long to make a direct bond. Moreover, the conjugation between the five nitrogen 

atoms must be preserved, which also limits the synthetic strategies.  

Considering the synthetic pathway reported in Scheme 2.1, it is clear that the C-C bond 

between the two methyl groups should be inserted in the first step to avoid by-products 

and, consequently, a low overall yield. The imidazoline salt obtained by step 4 is air- 

and water-sensitive, so it effectively cannot be modified. The iminium salt obtained in 

step 5 and the thiourea obtained in step 3 may give by-products during the 

functionalization of the two carbon atoms (C1 and C2) in Figure 2.4.  

Thus, an ex novo synthesis starting from commercially available chiral diamines is 

required to synthesize the chiral bridged-pentanidium catalyst (Scheme 2.2). The 

pathway should be amenable to modifications to introduce various functional groups in 

the final catalyst, so it can be used in different classes of asymmetric reactions. 

 

Scheme 2.2 Hypothetic synthesis of bridged-pentanidiums from commercial chiral diamines. 

Before starting ex novo synthesis of chiral bridged pentanidium catalysts, in-depth 

retrosynthetic analysis was required. Hence, the reactions reported in the literature for 

the synthesis of other pentanidium catalysts were considered and readapted (Figure 

2.3). 
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As discussed in the previous paragraphs, the bridge should be inserted at the beginning 

of the synthesis, which imposes some restrictions. For example, the ring closure must 

be performed in a single step, in which the synthon possesses the imidazoline salt on 

one side of the molecule and, at the same time, the guanidine group on the other side 

(Scheme 2.3). 

 

Scheme 2.3 Retrosynthetic analysis: ring closure reaction. 

A molecule containing a guanidine and an imidazoline salt is exceptionally challenging 

to isolate. In fact, the imidazoline would react with the guanidine as soon as formed. 

Thus, the last step should involve formation of the guanidine (in situ), which will react 

with the imidazoline salt; (the reaction mechanism will not be discussed at this point). 

As a consequence, the seven member-ring will be closed, and at the same time, 

conjugation across the five nitrogen atoms will be created (Scheme 2.4). 

 

Scheme 2.4 Retrosynthetic analysis: ring closure by the cascade reaction. 

The use of bisimidazoline salts is compatible with the retrosynthetic analysis. These 

salts can be obtained, starting from a bisthiourea using conditions reported in the 

literature (Scheme 2.5).50 
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Scheme 2.5 Retrosynthetic analysis: formation of bisimidazoline from bisthiourea. 

Bisthiourea can be easily obtained from a linear tetraamine in different ways, as 

reported in the literature. Thiophosgene can be replaced with less toxic carbon disulfide 

(Scheme 2.6).66–68 

 

Scheme 2.6 Retrosynthetic analysis: formation of bisthiourea from linear tetraamines. 

The linear tetraamine shown in Scheme 2.6 is the precursor of the chiral bridged-

pentanidium catalyst, and must contain all of the features needed to enhance the desired 

asymmetric chemical reaction. 

 

Scheme 2.7 Retrosynthetic analysis: formation of a bridged-pentanidium catalyst from linear 

tetraamines. 
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Tetraamines like the compound shown in Scheme 2.7 are not commercially available, 

and must be synthesized at the highest yield possible. Reactions with many by-products 

must be avoided to increase the overall yield of bridged-pentanidium catalysts. 

2.2 Results and discussion 

2.2.1 Synthesis of a non-chiral bridged-pentanidium catalyst as a proof-of-concept 

To prove that the proposed retrosynthetic pathway is practical, synthesis of the non-

chiral bridged pentanidium catalyst 1 was tested. The previously reported linear 

tetraamine shown in Scheme 2.8 was used as the starting material.  

 

Scheme 2.8 Synthesis of the non-chiral bridged-pentanidium catalyst 1. 

1,10-Dibenzyl-1,4,7,10-tetraazadecane L1 was synthesized, starting from 

commercially available triethylenetetramine, according to a procedure reported by 

Denat et al. (Scheme 2.9).69 

 

Scheme 2.9 Synthesis of 1,10-dibenzyl-1,4,7,10-tetraazadecane L1. 

The second step consisted of synthesizing the bisthiourea compound 2 using two 

different methodologies. An initial attempt was made on a small scale, following 
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similar conditions reported in the literature using a sealed microwave reactor.70 The 

linear tetraamine was reacted with excess carbon disulfide, using ethanol as the solvent 

at 95 °C for 30 minutes (Scheme 2.10). Compound 2 was obtained with an isolated 

yield of 79% after purification by silica chromatography (for more details see 

supporting information). Even though compound 2 is already reported in the literature, 

no spectroscopic data is available.71  

 

Scheme 2.10 Synthesis of compound 2 assisted by microwave. 

After characterization by 1H NMR, 13C NMR, and HRMS, the synthesis of compound 

2 was scaled-up using a sealed tube and heating the reaction overnight at 100 °C 

(Scheme 2.11). 

 

Scheme 2.11 Scale-up of the synthesis of compound 2 in a sealed tube. 

The reaction conditions were optimized, giving compound 2 with an isolated yield of 

85% after purification by chromatography. The last part of the synthesis of the non-

chiral pentanidium catalyst required a two-step one-pot reaction in an inert atmosphere. 
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The first step involved formation of the bisimidazoline salt using the same protocol 

reported by Tan et al. for the preparation of similar compounds.8 A solution of 2 M 

ammonia solution in methanol was added to form an iminium salt in situ, which 

attacked the other imidazoline salt allowing the closure of the desired seven-membered 

ring and the formation of conjugation between the five nitrogen atoms. The ammonia 

in excess reacts with the hydrochloric acid formed (Scheme 2.12). 

 

Scheme 2.12 Reaction conditions to obtain catalyst 1. 

Compound 1 was obtained with an isolated yield of 95% after purification by 

chromatography. It must be emphasized that the ammonia solution should be added to 

very dilute bisimidazoline solution and at a low rate in an inert atmosphere to avoid 

formation of bisiminium salts or other by-products during the reaction or after workup.  

2.2.2 Synthesis of chiral bridged-pentanidium catalysts 

As described in the previous paragraph, the synthetic strategy for obtaining the non-

chiral bridged-pentanidium catalyst 1 starting from a linear tetraamine was successful, 

confirming this approach is suitable to achieve the desired catalyst (Scheme 2.8).  

The next part of the bridged-pentanidium catalyst synthesis focused on the strategy to 

obtain customizable linear tetraamines, starting from commercially available chiral 

diamines (Scheme 2.13). 
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Scheme 2.13 General retrosynthetic pathway to obtain a chiral bridged-pentanidium catalyst. 

The approach to obtain the desired linear chiral tetraamines was centered on a bottom-

up strategy starting from commercially available chiral diamines. Before planning the 

strategy to achieve the desired tetraamines, some considerations had to be taken into 

account. The chiral diamine is the basic building block of the catalyst and also the chiral 

inducer unit. Thus, the stereochemistry will be the same as for the commercially 

available chiral diamines. The stereocenters do not need be modified or created 

throughout the synthesis. As shown in Scheme 2.14, the chiral diamine must be 

functionalized with two different moieties on both nitrogen atoms. One nitrogen (red) 

will be bound to the bridge or linker. In contrast, the other nitrogen atom (blue) is 

attached to a group that bears the desired properties for the asymmetric chemical 

reaction. 

 

Scheme 2.14 Retrosynthetic pathway to obtain a chiral bridged-pentanidium catalyst. 
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Since the two nitrogen atoms of the chiral diamine must be chemically different, this 

feature can be achieved by introducing a protecting group (PG) on one nitrogen. To 

avoid depletion of the overall yield, the PG should not be removed or changed for 

another functional group (FG), but if possible, should be converted into the desired 

FG.72–75 For example, if a benzyl group is required, this FG could be easily obtained by 

reducing a benzoyl group that also functions as a PG (path A). On the other hand, if a 

methyl group is needed as a FG, it could be obtained in the same way starting from an 

ester group and so on for other FGs (paths B, C and D; Scheme 2.15).  

 

Scheme 2.15 Conversion of PG into the desired FG through reduction reaction. 

The bridging reaction must be performed after introducing the PG, keeping in mind that 

- depending on the reaction type - the FGs shown before (Scheme 2.15) may not be 

effective as PGs. To maximize the overall yield, the PG should be converted into a FG 

after the bridging reaction (Scheme 2.16).76 
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Scheme 2.16 General retrosynthesis of a linear tetraamine. 

Synthesis of the chiral bridged-pentanidium catalyst 3 was tested  as a proof-of-concept 

(Scheme 2.17), using the synthetic strategy employed to obtain the non-chiral bridged-

pentanidium catalyst 1 (Scheme 2.8) and the retrosynthetic pathway shown in Scheme 

2.16. 

 

Scheme 2.17 Synthesis of catalyst 3 starting from commercial chiral diamines L3. 

The first step of the synthesis involved protection of one of the two nitrogen atoms 

through insertion of a benzoic amide; this PG can be easily reduced to the desired 

benzyl group. The monoamide compound L4 was previously synthesized by Morris et 

al. with an isolated yield of 21%. This protocol promotes formation of the kinetically 

favored diamide compound L5 (Scheme 2.18).77  
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Scheme 2.18 Literature known synthesis of compound L4. 

The monoamide synthesis was reoptimized to increase the yield: the benzoyl chloride 

was substituted with the less reactive benzoic anhydride L6. The temperature during 

the addition time was decreased to -78 °C. This new protocol gave the desired 

monoamide L4 with an isolated yield of 79%, which represents a considerable 

improvement compared to other methods reported in the literature (Scheme 2.19).78 

The ratio between benzoic anhydride L6 and chiral diamine L3 was optimized to obtain 

the highest yield possible. Depending on the FG needed, if the corresponding 

anhydrides are not available, the mono-functionalized chiral diamine can be obtained 

by the DCC coupling reaction between the chiral diamine and the desired carboxylic 

acid or through a reaction between the chiral diamine and the desired acyl chloride.79 

These reactions have a low yield of mono-functionalized chiral diamines, but represent 

a useful strategy towards new building blocks that enable the use of different carboxylic 

acids. 

 
Scheme 2.19 Modified synthesis of compound L4. 
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The next step involved the introduction of a linker between two molecules of compound 

L4. The bridging reaction must be selective, without producing any by-product, and 

can be performed using different linkers. Four linkers were tested in this study: 1,2-

diiodoethane, glyoxal, diethyl oxalate, and oxalyl chloride. Due to the varied 

reactivities of the linkers, only oxalyl chloride showed good selectivity and reactivity 

during the bridging reaction to obtain linear tetraamide 4 (Scheme 2.20). Moreover, the 

linear tetraamide obtained is very resistant to deprotection reactions. 

 

Scheme 2.20 Bridging reaction using oxalyl chloride a as linker. 

Linkers like 1,2-diiodoethane, glyoxal, and diethyl oxalate were not practical due to 

several drawbacks (Scheme 2.21). For example, 1,2-diiodoethane gave aziridine 

compound 5 as the primary product, since the cyclization reaction was favored (A). The 

condensation reaction with glyoxal and L4 was sluggish (B), leading to a complex 

crude mixture; changing the solvent to toluene and using a Dean-Stark apparatus 

slightly improved the results. The reaction with diethyl oxalate was also sluggish, 

giving various by-products along with compound 4. 
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Scheme 2.21 Drawbacks of 1,2-dioodoethane, glyoxal and diethyl oxalate as linkers. 

After compound 4 was successfully obtained and fully characterized, further 

experiments were conducted to improve the yield. In particular, oxalyl chloride was 

added to the solution of L4 in dichloromethane at 0 °C, under an inert atmosphere of 

argon, and triethylamine was substituted by potassium carbonate. These changes highly 

improved the yield of compound 4 (for more details, see supporting information). The 

next step of the synthesis, to generate catalyst 3, involved reducing the four carbonyl 

groups to the corresponding methylene moieties, so that the secondary amine groups 

were free to react (Scheme 2.22). Thus, 4 was reduced with a high excess of lithium 

aluminum hydride to the corresponding tetraamine 6. Diethyl ether was substituted by 

tetrahydrofuran to increase the refluxing temperature.76 
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Scheme 2.22 Reduction reaction of compound 4. 

The linear tetraamine 6 is a very viscous solid that is hard to purify, so this compound 

has not been fully characterized (only by HRMS). Thus, the crude mixture was used 

directly for the next step involving the synthesis of the chiral bisthiourea 7 following 

the same protocol used for compound 2, as shown in Scheme 2.11. Compound 6 was 

dissolved in ethanol and reacted with an excess of carbon disulfide inside a sealed 

reaction flask at 110 °C overnight (Scheme 2.23). 

 

Scheme 2.23 Synthesis of bisthiourea 7. 

Following the same synthetic pathway used for compound 1, the next step involved 

forming a bisimidazoline salt, followed by a ring closure reaction to obtain catalyst 3 

(Scheme 2.24).  
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Scheme 2.24 Synthesis of catalyst 3. 

The first attempts to obtain compound 3 did not give the desired product, and since the 

1H NMR spectra were too complicated to interpret, a more in-depth assessment of the 

crude mixtures was made by HRMS analysis. Interestingly, the unreacted starting 

material 7 was the predominant compound in the crude mixture, along with several by-

products shown in Figure 2.5. 

 

Figure 2.5 Possible by-products found in the crude mixture. 

From the major products obtained (compounds 7, 8, and 9), it is clear the substrate did 

not entirely convert into the corresponding bisimidazoline salts during the first step, 

and most of the thiourea moieties did not react. Instead, from the minor products 

obtained (compounds 10, 11, and 12), it can be deduced that some mono or 

bisimidazoline salts were formed. The urea moieties in compounds 8, 10, and 11 were 

formed after aqueous workup due to the reaction of water with the imidazoline salt. The 
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guanidines in compounds 9, 11, and 12 were formed by reaction of the imidazoline salts 

with ammonia. 

After these results, the reaction conditions were optimized to obtain bisimidazoline 13 

(Scheme 2.25).  

 

Scheme 2.25 Synthesis of compound 13. 

The optimization reactions were performed using Schlenk techniques to ensure an 

oxygen- and water-free environment. Schlenk sealed tubes were used if the 

temperatures required were higher than the solvent boiling point. The optimization 

conditions proceeded according to Table 2.1.  

Entry (COCl)2 Eq. Solvent Temperature °C Yield  of 13a 

1 10 Toluene 110 30% 

2 10 o-Xylene 143 68% 

3 10 Mesitylene 164 85% 

4 20 Toluene 160 100% 

a isolated yield 

Table 2.1 Optimization conditions of bisimidazoline salt synthesis. 

 

Since the solvent is removed by vacuum before the next step, o-xylene and mesitylene 

were abandoned as the reaction solvents because of their higher boiling points. Thus, 

toluene was used as the reaction solvent in a sealed tube, and oxalyl chloride was used 

in high excess since both are easily removed by vacuum. After the bisimidazoline salt 



- 50 -  
 

13 was obtained at a quantitative yield, the ring closure reaction to obtain catalyst 3 was 

performed under the same conditions used for compound 1 (Scheme 2.8). After 

purification by chromatography, compound 3 was obtained with a yield of 4%. Since 

this yield was too low, the crude mixture was investigated by HRMS. Surprisingly the 

major product found was compound 11 (Figure 2.5), suggesting that inert conditions 

were not preserved during the reaction. Thus, the experiment was repeated ensuring 

that inert conditions were maintained during the reaction time; the same results were 

obtained, suggesting that the unsuccessful ring closure reaction was due to other 

reasons.80–82 Thus, optimization was performed (Table 2.2). 
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Entrya NH3 Eq. Base - Eq. Solvent T °C 3% 11% 10% 

1 1 TEA - 3 MeOH/MeCN 1:1 65 6 25 69 

2 1 TEA - 3 MeCN 65 22 44 34 

3 1 No base MeCN 65 29 7 64 

4 2 No base MeCN 65 37 10 53 

5 2 No base MeCN 85 22 7 71 

6b 2 No base MeCN 100 13 6 81 

7b 2 No base MeCN 65 29 9 62 

8 2 No base MeCN 0 16 8 76 

9 2 No base MeCN 35 47 8 45 

10 3 No base MeCN rt 72 (66)c 16 12 

11 4 No base MeCN rt 71 17 12 

a Conversions and yields were monitored by analysis of the crude mixtures by mass-

spectrometry (APCI-positive ion mode). 
b Entry 6 was heated at 100 °C and analyzed, then cooled down to 65 °C, and analyzed 

again (entry 7). 
c Isolated yield for the two steps starting from compound 7 was 66%. 

Table 2.2 Optimization conditions of the seven-membered ring closure reaction. 

 

The reaction was performed using similar experimental conditions reported by Tan et 

al.; methanol and acetonitrile were used to increase the solubility of the bisimidazoline 

salts.8 However, the use of methanol was detrimental, giving catalyst 3 with a yield of 

6% (entry 1). Repeating the reaction using acetonitrile as the sole solvent improved the 

yield up to 22%. Next, the effect of triethylamine was investigated; the use of no base 

further increased the yield (entry 3). Doubling the equivalents of ammonia increased 

the yield up to 37% (entry 4). The effect of temperature was investigated; increasing 
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the temperature to 85 °C decreased the yield to 22% (entry 5). However, the effect of 

temperature on entry 6a was reversible: when the solution was heated to 100 °C, the 

yield decreased further to 13%; when the solution was cooled to 65 °C, the yield 

increased to 29% (entry 6b). Lowering the temperature to 0 °C decreased the yield to 

16% (entry 7). Heating the reaction to 35 °C increased the yield to 47% (entry 8). The 

optimized reaction conditions were found to be adding three equivalents of ammonia at 

room temperature (entry 9). Increasing the equivalents of ammonia to four, slightly 

decreased the yield of catalyst 3, slightly promoting 11 (entry 10). These findings 

highlight that catalyst 3 is kinetically favored at a lower temperature, while compounds 

10 and 11 are favored at higher temperatures. Compound 3 was fully characterized by 

1H NMR, 13C NMR, and HRMS; however, a crystallographic study was needed to 

better understand the relationship between structure and reactivity. Dozens of 

conditions were tested to obtain the crystal structure of compound 3 with chloride as a 

counterion; unfortunately, with limited results. Thus, the chloride was substituted by 

the bulkier tetraphenylborate anion (Scheme 2.26).83,84  

 

Scheme 2.26 Counterion exchange reaction. 

 

After workup and purification catalyst 14 was easily crystallized in pure ethyl acetate 

(Figure 2.6). 
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Figure 2.6 Crystal structure of compound 14. 

To better understand and study the reactivity of the new bridged-pentanidium catalyst, 

a series of chiral bisthioureas were synthesized from the corresponding tetraamides 

shown in Figure 2.7 to increase the number of catalysts available.  

 

Figure 2.7 Tetraamides for the synthesis of tertiary bisthioureas. 

The bisthioureas mentioned above were synthesized using the same protocols adopted 

for compounds 2 and 7, with some exceptions for chiral bisthioureas, which differed 

for the first step (formation of the monoamide).85–88 Depending on the R needed, the 

mono-functionalized chiral diamine was obtained by a DCC coupling reaction between 

the chiral diamine and the desired carboxylic acid or through reaction of the chiral 
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diamine and the desired acyl chloride.89,90 Most of the bisthioureas shown in Figure 2.8 

were easily crystallized and characterized by NMR spectroscopy and HMRS. 

 

Figure 2.8 Tertiary bisthioureas for the synthesis of bridged-pentanidium catalysts. 

The crystal structures of some bisthioureas are shown in Figure 2.9.   

  

Figure 2.9 Crystal structures of compounds 2, 21 and 7.  

It is important to mention that not all the bisthioureas shown in Figure 2.9 provided the 

related bridged-pentanidium catalysts using the optimized conditions to obtain catalysts 

1 and 3. In particular, bisthioureas 19 and 21 did not give the corresponding bridged-

pentanidium catalysts due to steric hindrance by the para-methoxy benzyl and 2-CH2-
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naphthyl groups, respectively, which prevented closure of the seven-membered ring. 

Several chiral bridged-pentanidium catalysts bearing different substituents and 

counterions were successfully synthesized and characterized (Figure 2.10).  

 

Figure 2.10 Chiral bridged-pentanidium catalysts synthesized. 

The synthetic strategy used to obtain catalyst 3 did not give the desired bridged-

pentanidium catalyst bearing two ethyl groups as substituents due to the extreme 

insolubility and resistance to reduction of compound 17. Different combinations of 

refluxed solvents and amounts of LiAlH4 were tested, but none of the reaction 

conditions gave the desired chiral tetraamine; indeed, analysis of the crude mixtures by 

HRMS showed that the starting material and degradation products were present, even 

after 72 hours under reflux (Scheme 2.27). 

 

Scheme 2.27 Reduction reaction of compound 17. 

Another class of chiral bridged-pentanidium catalysts was designed, by adding another 

chiral center to the monoamides. In particular, N-methyl-L-proline and N-methyl-D-

proline91 were considered as functional groups to study the effect of their stereocenters 
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compared to the stereocenters (R,R) or (S,S) of chiral 1,2-diphenyl-1,2-ethylenediamine 

(Figure 2.11). 

 

Figure 2.11 Chiral bridged-pentanidium catalysts functionalized with chiral 1,2-diphenyl-1,2- 

ethylenediamine and L- or D-N-methyl-prolines. 

As a proof-of-concept, the chiral bridged pentanidium catalysts containing N-methyl-

L-proline and (R,R)-1,2-diphenyl-1,2-ethylenediamine were utilized in the well-

established synthetic protocol adopted for catalyst 3. In this particular case, since the 

starting material is a carboxylic acid, the first step of the synthesis involves converting 

N-methyl-L-proline L9 to its corresponding acyl chloride L10. Then, after removing 

the excess thionyl chloride, the N-methyl-L-proline acyl chloride L10 is reacted in situ 

with a solution of (R,R)-1,2-diphenyl-1,2-ethylenediamine L3 in the presence of a base 

as reported in the literature for similar reactions.92,93 Despite screening various 

conditions (solvents, temperature, reagent equivalents, etc.), di-functionalized 

diphenyl-ethylenediamine was always formed as the major product, preventing the 
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reactions from achieving the desired monoamide product at high yield (Scheme 

2.28).89,90  

 

Scheme 2.28 Reaction of the chiral-diamine L3 with N-methyl-L-proline acyl chloride L10. 

Thus, other approaches were tested to obtain the desired monoamide bearing the N-

methyl-L-proline moiety. One synthetic route involved using different carbodiimides 

(DCC and EDC·HCl) as coupling agents under similar conditions as reported in the 

literature. Also, in this case, despite screening various conditions (solvents, 

temperature, reagent equivalents, etc.), the di-functionalized diphenyl-ethylenediamine 

always formed as the major product (Scheme 2.29).79   

 

Scheme 2.29 Synthesis of compound 30 via a DCC coupling reaction. 

Since the monoamide mentioned above was not obtained at acceptable yield, the DCC 

coupling reaction conditions were optimized to achieve the highest possible yield of 

diamide bearing the two N-methyl-L-proline groups. After removing DCU by filtration, 

the diamide was subjected to the same protocol that was optimized to synthesize chiral 

bisthioureas. Then, compound 30 was reduced using LiAlH4, and without further 
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purification, was converted to the corresponding thiourea compound 31 bearing four 

chiral centers (Scheme 2.30).  

 
Scheme 2.30 Synthesis of chiral-thiourea compound 31. 

 

After spectroscopic characterization, compound 31 was recrystallized from hot THF 

and characterized by X-ray crystallography, as shown in Figure 2.12.  

 

Figure 2.12 Crystal structure of compound 31. 

 

This type of thiourea could potentially be used as a scaffold to synthesize standard 

open-pentanidium catalysts with a higher number of chiral centers as shown in Figure 

2.13. 
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Figure 2.13 Pentanidium catalysts bearing six or eight chiral centers. 

2.2.3 Stability of bridged-pentanidium catalysts 

In general, chiral bridged-pentanidium catalysts showed good stability towards high 

temperatures, solvents, organic bases, and weak inorganic bases. However, these 

catalysts are completely converted into bisureas in the presence of water and strong 

bases such as: hydroxides, tert-butoxides, and hydrides, which partially limits their use 

in PTC (Scheme 2.31). 

 
 

Scheme 2.31 Degradation of chiral bridged-pentanidium catalysts in the presence of strong bases and 

water. 

 

Non-chiral bridged-pentanidium catalysts exhibited even lower stability because they 

were degraded to bisureas in the presence of strong bases or when subjected to reflux 

in water. Compound 1 can also be converted to compound 35 at high temperatures in 

the presence of atmospheric oxygen and water as the solvent (Scheme 2.32). 
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Unfortunately, the seven-membered ring facilitates the ring-opening reaction promoted 

by nucleophiles, strong bases, and high temperatures. 

 

 

Scheme 2.32 Degradation of non-chiral bridged-pentanidium catalyst 1. 

Bisthioureas were fully converted to their corresponding bisureas if reacted with an 

excess of oxalyl chloride at high temperature and then treated under aqueous work-up 

(Scheme 2.33). 94,95 

 

 

Scheme 2.33 Conversion of bisthioureas into their corresponding bisureas. 

 

2.2.4 Potential applications of chiral tertiary bisthioureas as building blocks for 

saturated bisdiaminocarbene catalysts 

Thioureas are important organic molecules with high biological activities and are 

applied in asymmetric organocatalysis to form C-C, C-N, and C-S bonds under mild 

conditions.96 Unfortunately, the tertiary bisthioureas synthesized to obtain the 
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corresponding bridged-pentanidium catalysts lack NH groups, which are required to 

coordinate multiple hydrogen bonds, precluding the use of these compounds in 

catalysis. Despite this drawback, tertiary bisthioureas can be easily converted through 

various pathways to free-saturated bisdiaminocarbenes and their corresponding metal 

complexes, as reported in the literature. (Scheme 2.34).97–100 

 

Scheme 2.34 Possible conversion of tertiary bisthioureas into free-saturated bisdiaminocarbenes. 

2.3 Conclusions 

In conclusion, a priori retrosynthetic analysis of the bridged-pentanidium catalysts was 

shown to be successful and straightforward, despite the chemical complexity of these 

molecules. The overall yield of the non-chiral pentanidium catalyst was good (75%) 

considering the 1,10-dibenzyl-1,4,7,10-tetraazadecane as the starting material. Taking 

into account the higher number of synthetic steps and the complex functional groups 

present in chiral bridged-pentanidium catalysts, their overall yields are also good: 16% 

for catalyst 3 and 26% for catalyst 23 after five steps starting from commercial 1,2-

diphenyl-1,2-ethylenediamine. Despite their excellent stability towards high 

temperatures, solvents, organic bases, and weak inorganic bases, the bridged-

pentanidium catalysts exhibited high reactivity towards strong inorganic bases in the 

presence of water. 



- 62 -  
 

The synthetic strategy adopted in this work led to the discovery of new compounds like 

the tertiary bisthioureas, which can be used in organometallic chemistry as scaffolds to 

synthesize bisdiaminocarbenes or metal-complexes. Even the “undesired” side-

products like the tertiary bisureas may have potential applications in biochemistry and 

drug development. 

Although the new chiral tetraamides were obtained easily at high yields and in very 

pure forms due to their intrinsic insolubility, direct use of these compounds may be 

precluded by their high unreactivity and rigidity. For different reasons, the same 

restrictions may apply to the new chiral tetraamines, which have high solubility and 

reactivity, but are challenging to obtain in a pure form; thus, these compounds were 

used directly after reduction without further purification. 

All newly synthesized compounds were fully characterized by spectroscopic and 

spectrometric techniques such as 1H NMR, 13C NMR, IR, and HRMS. Most of the 

bridged pentanidium catalysts, tertiary bisthioureas, and tertiary bisurea were also 

characterized by crystallography. 
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3 Asymmetric reactions catalyzed by the bridged-pentanidium 

catalysts 

3.1 Introduction 

3.1.1 Asymmetric synthesis of unnatural α-amino acids 

Non-proteinogenic amino acids or unnatural amino acids are present in nature or can 

be chemically synthesized. They can be directly used as building blocks, molecular 

scaffolds, or API. Unnatural amino acids are also used to build peptidic and non-

peptidic compounds, which increases the number of structural elements introduced in 

protein and peptide chemistry. Thanks to their high structural diversity and functional 

versatility, unnatural amino acids are widely used as chiral building blocks and 

molecular scaffolds for combinatorial libraries. Drug discovery has benefitted from 

novel, short-chain peptide mimetics (peptidomimetics) with enhanced biological 

activity and proteolytic resistance. 101,102 A wide variety of natural and unnatural amino 

acids can be synthesized in enantiomerically pure forms by asymmetric phase-transfer 

alkylation or Michael addition of tert-butyl glycinate-benzophenone Schiff base 

L11.40,58 Thus, due to its importance, this type of reaction is considered the benchmark 

test reaction for asymmetric induction in CPTC (Figure 3.1).  

 

Figure 3.1 Examples of unnatural amino acids obtainable through CPTC. 
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3.1.2 Asymmetric organocascade Michael-Michael reactions for the synthesis of 

chiral trisubstituted indanes 

Indanes, organic molecules present in various natural organic compounds, are 

frequently used in pharmaceutical chemistry as building blocks to synthesize active 

drugs and more complex organic compounds.103 Generally, chiral indanes are standard 

structural cores present in many biologically and pharmaceutically active molecules.104 

For example, chiral indane analogs such as indatraline have been used in pharmacology 

to treat depression and addiction,105,106 since they do not exert neurotoxic effects, unlike 

other marketed drugs.107 Another indane derivative, indinavir, has shown high 

antiretroviral activity for the treatment of HIV infection and AIDS, and is known to be 

a potent protease inhibitor.108,109 Rasagiline, commercialized as Azilect or Azipron, is 

used alone or in formulations with other drugs to treat Parkinson’s disease and its 

symptoms. Rasagiline is useful in both the early and advanced stages of the disease, 

and is particularly active towards non-motor symptoms such as fatigue and panting 

(Figure 3.2).110,111 

 

 

Figure 3.2 Indane and indane-containing active drugs. 
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Considering the great importance of indanes, a methodology to generate trans-1,2,3-

trisubstituted indanes with multiple stereogenic carbon centers in a cascade manner 

through CPTC conditions will be tested in this work. Moreover, this type of reaction 

will give us precious information about the behavior of bridged-pentanidium catalysts 

towards bulkier Michael acceptors. 

The next sections describe the preliminary results of the synthesis of natural and 

unnatural amino acids through direct alkylation and the Michael addition reaction and 

synthesis of 1,2,3-trisubstituted indanes through an asymmetric tandem Michael-

Michael addition reaction, both catalyzed by bridged-pentanidium catalysts. 

 

3.2 Results and discussion 

3.2.1 Application of chiral bridged-pentanidium catalysts for the synthesis of 

unnatural α-amino acids 

Given the importance of unnatural α-amino acids and their derivatives in peptide and 

medicinal chemistry and the good results already obtained using chiral pentanidium 

catalysts in this field, the reactivity of the open and bridged-pentanidium catalysts must 

be compared. Thus, the Michael addition of tert-butyl glycinate-benzophenone Schiff 

base (compound L11) to methyl vinyl ketone (compound L12) was chosen as a 

comparative reaction to investigate the asymmetric induction activity of the new chiral 

bridged-pentanidium catalysts (Scheme 3.1).  

 

 
Scheme 3.1 Michael addition reaction of L11 to L12. 
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A comparison was made between the data reported in the literature for the tetramethyl-

pentanidium chloride catalyst obtained from (S,S)-1,2-diphenyl-1,2-ethylenediamine 

(compound L14), the new dissymmetric dimethyl-dibenzyl-pentanidium chloride 

catalyst obtained from (R,R)-1,2-diphenyl-1,2-ethylenediamine (compound 36) and the 

new chiral-bridged pentanidium catalysts obtained from (R,R)-1,2-diphenyl-1,2-

ethylenediamine (compounds: 3, 14, 22, 23, and 24) shown in Figure 3.3. 

 
Figure 3.3 Pentanidium catalysts studied for the Michael addition reaction.  

 

The first part of the screening process involved the bridged-pentanidium catalysts 

bearing two benzyl groups as substituents and chloride, bromide, and tetraphenylborate 

as counterions (compounds 3, 14, and 22). Since both catalysts share similar structures 

and functionalities with the literature-known compound L14, they were tested using the 

same optimized conditions reported in the literature by Tan et al., except the catalyst 

loading was set at 10 mol%.8 Mesitylene was used as the solvent, cesium carbonate was 

chosen as the base, the reaction temperature was set to -20 °C, and the reaction time 

was set at 15 hours (Table 3.1). 
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Entry Catalyst L12 eq. Yield of L13  ee 

1 (R,R)-3-Cl 4 86% 0% 

2 (R,R)-14-BPh4 2 69% 10% (R) 

3 (R,R)-22-Br 2 83% 12% (R) 

4a (S,S)-L14-Cl 2 86% 91% (R) 

a Values reported in the literature for catalyst L14 (2 mol%). 

 

Table 3.1 Catalyst screening for the Michael addition reaction between Schiff base L11 and MVK L12. 

 

The catalytic tests revealed a significant difference in reactivity between the bridged-

catalysts 3, 14, 22, and catalyst L14 reported in the literature.8 The enantiomers 

obtained were not in agreement with the expected stereoselectivity; in fact, as reported 

in the literature, catalyst L14 synthesized from (S,S)-1,2-diphenyl-1,2-ethylenediamine, 

gave compound L13 with the R configuration as the major enantiomer. Even catalysts 

3, 14, and 22, made from (R,R)-1,2-diphenyl-1,2-ethylenediamine, gave compound L13 

with the R configuration as the major enantiomer, highlighting an apparent mismatch 

in stereoselectivity. Despite the high catalyst load, the yields obtained were good, 

except for catalyst 14, which had a lower yield than the other bridged catalysts. This 

may possibly be due to the bulkier tetraphenylborate counterion of catalyst 14, which 

makes the positive charge less accessible compared to the chloride and bromide anions. 

Surprisingly catalyst 3 exhibited a lower reactivity compared to catalysts 14 and 22. In 

fact, catalyst 3 reached a yield of 86% after 48 hours using four equivalents of methyl 

vinyl ketone, but despite the good yield,  gave compound L13 in a racemic mixture. 

From the results shown in Table 3.1, catalyst 22 was chosen as the best catalyst for 

further investigations. 
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Entry Base Base eq. L12 eq. Yield of L13 ee 

1a Cs2CO3 5 2 Trace NA 

2b No base 0 2 0% NA 

3c 50% KOH aq.  40 2 95% 0% 

4 Et3N 5 2 0% NA 

5 DBU 2.5 2 93% 0% 

6d Cs2CO3 5 4 79% 18% (R) 

7e Cs2CO3 5 2 77% 11% (R) 

a Catalyst loading 0 mol%; reaction time, 48 hours. b Reaction time, 48 hours. 
c Et2O was used as the solvent at rt, catalyst 22 was converted into other reactive species.  
d The reaction temperature was set to -40 °C and the reaction time to 48 hours.  
e DCM was used as the solvent. 

 

Table 3.2 Optimization conditions for the Michael addition reaction between Schiff base L11 and MVK 

L12. 

 

Several control experiments were performed and the results are summarized in Table 

3.2. First, the reactions were set without the catalyst (entry 1) or base (entry 2), and the 

reaction time was extended to 48 hours, providing compound L13 only in traces. The 

use of  50% KOH aq. solution as the basic medium and diethyl ether as the solvent gave 

the desired product at 95% yield after 30 minutes with an ee of 0% (entry 3). However, 

positive ion mode LRMS analysis of the crude mixture showed the disappearance of 

the peak corresponding to catalyst 22 and the formation of a new peak compatible with 

the protonated species shown in Figure 3.4. 
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Figure 3.4 LRMS of the degradation products of catalyst 22. 

 

The use of triethylamine as the base did not provide compound L13 (entry 4); instead, 

the use of DBU gave compound L13 at high yield but as a racemic mixture (entry 5). 

Lowering the reaction temperature to -40 °C enhanced the ee up to 18%, but decreased 

the isolated yield to 79% (entry 6). The use of DCM as the solvent was detrimental to 

the asymmetric induction (entry 7). Other inorganic bases and organic solvents were 

tested, but did not significantly improve  the yield or ee.  

 

Next, catalysts 23 and 24 bearing two methyl groups (Figure 3.3), and chloride and 

tetraphenylborate as counterions were tested under the same conditions as shown in 

Table 3.1. Mesitylene was used as the solvent, and cesium carbonate was chosen as the 
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base; the reaction temperature was set to -20 °C, the reaction time was set at 15 hours, 

and catalyst loading to 10 mol% (Table 3.3). 

 
Entry Catalyst L12 eq. Yield of L13  ee 

1 (R,R)-23-Cl 2 87% 3% (R) 

2a (R,R)-23-Cl 2 78% 4% (S) 

3b (R,R)-24-BPh4 2 85% 17% (R) 

a When ethyl acetate was used as the solvent compound, (S)-L13 was obtained as the major 

enantiomer. b Catalyst 24 is insoluble in ethyl acetate. 

 

Table 3.3 Catalyst screening for the Michael addition reaction. 

 

Catalyst 24 bearing tetraphenylborate as the anion showed higher stereoselectivity than 

catalyst 23. Thus, catalyst 24 was chosen for further studies (Table 3.4). Interestingly, 

when ethyl acetate was used as the solvent with catalyst 23, compound (S)-L13 was 

obtained as the major enantiomer; instead, catalyst 24 showed a low solubility in the 

same solvent. 
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Entry Solvent Temperature L12 eq. Yield of L13 ee 

1 Mesitylene -20 °C 2 85% 17% (R) 

2ab Mesitylene -40 °C 2 36% 5% (R) 

3 Mesitylene  22 °C 2 92% 3% (R) 

4 Toluene -20 °C 2 77% 2% (R) 

5a Hexane -20 °C 4 2% 0% 

6a Diethyl ether -20 °C 2 25% 0% 

7 DCE -20 °C 2 92% 0% 

a Poor solubility. 
b Reaction time 48 hours. 

 

Table 3.4 Optimization conditions for the Michael addition reaction using catalyst 24. 

 

Catalyst 24 gave the desired product L13 at a good yield and ee of 17% (entry 1). 

Lowering the temperature to -40 °C drastically affected the solubility of the catalyst, 

which resulted in a lower yield and ee (entry 2). When the reaction occurred at room 

temperature, the isolated yield was positively affected, but the ee decreased further 

(entry 3). The use of different solvents affected the isolated yield of compound L13, 

but not the ee (entries 4-7). 

Since the chiral bridged-pentanidium catalysts tested gave good yields, but modest 

enantioselectivities, a variety of control experiments were performed (Tables 3.5-3.7). 

First, the dissymmetric pentanidium catalyst 36, obtained starting from (R,R)-1,2-

diphenyl-1,2-ethylenediamine and bearing both methyl and benzyl groups, was 

synthesized according to the procedure reported by Tan et al. As expected, without any 

optimization of the reaction conditions, compound L13 was obtained at good yield and 

ee (Table 3.5). The major enantiomer obtained was (S)-L13, in agreement with data 

reported in the literature for catalyst L14. 
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Entry Solvent Temperature L12 eq. Yield of L13 ee 

1 Mesitylene -20 °C 2 81% 82% (S) 

 

Table 3.5 Michael addition reaction using catalyst 36. 

 

 

The results obtained with the novel class of chiral bridged-pentanidiums using tert-

butyl glycinate-benzophenone in the Michael addition reaction were modest in terms 

of enantioselectivity, despite testing various catalysts and reaction conditions. 

Therefore, several ketones were evaluated as substrates. Ethyl phenyl ketone L15 was 

tested with MVK L12 and catalyst (R,R)-22-Br, and the results are reported in Table 

3.6. 

 

 
Entry Solvent Temperature L12 eq. Yield of L16 ee 

1 Mesitylene  22 °C 2 49% 7% 

2 Mesitylene -20 °C 2 0% NA 

 

Table 3.6 Michael addition reaction using ethyl phenyl ketone L15 as the nucleophile. 

 

Unfortunately, the use of bulkier Michael acceptors, other than methyl and ethyl vinyl 

ketones such as chalcones, did not improve the reactivity in terms of isolated yield or 

enantioselectivity. 

Lygo et al. and, more recently, Adamo et al. reported the use of phenolates to improve 

the stereoselectivity of certain types of cinchona-derived PTC catalysts in Michael 
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addition reactions. At this point, the addition of a phenolate additive was considered 

(Table 3.7). Adapting the procedure reported by Adamo et al., bridged-pentanidium 

phenoxides (10 mol %) were generated in situ by stirring a mixture of catalyst 23 with 

phenol in the presence of inorganic bases (Entry 1).112 Hence, the Michael addition of 

tert-butyl glycinate-benzophenone Schiff base to methyl vinyl ketone was significantly 

influenced by phenolate, which completely suppressed the reaction, even when using 

the same conditions tested by Adamo et al. (Entry 2).112 

 

 

Entry Catalyst L12 eq. Yield of L13 ee 

1a (R,R)-23-Cl 2.4 0% NA 

2b (R,R)-23-Cl 2.4 Traces NA 

a Mesitylene as the solvent and Cs2CO3 (5 eq.), after 15 hours at room temperature. 
b DCM as solvent and K2CO3 (5 eq.), after 72 hours at room temperature. 

 

Table 3.7 Michael addition reaction using phenol as an additive as reported by Adamo et al. 

 

More CPT reactions were tested; first, the direct alkylation reaction using benzyl 

bromide L17 as the alkylating agent was conducted. Since the bridged-pentanidium 

catalysts were quickly converted into bisureas in strong bases, the reaction conditions 

described in the literature were avoided. Thus, the milder reaction conditions already 

used for the Michael addition reaction were employed at room temperature (Table 3.8). 

Performing the alkylation reaction at room temperature provided moderate yields for 

both catalysts 3 and 23 (Entries 1 and 2); even though the ee obtained were still low, 

general improvements were observed compared to the Michael addition reaction. 
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Catalyst 3 provided the desired product L18 at higher ee compared to catalyst 23, 

presumably due to more effective π-π interactions between catalyst 3 and reagent L17. 

 

Lowering the temperature to -20 °C decreased the isolated yield. After 15 hours, only 

trace compound L18 was obtained (Entries 3 and 4). Stirring the reaction for 48 hours 

and adding two more equivalents of alkylating agent L17 did not further increase the 

yield; the starting material was still present at high concentrations, and degradation 

products of compounds L18 and L12 were observed, as also reported by Maruoka for 

similar reactions.58 

 
Entry Catalyst L17 eq. Yield of L18 eec 

1a (R,R)-3-Cl 2 69% 36% (S) 

2a (R,R)-23-Cl 2 60% 21% (S) 

3b (R,R)-3-Cl 4 Trace NA 

4b (R,R)-23-Cl 4 Trace NA 

a Reaction at room temperature.  
b Reaction at -20 °C and 48 hours reaction time. 
c HPLC analysis: CHIRALCEL-OD-H, hexane-isopropanol 99.5-0.5, 0.5 mL/min.   

 

Table 3.8 Direct alkylation for the synthesis of phenylalanine. 

 

3.2.2 Application of chiral bridged-pentanidium catalysts in organocascade 

Michael-Michael reactions for the synthesis of chiral trisubstituted indanes 

Given the importance of indane derivatives in organic and medicinal chemistry, the 

development of an effective synthetic protocol for the preparation of multi-

functionalized substituted indane derivatives is of considerable interest.103 A 

methodology for generating trans-1,2,3-trisubstituted indanes with multiple 



- 75 -  
 

stereogenic carbon centers in a cascade manner through CPTC conditions was adopted 

(Scheme 3.2).  

 

Scheme 3.2 Organocascade Michael-Michael addition reactions for the synthesis of trans-1,2,3-

trisubstituted indanes. 

 

The 1,2,3-trisubstituted indanes were synthesized through an asymmetric 

intermolecular, and intramolecular tandem Michael-Michael addition approach in the 

presence of the various chiral pentanidium catalysts shown in Figure 3.5.  

 

 
Figure 3.5 Pentanidium catalysts studied for the organocascade Michael-Michael reaction. 

 

As shown in the proposed mechanism in Figure 3.6, since asymmetric induction is 

assumed to occur in the organic phase, tert-butyl glycinate-benzophenone Schiff base 

L11 will react with the inorganic base cesium carbonate present in the aqueous phase 

to form the corresponding enolate E1. Once the enolate is formed, the reaction can 

proceed via two plausible pathways. In Path A, enolate E1 reacts with the electrophile 

dienone L19 transferring most of its negative charge to the electrophile to give enolate 

E2. Therefore, the electrophile will interact with the electropositive region of the 
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pentanidium catalyst, which will provide extensive electrostatic stabilization and 

asymmetric induction. In this case, pentanidium refers to the cationic component of the 

bridged or open catalyst.61 Subsequently, enolate E2 will be protonated through an 

intramolecular Michael addition reaction, giving the desired trisubstituted indane 

compound 37 and releasing the pentanidium catalyst. The intramolecular Michael 

addition reaction of E2 follows Baldwin’s rule, in which the 5-exo-trig product is 

formed more rapidly than the 6-endo-trig product; these results were confirmed by 

NMR analyses.113 

In Path B, enolate E1 reacts with the pentanidium catalyst first, transferring most of its 

negative charge and creating the corresponding ion-pair with the catalyst.19 After 

migrating into the organic phase, enolate E1 will react with the electrophile, dienone 

L19, through an intermolecular Michael addition reaction to give enolate E2, which 

will provide compound 37 through an intramolecular Michael addition reaction.114–116 

Regardless of which of the two paths is favored during PTC, the stereoselectivity of 

compound 37 is most probably induced during the intramolecular Michael addition 

reaction as reported by Wong et al. for similar systems.61 
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Figure 3.6 Proposed mechanism for the CPTC organocascade Michael-Michael addition reactions. 

 

Tert-butyl glycinate-benzophenone Schiff base L11 was chosen as the nucleophile and 

dienone L19 as Michael’s acceptor. Catalysts 3, 14, 22, and 36 were tested under the 

same conditions already optimized for similar reactions. Catalyst loading was set at 10 

mol%, mesitylene was used as the solvent, and cesium carbonate was chosen as the 

base. (Table 3.9). 
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Entry Catalyst Temperature L19 eq. Time Yield of 37 eea 

1 (R,R)-3-Cl -20 °C 1.2 48 h 81% 16% 

2 (R,R)-22-Br -20 °C 1.2 48 h Trace NA 

3 (R,R)-22-Br 22 °C 1.2 24 h 85% 23% 

4 (R,R)-14-BPh4 -20 °C 1.2 48 h Trace NA 

5 (R,R)-14-BPh4 22 °C 1.2 24 h 70% 8% 

a HPLC analysis: CHIRALCEL-OD-3/SFC, hexane-isopropanol 95-5, 0.5 mL/min. 

In order to avoid the overlapping peaks of different stereoisomers, HPLC analyses were 
performed exclusively on the major diastereomeric pair formed, while other diastereomeric 
pairs were removed by normal chromatography.  

 

Table 3.9 Catalyst screening conditions for the organocascade Michael-Michael reaction. 

 

Catalyst 3 gave the desired product 37 at good yield but low ee (entry 1). Switching the 

counterion to bromide decreased the yield at the same temperature (entry 2), while 

performing the reaction at room temperature increased the yield and asymmetric 

induction (entry 3). In contrast, tetraphenylborate decreased the yield and ee (entries 4 

and 5). Catalyst 36 was tested at -20 °C using the same standard conditions, and 

provided indane 37 at 89% yield and 84% ee (Table 3.10, entry 1). Lowering the 

reaction temperature to -40 °C did not improve the ee, but slightly decreased the isolated 

yield to 79% (entry 2). Notably, chiral-HPLC analyses revealed that compound 37 

obtained using catalyst 36 gave the major product with the opposite configuration 

compared to the major product obtained with the bridged-pentanidium catalysts 3, 14, 

and 22 shown in Table 3.9.  
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Entry Catalyst Temperature L19 eq. Time Yield of 37 eea,b 

1 (R,R)-36-Cl -20 °C 1.2 48 h 89% -84% 

2 (R,R)-36-Cl -40 °C 1.2 48 h 79% -84% 

a HPLC analysis: CHIRALCEL-OD-3/SFC, hexane-isopropanol 95-5, 0.5 mL/min. 

In order to avoid the overlapping peaks of different stereoisomers, HPLC analyses were 
performed exclusively on the major diastereomeric pair formed, while other diastereomeric 
pairs were removed by normal chromatography.  
b The absolute configuration of 37 was not determined at the moment, but was the opposite 

of that obtained with bridged-pentanidium catalysts 3, 22, and 14. 

 

Table 3.10 Organocascade Michael-Michael reaction using catalyst 36. 

 

Even though various protocols for crystallization of similar indanes reported in the 

literature were attempted, it was not possible to obtain the crystal structure of the major 

enantiomer of compound 37 and, consequently, univocally determine its absolute 

configuration.103 In 1H NMR analysis of compound 37, most peaks were ascribed to a 

single pair of enantiomers, highlighting that the organocascade Michael-Michael 

addition reaction is highly regioselective. In general, catalyst 36 gave a dr much higher 

than 20:1, while the bridged-pentanidium catalysts 3, 14, and 22 resulted in an average 

dr of 19:1. Notably, higher homologs of the trisubstituted indanes such as 1,2,3,4-

tetrahydronaphtalenes or other structural isomers were not present, implying that the 

intramolecular cyclization of enolate E2 respects Baldwin’s rule, as previously 

explained.113,117 
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3.3 Conclusions 

Michael addition reaction of tert-butyl glycinate-benzophenone Schiff base to vinyl 

ketones, catalyzed by bridged-pentanidium catalysts synthesized using (R,R)-1,2-

diphenyl-1,2-ethylenediamine, gave product L13 with the R configuration as the major 

enantiomer. Additionally, the open-pentanidium catalyst L14, synthesized from (S,S)-

1,2-diphenyl-1,2-ethylenediamine, gave compound L13 with the same R configuration 

as the major enantiomer. These outcomes with inverted stereoselectivity based on the 

stereochemistry of the chiral diamine inserted in the catalysts indicate the occurrence 

of a possible mismatching effect compared to data previously reported in the literature.  

 

The reaction solvent and counterions of the catalyst such as bromide and 

tetraphenylborate affect the reactivity, solubility, and enantioselectivity of the bridged-

pentanidium catalysts. Generally, bridged-pentanidium catalysts gave good yields but 

low enantioselectivities towards conjugate addition reactions. While the isolated yields 

could be significantly enhanced by changing the reaction conditions, including the  

temperature, time, substrate, and solvent, only very modest enhancements in terms of 

enantioselectivity could be achieved by modifying the same reaction conditions. These 

results highlight that poor stereoselectivity is intrinsic to the structure of bridged-

pentanidium catalysts.  

Bridged-pentanidium catalysts bearing benzyl groups as substituents showed better 

performance in general when compared to the analogs bearing methyl groups. In 

particular, during direct alkylation of tert-butyl glycinate-benzophenone Schiff base 

with benzyl bromide (Table 3.8), catalyst 3 bearing two benzyl groups performed better 

in terms of yields and ee than catalyst 23 bearing two methyl groups. These differences 



- 81 -  
 

in reactivity may be due to the higher steric hindrance of the benzyl groups of catalyst 

3 or the more effective π-π interactions between the benzyl groups and the reagent. 

Performing the Michael addition reaction using smaller nucleophiles such as ethyl 

phenyl ketone L15 and the bridged-pentanidium catalyst 22, did not improve the 

isolated yields obtained compared to the tert-butyl glycinate-benzophenone Schiff base. 

Instead, a decrease in terms of enantioselectivity was observed, further suggesting that 

in this particular case, the lack of enantioselectivity is attributed to the bridged-

pentanidium catalyst itself and not to the reaction conditions, which did not enhance 

the performance of the catalyst.  

On the other hand, the dissymmetric open-pentanidium catalyst 36 showed excellent 

reactivity in terms of yield and enantioselectivity towards the same asymmetric 

reactions in which the bridged-pentanidium catalysts did not perform well. 

The use of larger electrophiles (Michael acceptors) such as dienone L19 in 

organocascade Michael-Michael addition reactions with tert-butyl glycinate-

benzophenone Schiff base L11 as the nucleophile did not improve the stereoselectivity 

of the bridged-pentanidium catalysts 3, 14, and 22, even though the isolated yields were 

good. In contrast, the dissymmetric open-catalyst 36 gave excellent isolated yields and 

good asymmetric induction. Despite the varied reactivities, both types of catalysts 

exhibited excellent diastereoselectivity. 

In the next chapter, the relationship between the structure and reactivity of the open and 

bridged-pentanidium catalysts will be analyzed more in detail using various 

computational tools. 
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4 Catalyst design and computational studies 

4.1 Introduction 

The reaction mechanism for pentanidium-catalyzed asymmetric phase-transfer 

conjugate addition and the origin of the stereoselectivity of this reaction were elucidated 

by Wong et al. in 2016.61 Using computational studies such as DFT calculations and 

docking sampling of transition states, the authors highlighted the crucial factors 

required for catalyst L14 to induce asymmetry in conjugate addition reactions. The 

enantioselectivity of the catalytic reaction is assumed to be determined during the C-C 

bond-formation step, which occurs in the organic phase (Figure 4.1). To stabilize the 

transition states and maximize the electrostatic interaction, the core of the catalyst and 

the most negatively charged region of the electrophile must be as close as possible.61 

Figure 4.1 Key steps of the catalytic mechanism for pentanidium-catalyzed conjugate addition. 
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According to Wong et al., stereoselectivity is introduced during the conjugate addition 

step, in which the nucleophile transfers most of its negative charge to the electrophile. 

Therefore, the catalyst will provide extensive electrostatic stabilization if the 

electrophile is placed near the electropositive region of the pentanidium. Moreover, the 

methyl groups of pentanidium form strong non-classical hydrogen bonds with the 

oxygens of the substrate.118–120 The calculated enantioselectivity (ee), based on the key 

diastereomeric C–C bond-forming transition states, is in good agreement with 

experimental results. Analysis of the non-covalent interactions during the key transition 

states reveals extensive non-covalent interactions occur between the pentanidium 

catalyst and substrates, including aromatic-aromatic interactions,121–123 hydrogen 

bonds, and non-classical C-H-O.124–126  

In addition to DFT calculations, topographic steric maps and topographic electrostatic 

maps can be used to study the interaction between the catalyst and substrate in more 

depth. The properties of a catalyst are quantified using several molecular descriptors  

which indicate the correlation between the observed behavior and the structure of the 

catalyst. Two main types of descriptors are used: one quantifies the electronic effects 

and chemical bonds, and the other quantifies the steric effects. One important steric 

descriptor reported by Cavallo et al. is the buried volume;127 which quantifies the 

fraction of the volume occupied by the organic ligand in the first coordination sphere 

around a metal center. The buried volume evolution is a topographic steric map that 

provides an image of the surface of the interaction involving the catalyst and the 

substrate.128 In contrast, topographic electrostatic maps characterize the interaction 

surface characterized in terms of the electrostatic potential between the catalyst and 

substrate. These tools provide straightforward approaches to understand the 
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relationship between the shape of the catalyst and enantioselectivity, especially in 

organometallic chemistry.9 Topographic steric maps are well-established tools for 

understanding enantioselective output, and were applied in this study.  

4.2 Results and discussion 

4.2.1 DFT methods for steric and electrostatic topographic maps 

All geometries were calculated with at M06-2X/6-31G* level of theory.129–131 All 

ground-state geometries were confirmed by the absence of an imaginary frequency and 

default low gradient. All final calculations were performed with the Gaussian09 set of 

programs,132 and the geometry optimizations were performed without symmetry 

constraints. Molecular electrostatic potential surface (MEPS) values were obtained by 

mapping of the electrostatic potentials (Hartree atomic units) onto the molecular 

surfaces obtained by using the Gaussian program.  

4.2.2 Topographic steric maps 

The steric maps were calculated for the chiral bridged-pentanidium catalysts bearing 

benzyl, methyl, and ethyl groups (even though it was not possible to synthesize the 

latter).128 The points in space defining the steric map were located with the SambVca 

2.0 package,133 which analyzes the shape of the reactive pocket where catalysis occurs.9 

This software was initially introduced in organometallic chemistry to quantify steric 

hindrance for a ligand in the first coordination sphere of a metal center. In this work, 

the program was used to characterize the steric behavior of the whole pentanidium 

catalyst. The steric map was built, placing the pentanidium catalysts with the N1 atom 

at the center of the sphere, with the x-axis passing through the center point of C1 and 
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C2 aligned along the z-axis, and with the C1 atom in the yz plane at positive z-values 

(Figure 4.2).  

 

 

Figure 4.2 Alignment of the catalysts for calculation of the steric maps. 

 

After the alignment step, the first coordination sphere around N1 is analyzed. This 

sphere, of radius R, is sectioned into a regular 3D cubic mesh of spacing s, which 

defines cubic voxels v. The distance between the center of every voxel and the atoms 

of the catalyst are analyzed to see if any of the atoms are within the van der Waals 

distance of the center of the examined voxel. If no atoms are within the van der Waals 

distance, the examined voxel is considered a free voxel. Otherwise, the examined voxel 

is considered buried. Thus, all voxels in the first coordination sphere are labeled as free 

or buried. For each (x,y) point inside the first coordination sphere, the program scans 

the sphere from top to bottom (i.e., away from the catalyst) to check which z-value is 

found in the first buried voxel. This procedure defines a surface, expressed as S(x,y) = 

zB, representing the surface of the catalyst exposed to the incoming reactants. In other 

words, the S(x,y) = zB surface delineates the shape of the reactive pocket. A positive 

zB value indicates that the ligands trespass into the z > 0 half-sphere, in which the 

reacting groups are contained. A schematic representation of the interaction surface 

between the catalyst and substrate is shown in Figure 4.3.128 
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Figure 4.3 Schematic representation of the interaction surface between a substrate and catalyst. 

Overall, the steric maps provide a simple 2D isocontour representation of the interaction 

surface using S(x,y) = zB. In this work, the radius R of the sphere was set at 3.5/5.5 Å 

for atoms, we adopted the Bondi radii scaled by 1.17, and a mesh of 0.1 Å was used to 

scan the sphere for buried voxels. 

4.2.3 Topographic electrostatic maps 

The interaction surface S(x,y) = zB defined above was also characterized in terms of 

electrostatic potential. Using the Gaussian09 program and density functional and basis 

set described above, we calculated the electrostatic potential at the xyz points, defining 

the interaction surface S(x,y) = zB. For the steric maps, the analysis was only performed 

on the cationic pentanidium skeleton.  

In order to characterize the bridged-pentanidium catalysts, from both a steric and an 

electronic perspective, DFT calculations were performed on the cationic pentanidine 

moiety, and the steric and electrostatic maps were evaluated. Moreover, to compare the 

catalysts with the literature-known catalyst L14 and clarify the origin of the different 

enantioselectivities as a reference, the maps were also calculated for L14. In fact, 
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keeping in mind that enantioselectivity is determined by the prochiral enantioface of 

the substrate that best complements the shape of the catalyst, we can use topographic 

steric and electrostatic maps to analyze this specificity. The topographic steric maps 

characterize the surface that the catalyst exposes to the substrate, defining the catalyst-

substrate interactions that affect the results of the reaction, thus illuminating the origin 

of enantioselectivity for asymmetric reactions. Topographic steric maps can be viewed 

as the equivalent of physical geographic maps. Different colors, lines, and shadings 

indicate the elevation and differentiate lowlands from mountains in physical maps. 

Steric maps employing a similar approach were generated. At first, each catalyst was 

oriented to center the analysis on the central nitrogen N1 (see Figure 4.4-A) to 

investigate the steric hindrance caused by the remainder of the catalyst in the first 

coordination sphere around the central nitrogen atom along the z-axis, as shown in 

Figure 4.4-A using a radius of 3.5 Å. Once the central nitrogen N1 is placed at level 

zero, a change in color to red or blue, indicate zones where the catalyst protrudes 

towards the reacting groups, thus blocking access, and empty zones where the catalyst 

retracts from the reacting groups, respectively. To this extent, the steric maps shown in 

Figure 4.4-B contain red-colored high protrusions corresponding to the groups pointing 

towards positive values in the z-axis and blue-colored high protrusions corresponding 

to the groups pointing towards negative values in the z-axis. The green area corresponds 

to the center of the bridged-pentanidium catalyst close to the two iminic carbons, where 

the steric hindrance is considered to be zero. Thus, deep red and deep blue colors both 

indicate high steric hindrance, but pointing from opposite directions toward the catalyst 

center.  

At first, we notice the C2-symmetric environment and the meaningful increase in steric 

bulkiness and the change in the shape of the catalytic pocket as we move from 23 to 3. 



- 88 -  
 

We included the bridged-pentanidium catalyst bearing two ethyl groups, catalyst 38, 

even though it was not possible to synthesize this compound as explained in Chapter 2. 

 

 

Figure 4.4. A Ball-and-stick representation of two orientations of catalyst 23, and B steric maps of the 

catalysts 23, 38, and 3 viewed down the z-axis. The red/blue-colored protrusions correspond to the groups 

pointing towards positive/negative values in the z-axis in [Å].  

 

As a reference, the steric map of L14 was calculated and is reported in Figure 4.5. This 

system is also highly C2-symmetric, and the shape of the most hindered red parts 

(ascribed to the methyl groups on N2 and N3) is comparable with those in the map of 

catalyst 23, as expected.  
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Figure 4.5. A Ball-and-stick representation of two orientations of catalyst L14. B  Steric maps of the 

catalyst viewed down the z-axis. The red/blue-colored protrusions correspond to the groups pointing 

towards positive/negative values in the z-axis in [Å]. 

 

However, comparison of these maps highlights a crucial difference between the two 

types of systems, as shown in Figure 4.6. In fact, in the map of catalyst L14, an 

additional C2-symmetric element indicated by the light blue areas is visible in the NW 

and SE quadrants, implying that catalyst L14 presents C2-symmetric hindrance if 

approached by the substrate from two different directions. Indeed L14 will be hindered 

in the NE and SW quadrants highlighted by the red spots if approached from the +z-

direction; on the other hand, L14 will be hindered in the NW and SE quadrants 

highlighted by the light blue spots if approached from the -z-direction. This effect is 

ascribed to the two methyl groups present on N4 and N5 that can tilt due to the 

flexibility of the backbone of L14. The tilting is not possible in the bridged-pentanidium 

systems, which possess a much more rigid and flat structure.  
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Figure 4.6. A Ball-and-stick representation of two orientations of catalysts 23 and  L14. B  Steric maps 

of the catalysts viewed down the z-axis. The red/blue-colored protrusions correspond to the groups 

pointing towards positive/negative values in the z-axis in [Å]. 

 

To deepen the analysis, we investigated the catalytic mechanism to characterize the 

catalyst surface exposed to the substrate. Based on Wong et al.’s mechanistic studies 

reported in the literature, it seems that, during catalysis, multiple non-covalent 

interactions occur between the substrate atoms and all the nitrogen atoms present in the 

catalyst. For this reason, we appropriately re-oriented the catalysts by considering the 

middle point between the N4 and N5 atoms as the center of the catalytic pocket, and 

analyzed the steric environment along the z-axis with a radius of 5.5 Å as shown in 

Figure 4.7-A for 23 and L14. 
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Figure 4.7 A Ball-and-stick representation of the orientation of catalysts 23 and L14. B Steric maps of 

the catalysts viewed down the z-axis. The red/blue-colored protrusions correspond to the groups pointing 

towards positive/negative values in the z-axis in [Å]. 

 

Comparing the two maps shown in Figure 4.7-B further reveals the critical differences 

in the steric environment between the opened and bridged-pentanidium systems. The 

following observations can be highlighted: 

 

In catalyst 23, the only steric meaningful asymmetry is created by the phenyl groups 

lying on the flat core structure, indicated by the red spots in NE and SW quadrants (and 

also indicated by stars).   

In catalyst L14, the two methyl groups on N4 and N5 confer key asymmetric hindrance 

due to the flexible backbone that allows these groups to tilt, creating an asymmetric 

environment similar to that present in the spiro-nitrogen of Maruoka’s catalyst. 
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In catalyst 23, there is no asymmetry close to N4 and N5, and the phenyl groups create 

steric hindrance too far from the active sites during catalysis, where the positively 

charged nitrogen atoms are located. 

To further compare the properties of the bridged-pentanidium catalysts with catalyst 

L14, we calculated the electrostatic potential maps for 23 and L14 (Figure 4.8). 

 

Figure 4.8 A Ball-and-stick representation of the orientation of the catalysts 23 and L14. B Electrostatic 

potential maps. 

Electrostatic potential maps were obtained by representing the electrostatic potential 

for each point in the topographic steric maps. The electrostatic maps clarify the 

electrostatic situation at the surface, to determine the catalyst-substrate interaction.  

The maps in Figure 4.8 indicate that the central cores of the catalysts are relatively 

more positive than the rest of the molecules (as the blue areas change to green/orange). 

This result supports the idea that the key interactions between the electrophile and 

catalyst during catalysis occur in the central zone of the system. 
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As expected, the two catalysts behave similarly from this point of view, with the 

“active” blue zone localized on N1, N4, and N5. This evidence indicates the substrate 

will interact in the same way with both catalysts. Moreover, the steric environment 

around the reactive center improves the performance of the catalyst, especially in terms 

of enantioselective induction. In contrast to the bridged-systems the backbone of the 

catalytic system of L14, orients the groups on N4 and N5 in such a way to discriminate 

between the possible pathways that lead to the enantiomerically enriched product. As a 

consequence, these groups seem to be ultimately responsible for enantioselectivity.  

 

4.3 Mechanistic studies of the Michael addition reaction 

4.3.1 DFT calculations 

All geometries were calculated at the B3LYP/6-31G* level of theory.131,134,135 All 

ground states and transition states were confirmed by the absence or presence of the 

imaginary frequency. All final calculations were performed with the Gaussian 09 

program and were identified by normal termination of the software. Furthermore, the 

energies were refined using a single-point energy calculation with the larger basis set 

def2TZVP which includes the dispersion effect via the Grimme protocol (B3LYP-

D3).136 All energies are reported as electronic energies. 

Computational studies to explain the reactivity of the open-pentanidium catalyst L14 

for conjugate addition reactions have already been reported in the literature.61 The 

reactivity of the novel catalysts 22 and 36 (Figure 4.9) in terms of the asymmetric 

Michael addition reaction for synthesis of chiral unnatural amino acids (discussed in 

the previous chapter) was investigated through DFT studies.  
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Figure 4.9 Catalysts 36 and 22 used in DFT studies. 

From the experimental results obtained, it is highly probable that a mismatching effect 

occurs in the enantioselectivity of catalysts 22 and 36. Even though the synthesis of 

both catalysts started from the same commercial chiral diamine, (R,R)-1,2-diphenyl-

1,2-ethylenediamine L3, chiral-HPLC analysis revealed the major products obtained 

with the two catalysts had the opposite stereo-center (Table 4.1).  

 

Entry Catalyst L12 eq. Yield of L13  ee 

1 (R,R)-24-BPh4 2 85% 17% (R) 

2 (R,R)-22-Br 2 83% 12% (R) 

3a (R,R)-22-Br 4 79% 18% (R) 

4 (R,R)-36-Cl 2 81% 82% (S) 

5b (S,S)-L14-Cl 2 86% 91% (R) 

a Reaction temperature was set to -40 °C, and reaction time to 48 hours.  
b Values reported in the literature for catalyst L14 (loading 2 mol %). 

Table 4.1 Comparison between bridged and open-pentanidium catalysts in Michael addition reaction.  

 

The computational studies for catalyst 36, were in agreement with the experimental 

results obtained. In fact, considering the transition states lead to the different 

enantiomers shown in Figure 4.10, the energies were in agreement with the 
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experimental results. The TSadd-1S transition state that leads to the S configuration (of 

the carbon where the tert-butyl glycinate is attached) has a lower energy barrier (16.9 

Kcal/mol) than the TSadd-1R transition state that leads to the R configuration (20.0 

Kcal/mol). At a higher level of theory including better basis sets, covering the 

dispersion effects with the def2TZVP basis set,136 the energy values were 9.9 Kcal/mol 

for TSadd-1S and 13.9 Kcal/mol for TSadd-1R. Additionally, in this case, the energies 

were in agreement with the experimental results in Table 4.1 (entry 4). Thus, the 

selectivities calculated in this dissertation were not affected by the level of theory used. 

 

Figure 4.10 Transition states of catalyst 36 and the substrate leading to the opposite configurations. The 

energies are electronic energies; single point energies are represented in brackets. Separated substrates 

were considered as zero energy.  

 

When the calculations were performed at the same level of theory for the bridged-

pentanidium catalyst 22, a significant difference was observed between the energy 

barriers that lead to the different enantiomers. TSadd-1S was 13.3 Kcal/mol and TSadd-

1R was 18.2 Kcal/mol, suggesting even higher enantioselectivity toward the S 
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enantiomer, which was not found experimentally (Figure 4.11). Including the 

dispersion effects with the def2TZVP basis set, the calculated single-point energy 

values were 9.0 and 9.2 Kcal/mol for TSadd-1S and TSadd-1R, respectively. The 

energy difference between the two transition states is 0.2 Kcal/mol, suggesting that the 

enantioselectivity should not be high. This outcome is in agreement with the 

experimental results obtained at -20 °C (the same reaction temperature used for catalyst 

36) shown in Table 4.1 (entry 2), since none of the bridged-pentanidium catalysts 

showed high asymmetric induction, but showed a significant mismatching effect 

instead.  

 

Figure 4.11 Transition states of catalyst 22 and the substrate leading to opposite configurations. The 

energies are electronic energies, single-point energies are represented in brackets. Separated substrates 

were considered as zero energy. 

 

The transition states reported in Figures 4.10 and 4.11 show (in light blue color) the 

Newman projections favored by the interactions with each of the pentanidium catalysts 

that lead to the two enantiomers. The Newman projections were plotted without the 
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catalysts to facilitate qualitative interpretation of the 3D-molecular models of the 

transition states. 

Regarding TSadd-1R for the dissymmetric catalyst 36 shown in Figure 4.12, the N-

benzophenone-protected moiety is in the gauche position with respect to the enolate; 

this proximity induces a steric clash that disfavors the conformation leading to the R-

enantiomer. The situation looks different for the TSadd-1S 3D-molecular model; the 

enolate group is in an antiperiplanar position with respect to the N-benzophenone 

protected moiety minimizing the steric interactions. Thus, this transition state is more 

favorable than TSadd-1R. The induced enantiomeric selectivity comes from the 

interactions between catalyst 36 and the enolate moiety. 

 

Figure 4.12 Transition states of catalyst 36, represented by the corresponding Newman projections. 

Regarding the TSs of bridged-pentanidium catalyst 22 shown in Figure 4.13, both 

transition states have the enolate group in antiperiplanar positions, which minimizes the 

steric clash. For this reason, the small energy difference between the two transition 

states does not lead to significant enantioselectivity. 
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Figure 4.13 Transition states of catalyst 22, represented by the corresponding Newman projections. 

 

4.4 Improvement of catalyst design  

The topographic steric maps highlighted that the lack of enantioselectivity in the 

bridged-pentanidium catalysts is predominantly is due to the lack of C2-symmetric 

steric hindrance from the bridge side. Thus, the free space created by the two methylene 

groups, which are close to the nitrogen atoms N4 and N5 in which the positive charge 

is also delocalized, is too large (Figures 4.6 and 4.7). For this reason, the first 

modification that could be applied to improve the catalyst (if synthetically feasible) is 

the insertion of a chiral bridge between N4 and N5 in order to create a C2-symmetric 

hindered environment in the proximity of the positive charge (Figure 4.14). The R 

groups that could be inserted strongly depend on the bridging reaction used and its 

stereoselectivity. 
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Figure 4.14 Bridged-pentanidium catalyst bearing a chiral bridge. 

 

4.5 Conclusions 

The difference in the enantioselectivity of open-pentanidium (L14 and 36) and bridged-

pentanidium catalysts bearing the simple ethyl bridge (3 and 23) was investigated using 

several computational tools, including topographic steric maps, topographic 

electrostatic maps, and TSs.  

The topographic steric maps of the open-pentanidium catalyst L14 revealed that the 

two methyl groups on N4 and N5 create a key asymmetric hindrance thanks to their 

flexibility that allows these groups to tilt, creating an asymmetric environment similar 

to that present around the spiro-nitrogen of Maruoka’s catalyst (Figure 4.6). In fact, 

L14 will present C2-symmetric steric hindrance if approached by the substrate from 

both directions in the z-axis. 

The situation is different for the bridged-pentanidium catalysts 23, 38, and 3. As shown 

in Figure 4.4, these catalysts only present significant C2-symmetric steric hindrance if 

approached by the substrate from the positive direction in the z-axis. However, these 

catalysts do not show any effectual C2-symmetric steric hindrance if approached from 

the negative direction in the z-axis. 
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Moreover, as evident in Figure 4.7, the only steric meaningful asymmetry in catalyst 

23 is created by the phenyl groups lying on the flat core structure, delineated by the red 

spots in the NE and SW quadrants (also indicated by stars). Thus, this steric hindrance 

is too far away from the positively charged nitrogen atoms N4 and N5 to promote any 

type of asymmetric induction. 

The electrostatic maps shown in Figure 4.8 indicate that the central part of the catalysts 

23 and L14, are relatively more positive than the rest of the molecules (blue areas to 

green/orange), confirming that crucial interactions between the electrophile and these 

catalysts occur at the central core. Since the positive blue zones are mostly localized on 

N1, N4, and N5 of both catalysts, the substrate will interact with these catalysts in a 

similar way. However, catalyst L14 can create a chiral steric environment around the 

positive charge orienting the methyl groups on N4 and N5; thus, L14 can induce high 

enantioselectivity. On the other hand, the positive charge of catalyst 23 is delocalized 

around N4 and N5, close to the bridge, which lacks a chiral steric environment, as 

previously highlighted by the topographic steric maps. 

 

The reactivity of the novel catalysts 22 and 36 (Figure 4.9) towards the asymmetric 

conjugate addition reaction for the synthesis of chiral unnatural amino acids was also 

investigated by computational studies. For catalyst 36, the energy barriers of the TSs 

leading to the opposite enantiomers obtained by DFT calculations were in agreement 

with the experimental results obtained even when a higher level of theory, including 

better basis sets, was used. However, when the same calculations were performed at the 

same level of theory for the bridged-pentanidium catalyst 22, a significant difference 

was observed between the energy barrier leading to the different enantiomers, which 
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explains the lack of stereoselectivity. The experimental results and the DFT studies are 

summarized in Table 4.2. 

 

Entry Catalyst TSadd-1Rac TSadd-1Sbc ee 

1 (R,R)-36-Cl 13.9  9.9  82% (S) 

2 (R,R)-22-Br 9.2  9.0  18% (R) 

a Energy barrier of the transition state leading to  L13 with the R configuration. 
b Energy barrier of the transition state leading to  L13 with the  S configuration. 
c Energies are single point in Kcal/mol. 

Table 4.2 Comparison of the energy barriers involved in the TS leading to different enantiomers between 

bridged and open-pentanidium catalysts. 
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5 General summary and outlook 

In summary, this PhD dissertation addressed and elucidated various aspects of the 

synthesis and reactivity of novel bridged-pentanidium catalysts. Using these 

approaches, it was possible to efficiently synthesize the novel chiral bridged-

pentanidium core structure, which may be of high interest in the fields of organic 

chemistry and catalysis.  

The pentanidium unit was initially designed for use in guanidine chemistry as an 

evolution of the pentanidine system. Although the open-pentanidium unit is less basic 

than normal guanidines, its crystal structure demonstrated an orthogonal (L-shaped) 

conformation adopted by the planes formed by the five-membered rings. Moreover, the 

delocalization of the positive charge was greatly affected, depending on the steric 

hindrance of the substituents in the nitrogen groups.49 In contrast, thanks to their 

planarity confirmed by the crystal structures, bridged-pentanidium catalysts will enable 

further developments in this field (Figure 5.1). 

 

Figure 5.1 Comparison between the crystal structures of catalysts L14 and 24 both bearing methyl 

groups as substituents. 

As another important application, the bridged-pentanidium catalysts can also be applied 

as cationic ligands in organometallic chemistry.137,138 Tan et al. previously reported 
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guanidinium cuprate species can be successfully used for enantioselective allylic 

alkynylation of racemic bromides under biphasic conditions.139 At this point, the metal-

ligand complex 39 obtained by the reaction of bridged-pentanidium catalyst 3 and CuCl 

had already been synthesized and characterized by NMR spectroscopy by our group. 

However, it was not possible to obtain the crystal structure, though further studies are 

ongoing Figure 5.2. 

 

Figure 5.2 Chemical structures of L24 and 39 copper dichloride complexes.  

This dissertation shows that bridged-pentanidium catalyst 3 can be easily modified via 

various post-modification reactions. For example, the iminic bonds  of catalyst 3 readily 

underwent reduction in the presence of sodium borohydride under mild reaction 

conditions to deliver the corresponding pentaamine compound 40 and various 

stereoisomers, depending on how the hydrogen atoms of the two methanetriaminic 

carbons in the five-membered rings are oriented, as shown in Figure 5.3. 
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Figure 5.3 Chemical structure of compound 40.  

As mentioned in Chapter 2, the tertiary bisthioureas used in the synthesis of chiral 

bridged-pentanidium catalysts can be converted through various strategies to free-

saturated bisdiaminocarbenes and their corresponding metal complexes, as reported in 

the literature.97–100 To this extent, preliminary trials to convert bisthiourea 7 into its 

corresponding saturated bisdiaminocarbene 41 have already been performed by our 

group. Using 13C NMR analysis, it was possible to observe formation of the 

corresponding saturated bisdiaminocarbene signals typically observed for similar 

compounds, even though the reaction was extremely slow under the experimental 

conditions tested, requiring 30 days in the glovebox to obtain partial conversion into 

compound 41 (Figure 5.4).  

 

Figure 5.4 Conversion of chiral bisthiourea 7 into saturated bisdiaminocarbene 41. 

Other essential intermediate products obtained in this work during the synthesis of the 

bridged-pentanidium catalysts are the chiral tetraamides,  tetraamines, bisthioureas, and 
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bisureas, already described before, which can be used as building blocks to obtain more 

sophisticated chiral organic molecules Figure 5.5. 

 

Figure 5.5 A selection of the novel building blocks obtained through the synthesis of bridged-

pentanidium catalysts. 

Application of the different chiral bridged-pentanidium catalysts in CPTC did not give 

the expected results; even though the isolated yields were suitable for most reaction 

types, the asymmetric induction was low. Despite modification of the catalysts with 

various functional groups and counterions to tune their reactivity and testing a variety 

of reaction conditions, the enantiomeric excesses obtained were still low. The major 

enantiomer of the products obtained always had the opposite configuration than we 

expected. Thus, the experimental mismatching effect in terms of the chirality induced 

by the bridged-pentanidium catalysts motivated us to study the relationship between 

the structures and reactivity of the catalyst in more detail to improve asymmetric 

induction. 

The various computational studies performed in this dissertation provided a deeper 

understanding of the differences in the reactivity of the open- and bridged-pentanidium 

catalysts. In particular, the topographic steric maps and topographic electrostatic maps 

allowed us to identify the reasons for the low enantioselectivity of the bridged 
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pentanidium catalysts. Moreover, these findings and the experimental results of the 

asymmetric conjugate addition reaction catalyzed by open and bridged-pentanidium 

systems were confirmed by the DFT studies. 

All of these findings created even more questions to be answered. Thus, computational 

studies of topographic steric hindrance and electrostatic mapping of the bridged-

pentanidium catalysts bearing a chiral bridge were performed in order to predict their 

reactivity. Based on the preliminary results obtained, it is evident that the introduction 

of a chiral bridge will significantly enhance the enantioselectivity of this type of 

catalyst. Thus, a possible retrosynthetic pathway to obtain a chiral tetraamine bearing a 

chiral bridge and, therefore, the corresponding pentanidium catalyst is proposed in 

Figure 5.6. The number of synthetic steps may be dictated by the bridging reaction and 

the following asymmetric reduction.140 

 

 

Figure 5.6 Plausible retrosynthetic pathway to obtain bridged-pentanidium 42. 
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Supporting information 

General methods 

All air-sensitive experiments were performed under an argon atmosphere in a glovebox 

or using standard Schlenk techniques. All solvents were purified before use, except 

mesitylene, which was commercial grade and used as supplied without further 

purification. Column chromatography purifications were performed by flash 

chromatography using Merck silica gel 60. All other reagents were used as received. 

1H, and 13C{1H} NMR spectra were recorded using Bruker AVIII 500, AVIII 600 or 

AVNEO 700 spectrometers. Typical Evans measurement were performed in a coaxial 

tube containing the solvent and internal standard. Chemical shifts in 1H NMR and 

13C{1H} NMR are reported in parts per million (ppm). The residual solvent peak was 

used as an internal reference: 1H NMR (DMSO-d5 in DMSO-d6 δ 2.54, chloroform in 

CDCl3 7.26) and 13C{1H} NMR (DMSO-d6 δ 40.45, Chloroform in CDCl3 77.00). 

Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), dd (doublet of doublet), br s (broad singlet). Coupling constants are reported 

in hertz (Hz).  

Crystal structure determination 

X-ray quality crystals were immersed in cryo-oil, mounted in a Nylon loop and 

measured at 130 K. Intensity data were collected using a Bruker D8 Venture SMART 

CCD diffractometer with graphite monochromated Mo−Kα (λ = 0.71073 Å) radiation. 

Cell parameters were retrieved using Bruker SMART software and refined using 

Bruker SAINT141 on all observed reflections. Data were corrected for absorption effects 

using the multi-scan method (SADABS).141 Structures were solved by direct methods 
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using the SHELXS-2016 package142 and refined with SHELXL-2016 or Olex-2 

software.143 All other hydrogen atoms in the compound were inserted on geometrically 

calculated positions with fixed thermal parameters. All hydrogen atoms, either located 

or inserted, were refined isotropically; all nonhydrogen atoms were refined 

anisotropically. The final least-squares refinements (R1) based on I  > 2σ(I) converged 

to 0.0319, 0.0418, 0.0683, 0.0432, 0.0831,0.0501,  0.0619, 0.0912 and 0.0422. 
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Synthetic procedures 

Synthesis of compound L4 

 

Compound L4 was synthesized through a modified version of a procedure reported in 

the literature. 

(R,R)-Diphenylethane-1,2-diamine (2.15 g, 10.00 mmol) and triethylamine (2.10 mL, 

15 mmol) were dissolved in 250 mL of DCM and stirred at -78 °C. A solution of 

benzoic anhydride (2.70 g, 12 mmol) in DCM (100 mL) was added dropwise under an 

inert atmosphere over 30 minutes then the mixture was stirred at rt overnight. The 

reaction was quenched by the addition of an aqueous solution of KOH (2 M, 200 mL). 

After extraction, the aqueous phase was washed with DCM (100 mL × three times), 

then the organic layers were collected and dried over MgSO4. After filtration, the 

solvent was removed by vacuum, and the crude residue was purified by column 

chromatography (ethyl acetate-petroleum ether: 30-70 → 100-0) on silica gel to give 

compound A (2.50 g, 7.9 mmol, 79%) as a white solid. Experimental data were in 

agreement with those reported by Morris et al.77 
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Synthesis of compound 4 

 

 

Potassium carbonate (4.00 g, 31.00 mmol) was added to a solution of DCM (250 mL) 

and (R,R)-1,2-diphenyl-N-benzoyldiamine L4, (2.50 g, 7.90 mmol) was dissolved in 

250 mL of DCM. The mixture was stirred under an argon atmosphere, cooled to 0 °C, 

then oxalyl chloride (0.35 mL, 4.00 mmol) was added dropwise using a syringe pump 

over 30 minutes. The solution was stirred at rt overnight. After complete consumption 

of the starting material, the white solid was filtered through a frit filter equipped with a 

Teflon filter and washed with 400 mL of DCM, 800 mL of distilled water and 400 mL 

of MeCN. Compound 4 (2.53 g, 3.67 mmol, 93%) was obtained as a white solid without 

further purification. 1H NMR (500 MHz, DMSO-D6): 9.65 (d, J = 9.5 Hz, 2H), 9.11 (d, 

J = 9.0 Hz, 2H), 7.72 (d, J = 7.6 Hz, 4H), 7.57 – 7.52 (m, 2H), 7.47 (t, J = 7.6 Hz, 4H), 

7.40 (d, J = 7.7 Hz, 4H), 7.35 (d, J = 7.4 Hz, 4H), 7.28– 7.15 (m, 12H), 5.73 (t, J = 8.0 

Hz, 2H), 5.55 (t, J = 8.0 Hz, 2H). 13C NMR (126 MHz, DMSO-D6): 167.14, 160.47, 

141.20, 140.72, 135.42, 132.14, 129.13, 128.88, 128.80, 128.21, 127.98, 127.92, 

127.89, 127.71, 57.86, 57.42. HRMS (ESI) m/z: (M + H+) calcd. for [C44H38N4O4 + H+] 

requires: 687.29658; found: 687.29569. 
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Synthesis of compound 7 

 

Compound 4 (2.50 g, 3.64 mmol) was dissolved in 250 mL of dry THF, and the mixture 

was placed in an ice bath and stirred at 0 °C under an inert atmosphere. LiAlH4 (5.00 

g, 132 mmol) was added to the solution over ten portions, then the mixture was refluxed 

overnight. After complete consumption of the starting material, the reaction flask was 

placed in an ice bath, then LiAlH4 was quenched by dropwise addition of a saturated 

solution of Na2SO4. The mixture was filtered through a sand and celite cartridge and 

washed several times with ethyl acetate, and the solvent was removed in vacuo. The 

chiral tetraamine obtained, a yellowish viscous oil, was used for the next step without 

further purification. The crude mixture was dissolved in 30 mL of ethanol and poured 

into a sealed tube, then carbon disulfide (2.00 mL, 33 mmol) was added in one portion. 

The mixture was heated at 100 °C; after 18 hours, the solvent was removed under 

vacuum, the solid was filtered and washed with 100 mL of cold ethanol. Compound 7 

was obtained as a white solid (0.86 g, 1.2 mmol, 33% for the two steps) after 

purification by column chromatography (ethyl acetate - hexane: 10 - 90 → 100 – 0) on 

silica gel. IR (ν cm-1): 3083, 3062, 3024, 2925, 2880, 1602, 1584.  1H NMR (500 MHz, 

CDCl3): 7.37 – 7.32 (m, 6H), 7.25 – 7.18 (m, 20H), 7.14 – 7.10 (m, 4H), 5.76 (d, J = 

14.8 Hz, 2H), 5.36 (d, J = 8.0 Hz, 2H), 4.41 (d, J = 10.3 Hz, 2H), 4.35 (d, J = 8.0 Hz, 

2H), 3.85 (d, J = 14.8 Hz, 2H), 2.96 (d, J = 10.3 Hz, 2H).  13C NMR (126 MHz, CDCl3): 

182.30, 137.98, 137.25, 136.07, 129.05, 128.95, 128.77, 128.69, 128.52, 128.46, 
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128.04, 127.60, 127.55, 69.99, 69.46, 48.82, 42.22. HRMS (ESI) m/z: (M + H+) calcd. 

for [C46H42N4S2 + H+] requires: 715.29237; found: 715.29216 

 

Synthesis of compound 3 

 

Compound 7 (0.15 g, 0.20 mmol) was dissolved in 6.00 mL of dry toluene and poured 

into a sealed tube, oxalyl chloride (0.35 mL, 4.00 mmol) was added in one portion, then 

the tube was sealed under an inert atmosphere, and the mixture was heated at 160 °C 

overnight. After the reaction was complete, the solvent was removed under vacuum in 

a glove box. The solid obtained was dissolved in dry acetonitrile, and 0.30 mL of a 

solution of ammonia in methanol (2 M) was added dropwise over 10 minutes at room 

temperature, and the mixture was stirred at rt overnight. Compound 3 was obtained as 

a white solid (0.093 g, 0.13 mmol, 66% for the two steps) after purification by column 

chromatography (DCM - MeOH: 100 - 0 → 100 – 2) on silica gel. IR (ν cm-1): 3061, 

3030, 2922, 1593, 1578.  1H NMR (500 MHz, CDCl3): 7.39 – 7.35 (m, 6H), 7.35 – 7.30 

(m, 6H), 7.29 – 7.25 (m, 9H), 7.24 – 7.19 (m, 5H), 7.13 – 7.10 (m, 4H), 5.03 (d, J = 

15.2 Hz, 2H), 4.91 (d, J = 10.0 Hz, 2H), 4.52 (d, J = 10.0 Hz, 2H), 4.09 (d, J = 15.2 Hz, 

2H), 3.86 – 3.74 (m, 2H), 3.38 – 3.22 (m, 2H). 13C NMR (126 MHz, CDCl3): 158.74, 

135.56, 135.35, 129.43, 129.35, 129.27, 129.22, 128.74, 128.29, 128.16, 127.83, 
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127.77, 72.71, 69.66, 47.52, 44.82. HRMS (ESI) m/z: (M+ - Cl-) calcd. for [C46H42N5
+] 

requires: 664.34347; found: 664.34125. 

 

Synthesis of compound 14 

 

Compound 3 (0.07 g, 0.10 mmol) was dissolved in 5.00 mL of dry acetonitrile, sodium 

tetraphenylborate (0.05 g, 0.15 mmol) was added, and the mixture was refluxed 

overnight. After completion, the solvent was removed by vacuum. Compound 14 was 

obtained as a white solid (0.098 g, 0.10 mmol, 99%) after purification by column 

chromatography with DCM on silica gel. Recrystallization was performed in pure ethyl 

acetate. 1H NMR (500 MHz, CDCl3): 7.46 – 7.40 (m, 6H), 7.39 – 7.29 (m, 18H), 7.24 

(d, J = 7.5 Hz, 4H), 7.10 – 7.06 (m, 6H), 6.87 – 6.83 (m, 12H), 6.76 (t, J = 7.2 Hz, 4H), 

5.14 (d, J = 15.0 Hz, 2H), 4.38 (s, 4H), 3.95 (d, J = 15.0 Hz, 2H), 2.40 – 2.32 (m, 4H). 

13C NMR (126 MHz, CDCl3): 164.87, 164.47, 164.08, 163.69, 157.90, 136.14, 135.11, 

134.70, 134.50, 129.71, 129.64, 129.60, 129.51, 129.01, 128.41, 128.11, 127.60, 

127.28, 125.55, 125.53, 125.51, 125.49, 121.46, 72.37, 68.92, 47.13, 44.21. 
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Synthesis of compound 22 

 

Compound 14 (0.10 g, 0.10 mmol) was dissolved in 5.00 mL of dry acetonitrile, 

potassium bromide (0.06 g, 0.50 mmol) was added, and the mixture was refluxed 

overnight. After completion, the solvent was removed by vacuum. Compound 22 was 

obtained as a white solid (0.077 g, 0.10 mmol, 99%) after purification by column 

chromatography with (DCM - MeOH: 100 - 0 → 100 – 3) on silica gel. 1H NMR (500 

MHz, CDCl3): 7.41 – 7.32 (m, 7H), 7.31 – 7.24 (m, 13H), 7.24 – 7.18 (m, 6H), 7.17 – 

7.09 (m, 4H), 5.09 (d, J = 15.1 Hz, 2H), 5.04 (d, J = 9.8 Hz, 2H), 4.48 (d, J = 9.8 Hz, 

2H), 3.98 (d, J = 15.1 Hz, 2H), 3.90 (d, J = 12.6 Hz, 1H), 3.34 (d, J = 12.6 Hz, 2H). 13C 

NMR (126 MHz, CDCl3: 158.34, 135.39, 135.28, 134.80, 129.31, 129.21, 129.13, 

128.73, 128.21, 128.09, 127.80, 127.69, 72.34, 69.27, 47.18, 45.12. 

 

Synthesis of compound 10 
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Compound 3 (0.07 g, 0.10 mmol) was dissolved in 5.00 mL of dry acetonitrile, 

potassium hydroxide solution (2 M, 5 mL) was added, and the mixture was stirred 

overnight at room temperature. After completion, the aqueous phase was washed with 

dichloromethane (10 mL × three times), then the organic layers were collected and dried 

over MgSO4. Solvent was removed by vacuum. Compound 10 was obtained as a white 

solid (0.068 g, 0.099 mmol, 99%) after purification by column chromatography with 

(DCM - MeOH: 100 - 0 → 100 - 2) on silica gel. Crystallization was performed in 

acetonitrile. IR (ν cm-1): 1698, 1497, 1442. 1H NMR (500 MHz, CDCl3): 7.38 – 7.32 

(m, 6H), 7.31 – 7.26 (m, 18H), 7.21 – 7.14 (m, 3H), 7.08 – 7.02 (m, 3H), 5.04 (d, J = 

14.7 Hz, 2H), 4.96 (d, J = 8.5 Hz, 2H), 4.05 (d, J = 8.5 Hz, 2H), 3.82 (d, J = 10.6 Hz, 

2H), 3.73 (d, J = 14.7 Hz, 2H), 2.54 (d, J = 10.6 Hz, 2H). 13C NMR (126 MHz, CDCl3): 

160.07, 138.11, 137.59, 136.76, 128.75, 128.73, 128.70, 128.46, 128.39, 128.20, 

127.61, 127.33, 67.03, 65.40, 45.85, 38.06. HRMS (TOF ES+) m/z: (M + H+) Calcd. for 

[C46H42N4O2 + H+] requires: 683.33805; found: 683.33600. HRMS (TOF ES+) m/z: (M 

+ Na+) calcd. for [C46H42N4O2 + Na+] requires: 705.32000; found: 705.31870. 
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Synthesis of compound L7. 

 

(R,R)-1,2-Diphenyl-N-ethoxycarbonylethylenediamine L7 was synthesized as 

previously reported in the literature; the experimental data were in agreement with those 

reported by Lovick et al. and Isobe et al.87,88 

 

Synthesis of compound 16 

 

Potassium carbonate (8.00 g, 57.80 mmol) was added to a solution of DCM (200 mL) 

and (1R,2R)-1,2-diphenyl-N-ethoxycarbonylethylenediamine L7 (4.00 g, 14.00 mmol). 

The mixture was stirred under an argon atmosphere, cooled to 0 °C, then oxalyl chloride 

(0.60 mL, 7.00 mmol) was added dropwise using a syringe pump over 60 minutes. The 

solution was stirred at rt overnight. After complete consumption of the starting material, 

the white solid was filtered through a frit filter equipped with a Teflon filter and washed 

with 400 mL of DCM, 800 mL of distilled water and 400 mL of acetonitrile. Compound 

16 (4.15 g, 6.67 mmol, 95%) was obtained as a white solid without any further 



- 117 -  
 

purification. IR (ν cm-1): 2977, 1697, 1649, 1498. 1H NMR (500 MHz, DMSO-D6): 

9.35 (d, J = 9.5 Hz, 2H), 8.13 (d, J = 9.3 Hz, 2H), 7.70 – 6.92 (m, 20H), 5.30 (dd, J = 

9.5, 6.5 Hz, 2H), 5.14 (dd, J = 9.3, 6.5 Hz, 2H), 3.87 (q, J = 7.1 Hz, 4H), 1.09 (t, J = 

7.1 Hz, 6H). 13C NMR (126 MHz, DMSO-D6): 13C NMR (126 MHz, DMSO) δ 160.39, 

156.89, 141.72, 140.84, 128.95, 128.88, 128.14, 127.99, 127.85, 60.72, 59.21, 58.32, 

15.52. HRMS (TOF ES+) m/z: Calcd. for (M + H+) [C36H38N4O6 + H+] requires: 

623.28641; Found: 623.28140. HRMS (TOF ES+) m/z: calcd. for (M + Na+) 

[C36H38N4O6 + Na+] requires: 645.26836; found: 645.26370. 

 

Synthesis of compound 20 

 

Compound 16 (3.75 g, 6.00 mmol) was dissolved in 250 mL of dry THF, then the 

mixture was placed in an ice bath and stirred at 0 °C under an inert atmosphere. LiAlH4 

(4.55 g, 120 mmol) was added to the solution in ten portions, then the mixture was 

refluxed overnight. After complete consumption of the starting material, the reaction 

flask was placed in an ice bath and LiAlH4 was quenched by dropwise addition of a 

saturated solution of Na2SO4. The mixture was filtered through a sand and celite 

cartridge, washed several times with ethyl acetate, and the solvent was removed in 

vacuo. The chiral tetraamine obtained as yellowish viscous oil was dissolved in 30 mL 

of ethanol, poured into a sealed tube, and carbon disulfide (2.00 mL, 33 mmol) was 
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added in one portion. The mixture was heated at 100 °C; after 18 hours, the solvent was 

removed under vacuum, and the solid was filtered and washed with 100 mL of cold 

acetonitrile. Compound 20 was obtained as a white solid (1.4 g, 2.5 mmol, 42% for the 

two steps) after purification by column chromatography (ethyl acetate - hexane: 10 - 90 

→ 100 - 0) on silica gel. 1H NMR (500 MHz, CDCl3): 7.40 – 7.28 (m, 12H), 7.27 – 

7.23 (m, 8H), 5.35 (d, J = 8.7 Hz, 2H),  4.43 (d, J = 8.7 Hz, 2H), 4.39 (d, J = 10.4 Hz, 

2H), 3.01 (s, 6H), 2.84 (d, J = 10.4 Hz, 2H).  13C NMR (126 MHz, CDCl3): 182.74, 

137.65, 137.30, 129.07, 128.91, 128.74, 128.72, 127.70, 127.68, 73.83, 69.32, 41.76, 

33.53. HRMS (TOF ES+) m/z: (M + H+) calcd. for [C34H34N4S2 + H+] requires: 

563.22976; found: 563.22500. HRMS (TOF ES+) m/z: (M + Na+) calcd. for 

[C34H34N4S2 + Na+] requires: 585.21171; found: 585.20780. 

 

Synthesis of compound 23 

 

Compound 20 (0.11 g, 0.20 mmol) was dissolved in 6.00 mL of dry toluene and poured 

into a sealed tube, oxalyl chloride (0.35 mL, 4.00 mmol) was added in one portion, then 

the tube was sealed under an inert atmosphere, and the mixture was heated at 160 °C 

overnight. After the reaction was complete, the solvent was removed under vacuum in 

a glove box. The solid obtained was dissolved in dry acetonitrile, 0.40 mL of a solution 
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of ammonia in methanol (2 M) was added dropwise over 10 minutes at room 

temperature, and the mixture was stirred at rt overnight. Compound 23 was obtained as 

a white solid (0.098 g, 0.18 mmol, 89% for the two steps) after purification by column 

chromatography (DCM - MeOH: 100 - 0 → 100 – 3) on silica gel. 1H NMR (500 MHz, 

CDCl3): 7.40 – 7.26 (m, 20H), 4.80 (d, J = 10.1 Hz, 2H), 4.60 (d, J = 10.1 Hz, 2H), 

3.72 (d, J = 11.9 Hz, 2H), 3.18 (d, J = 11.9 Hz, 2H), 2.93 (s, 6H). 13C NMR (126 MHz, 

CDCl3) δ 158.78, 135.73, 135.13, 129.39, 129.26, 129.21, 127.92, 127.67, 72.68, 72.03, 

44.60, 31.22. HRMS (TOF ES+) m/z: (M+ - Cl-) calcd. for [C34H34N5
+] requires: 

512.28087; found: 512.27830. 

 

Synthesis of compound 34 

 

Compound 20 (0.11 g, 0.20 mmol) was dissolved in 6.00 mL of dry toluene and poured 

into a sealed tube, oxalyl chloride (0.35 mL, 4.00 mmol) was added in one portion, then 

the tube was sealed under an inert atmosphere, and the mixture was heated at 160 °C 

overnight. After 8 hours, the reaction was cooled to room temperature and quenched by 

adding a saturated aqueous solution of sodium bicarbonate. After completion, the 

aqueous phase was washed with dichloromethane (10 mL × three times), then the 

organic layers were collected and dried over MgSO4. The solvent was removed by 
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vacuum. Compound 34 was obtained as a white solid (0.102 g, 0.19 mmol, 95%) after 

purification by column chromatography (DCM - MeOH: 100 - 0 → 100 - 2) on silica 

gel. 1H NMR (500 MHz, CDCl3): 7.34 – 7.24 (m, 12H), 7.23 – 7.20 (m, 4H), 7.18 – 

7.15 (m, 4H), 4.79 (d, J = 8.6 Hz, 2H), 4.07 (d, J = 8.6 Hz, 2H), 3.70 (d, J = 10.5 Hz, 

2H), 2.69 (s, 6H), 2.51 (d, J = 10.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 160.55, 

137.91, 137.79, 128.78, 128.68, 128.35, 128.30, 127.69, 127.61, 70.73, 65.36, 37.89, 

29.73. HRMS (TOF ES+) m/z: (M + H+) calcd. for [C34H34N4O2 + H+] requires: 

531.27545; found: 531.27545. HRMS (TOF ES+) m/z: (M + Na+) calcd. for 

[C34H34N4O2 + Na+] requires: 553.25740; found: 553.27540. 

 

Synthesis of compound 24 

 

Compound 23 (0.06 g, 0.10 mmol) was dissolved in 5.00 mL of dry acetonitrile, sodium 

tetraphenylborate (0.05 g, 0.15 mmol) was added, and the mixture was heated at 60 °C 

overnight. After completion, the solvent was removed by vacuum. Compound 24 was 

obtained as a white solid (0.098 g, 0.10 mmol, 99%) after purification by column 

chromatography with DCM on silica gel. Recrystallization was performed in pure ethyl 

acetate. 1H NMR (500 MHz, CDCl3): 7.55 – 7.23 (m, 20H), 7.17 – 7.04 (m, 4H), 6.99 

– 6.83 (m, 12H), 6.83 – 6.70 (m, 4H), 4.45 (d, J = 9.9 Hz, 2H), 4.32 (d, J = 9.9 Hz, 2H), 

2.93 (s, 6H), 2.58 (d, J = 12.4 Hz, 2H), 2.47 (d, J = 12.4 Hz, 2H) . 13C NMR (126 MHz, 
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CDCl3):  158.34, 136.22, 135.36, 134.48, 129.77, 129.63, 129.57, 129.54, 127.51, 

127.21, 125.54, 121.54, 72.56, 71.90, 43.99, 31.19. 

 

Synthesis of compound L8. 

 

 

(R,R)-1,2-Diphenyl-N-acetyl-ethylenediamine L8 was synthesized as reported in the 

literature; the experimental data were in agreement with those reported by Shim et al. 

and Mitchell et al.85,86 

 

Synthesis of compound 17 
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Potassium carbonate (4.00 g, 28.90 mmol) was added to a solution of DCM (100 mL) 

and [(R,R)-2-amino-1,2-diphenyl-ethylenediamine]-N-acetamide L8 (0.90 g, 3.54 

mmol). The mixture was stirred under an argon atmosphere and cooled to 0 °C, then 

oxalyl chloride (0.16 mL, 1.77 mmol) was added dropwise using a syringe pump over 

60 minutes. The solution was stirred at rt overnight. After complete consumption of the 

starting material, the white solid was filtered through a frit filter equipped with a Teflon 

filter and washed with 400 mL of DCM, 800 mL of distilled water and 400 mL of 

MeCN. Compound 17 (0.94 g, 1.67 mmol, 94%) was obtained as a white solid without 

any further purification. IR (ν cm-1): 3060, 3032, 3085, 1650, 1496, 1542. 1H NMR 

(500 MHz, DMSO-D6): δ 9.28 (d, J = 9.5 Hz, 2H), 8.73 (d, J = 9.0 Hz, 2H), 7.34– 7.29 

(m, 4H), ), 7.28– 7.23 (m, 14H), 7.21– 7.17 (m, 2H), 5.40 (dd, J = 9.2, 6.2 Hz, 2H), 

5.32 (dd, J = 9.8, 6.0 Hz, 2H), 1.76 (s, 6H). 13C NMR (126 MHz, DMSO-D6): δ 169.74, 

160.26, 141.29, 140.66, 128.93, 128.87, 128.01, 127.90, 127.78, 58.32, 56.99, 23.41. 

HRMS (TOF ES+) m/z: (M + H+) calcd. for [C34H34N4O6 + H+] requires: 563.26528; 

found: 563.26160. HRMS (TOF ES+) m/z: (M + Na+) Calcd. for [C34H34N4O6 + Na+] 

requires: 585.24723; found: 585.24450. 

 

Synthesis of compound 36 
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Compound 36 was synthesized as reported in the literature; the experimental data were 

in agreement with those reported by Tan et al.50 

IR (ν cm-1): 2932, 1623. 1H NMR (500 MHz, CDCl3): 7.43 – 7.30 (m, 18H), 7.24 – 

7.20 (m, 8H), 7.10 – 7.07 (m, 4H), 4.82 (d, J = 15.5 Hz, 2H), 4.73 (s, 2H), 4.63 (s, 2H), 

4.19 (d, J = 15.5 Hz, 2H), 2.82 (s, 6H) . 13C NMR (126 MHz, CDCl3): 158.33, 157.68, 

135.62, 135.29, 134.42, 129.94, 129.47, 129.45, 129.42, 129.39, 129.11, 128.97, 

128.49, 128.31, 127.89, 127.63, 127.07, 77.25, 76.75, 72.60, 69.83, 48.12, 32.08. 

HRMS (ESI) m/z: (M+ - Cl-) calcd. for [C46H44N5
+] requires: 666.35912; found: 

666.35701. 

 

Synthesis of compound 2 

 

1,10-Dibenzyl-1,4,7,10-tetraazadecane L1 was synthesized through a procedure 

reported in the literature.69 

1,10-Dibenzyl-1,4,7,10-tetraazadecane (3.27 g, 10 mmol) was dissolved in 30 mL of 

ethanol, poured into a sealed tube, carbon disulfide (2.00 mL, 33 mmol) was added in 

one portion, and the flask was closed. The mixture was heated at 100 °C; after 18 hours, 

the solvent was removed under vacuum. Compound 2 was obtained as a white solid 

(3.50 g, 8.5 mmol, 85%) after purification by column chromatography (ethyl acetate - 
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hexane: 10 - 90 → 40 – 60) on silica gel. Crystallization was performed in THF-

pentane. IR (ν cm-1): 2922, 2877, 1603, 1586. 1H NMR (500 MHz, CDCl3): 7.29 – 7.20 

(m, 10H), 4.79 (s, 4H), 3.90 (s, 4H), 3.82 (t, J = 9.2 Hz, 4H), 3.41 (t, J = 9.2 Hz, 4H). 

13C NMR (126 MHz, CDCl3): 182.77, 136.41, 128.59, 127.92, 127.51, 51.57, 46.09, 

45.56, 44.44. HRMS (ESI) m/z: (M + H+) calcd. for [C22H26N4S2 + H+] requires: 

411.16716, found: 411.16723 

 

Synthesis of compound 19 

 

1,10-Di(4-methoxybenzyl)-1,4,7,10-tetraazadecane L22 was synthesized through a 

procedure reported in literature.69 

1,10-Di(4-methoxybenzyl)-1,4,7,10-tetraazadecane (3.87 g, 10 mmol) was dissolved in 

30 mL of ethanol, poured into a sealed tube, carbon disulfide (2.00 mL, 33 mmol) was 

added in one portion, and the flask was closed. The mixture was heated at 100 °C; after 

18 hours, the solvent was removed under vacuum. Compound 19 was obtained as a 

white solid (3.86 g, 8.2 mmol, 82%) after purification by column chromatography 

(ethyl acetate - hexane: 10 - 90 → 40 – 60) on silica gel. 1H NMR (400 MHz, CDCl3): 

7.36 – 7.16 (m, 4H), 6.90 – 6.80 (m, 4H), 4.76 (s, 4H), 3.92 (s, 4H), 3.86 – 3.79 (m, 
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4H), 3.78 (s, 6H), 3.46 – 3.38 (m, 4H). 13C NMR (101 MHz, CDCl3): 182.54, 159.06, 

129.33, 128.44, 113.98, 55.26, 50.99, 46.09, 45.46, 44.40. HRMS (ESI) m/z: (M + H+) 

calcd. for [C24H30O2N4S2 + H+] requires: 471.18829, found: 471.18663. 

 

Synthesis of compound 1 

 

Compound 2 (0.165 g, 0.40 mmol) was dissolved in 6.00 mL of dry toluene and poured 

into a sealed tube, oxalyl chloride (0.70 mL, 8.00 mmol) was added in one portion, then 

the tube was sealed under an inert atmosphere, and the mixture was heated at 120 °C 

overnight. After the reaction was complete, the solvent was removed under vacuum in 

a glove box. The solid obtained was dissolved in dry acetonitrile, 0.60 mL of a solution 

of ammonia in methanol (2 M) was added dropwise over 15 minutes at room 

temperature, and the mixture was stirred at room temperature overnight for 18 hours 

under an inert atmosphere. Compound 1 was obtained as a white solid (0.15 g, 0.38 

mmol, 95% for the two steps) after purification by column chromatography (previously 

treated with Et3N), (DCM - MeOH: 100 - 0 → 100 – 2) on silica gel.  IR (ν cm-1): 2931, 

2865, 1691, 1494, 1455. 1H NMR (500 MHz, CDCl3): 7.30 – 7.26 (m, 4H), 7.25 – 7.17 

(m, 2H), 7.17 – 7.11 (m, 4H), 4.51 (s, 4H), 3.84 (t, J = 9.1 Hz, 4H), 3.76 (s, 4H), 3.56 

– 3.51 (m, 4H). 13C NMR (126 MHz, CDCl3): 157.86, 134.82, 128.67, 127.86, 127.56, 



- 126 -  
 

48.95, 48.34, 46.60, 44.44. HRMS (ESI) m/z: (M+ - Cl-) Calcd. for [C22H26N5
+] requires: 

360.21827; found: 360.21842. HRMS (ESI) m/z: (M+ + H2O - Cl-) calcd. for 

[C22H28N5O
+] requires: 378.22884; found: 378.28897. 

 

Synthesis of compound 35 (degradation of compound 1) 

 

Compound 1 was treated at high temperature in the presence of oxygen and water to 

give the degraded compound 35 (Compound 35 can be formed in the presence of 

hydroxides). 

Compound 35 was obtained as colorless crystals after recrystallization in ethyl acetate. 

1H NMR (500 MHz, CDCl3): 7.34 – 7.29 (m, 4H), 7.28 – 7.23 (m, 6H), 4.35 (s, 4H), 

3.46 – 3.40 (m, 8H), 3.19 (t, J = 7.9 Hz, 4H). 13C NMR (126 MHz, CDCl3): 161.11, 

137.31, 128.54, 127.99, 127.32, 48.33, 42.29, 41.95, 41.19. HRMS (ESI) m/z: (M + H+) 

calcd. for [C22H26N4O2 + H+] requires: 379.21285, found: 379.21281. 
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Synthesis of compound 15 

 

Compound 15 was synthesized through a modified version of a procedure reported in 

the literature.79 

(R, R)-Diphenylethane-1,2-diamine L3 (2.15 g, 10.00 mmol), DMAP (1.23 g, 10.00 

mmol), DCC (2.07 g, 10.00 mmol) and 2-Naphtoic acid L23 (1.73 g, 10 mmol) were 

dissolved in 250 mL of DCM and stirred at rt overnight. After the reaction completed 

the solvent was removed by vacuum and the crude mixture was filtered and washed 

with diethyl ether. The solid obtained was purified by column chromatography (DCM-

Et3N-isopropanol: 100-0.5-0.5) on silica gel to give compound 15 (2.75 g, 7.4 mmol, 

74%) as a white solid. 1H NMR (700 MHz, CDCl3): 7.90 (d, J = 8.3 Hz, 1H), 7.84 (d, 

J = 8.1 Hz, 1H), 7.80 (d, J = 8.3 Hz, 1H), 7.51 – 7.44 (m, 8H), 7.44 – 7.39 (m, 5H), 

7.35 – 7.32 (m, 2H), 5.51 (dd, J = 8.2, 3.0 Hz, 1H), 4.59 (d, J = 3.0 Hz, 1H), 1.92 (br s, 

1H), 1.68 (br s, 1H). 13C NMR (176 MHz, CDCl3) δ 169.17, 141.92, 140.45, 134.89, 

133.52, 130.26, 130.02, 128.85, 128.63, 128.03, 127.68, 127.51, 126.91, 126.52, 

126.32, 126.28, 125.65, 124.72, 124.60, 77.18, 76.82, 59.31, 58.85. HRMS (TOF ES+) 

m/z: (M + H+) calcd. for [C25H22N2O] requires: 367.18050, Found: 367.18110. 
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Synthesis of compound 21 

 

Compound 15 (2.75 g, 7.40 mmol) was dissolved in 150 mL of DCM, and triethylamine 

(2.23 mL, 16.00 mmol) was added in one portion to the solution. The mixture was 

stirred under an argon atmosphere, cooled to 0 °C, then oxalyl chloride (0.34 mL, 3.70 

mmol) was added dropwise using a syringe pump over 30 minutes. The solution was 

stirred at rt overnight. After complete consumption of the starting material, the white 

solid was filtered and washed with 300 mL of DCM. Without further purification, the 

tetraamide obtained was dissolved in 250 mL of dry THF, and the mixture was placed 

in an ice bath and stirred at 0 °C under an inert atmosphere. LiAlH4 (2.30 g, 60 mmol) 

was added to the solution in ten portions, then the mixture was refluxed overnight. After 

complete consumption of the starting material, the reaction flask was placed in an ice 

bath and LiAlH4 was quenched by dropwise addition of a saturated solution of Na2SO4. 

The mixture was filtered through a sand and celite cartridge and washed several times 

with ethyl acetate, and the solvent was removed in vacuo. The chiral tetraamine 

obtained as a yellowish viscous oil was used for the next step without further 

purification. The crude mixture was dissolved in 30 mL of ethanol, poured into a sealed 

tube, and carbon disulfide (1.50 mL, 25 mmol) was added in one portion. Then the 

mixture was heated at 100 °C; after 18 hours, the solvent was removed under vacuum, 
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and the solid was filtered and washed with 100 mL of cold ethanol. Compound 21 was 

obtained as a white solid (0.85 g, 1.04 mmol, 28% for the three steps in relation to the 

oxalyl chloride used) after purification by column chromatography (ethyl acetate - 

hexane: 10 - 90 → 100 – 0) on silica gel. IR (ν cm-1): 2913, 2900, 1599. 1H NMR (700 

MHz, CDCl3): 8.21 (d, J = 8.1 Hz, 2H), 7.82 (d, J = 7.9 Hz, 2H), 7.73 (d, J = 8.2 Hz, 

2H), 7.53 – 7.48 (m, 4H), 7.41 – 7.34 (m, 6H), 7.25 (t, J = 8.2, Hz, 2H), 7.19 – 7.16 (m, 

2H), 7.12 – 7.05 (m, 8H), 7.01 – 6.94 (m, 6H), 6.21 (d, J = 14.9 Hz, 2H), 5.05 (d, J = 

5.7 Hz, 2H), 4.33 (d, J = 14.9 Hz, 2H), 4.32 – 4.26 (m, 2H), 4.11 (d, J = 5.7 Hz, 2H), 

3.15 – 2.87 (m, 2H). 13C NMR (176 MHz, CDCl3) δ 181.46, 138.43, 138.12, 133.72, 

131.81, 131.22, 129.04, 128.90, 128.68, 128.57, 128.05, 127.27, 127.23, 126.46, 

125.90, 124.85, 124.39, 77.18, 76.82, 69.57, 69.41, 47.67, 42.50. HRMS (ESI) m/z: (M 

+ H+) calcd. for [C54H46N4S2 + H+] requires: 815.32367, found: 815.32219. 

 

Synthesis of compound 31 

 

(R,R)-Diphenylethane-1,2-diamine (3.20 g, 15.00 mmol), DMAP (3.90 g, 32.00 mmol), 

DCC (6.60 g, 32.00 mmol) and N-methyl-L-proline (4,14 g, 32.00 mmol) were 

dissolved in 200 mL of chloroform and stirred at rt for 48 hours. After the completion 

of the reaction, the crude mixture was filtered and washed with DCM. The solid 

obtained was dissolved in 250 mL of dry THF, then the mixture was placed in an ice 
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bath and stirred at 0 °C under an inert atmosphere. LiAlH4 (12.00 g, 320 mmol) was 

added to the solution in ten portions then the mixture was refluxed for 48 hours. After 

complete consumption of the starting material, the reaction flask was placed in an ice 

bath, and LiAlH4 was quenched by dropwise addition of a saturated solution of Na2SO4. 

The mixture was filtered through a sand and celite cartridge and washed several times 

with ethyl acetate, and the solvent was removed in vacuo. The yellowish viscous oil 

obtained was used for the next step without further purification. The crude mixture was 

dissolved in 30 mL of ethanol, poured in a sealed tube, and carbon disulfide (1.80 mL, 

30 mmol) was added in one portion. The mixture was heated at 100 °C; after 18 hours, 

the solvent was removed under vacuum. Compound 31 was obtained as a white solid 

(0.85 g, 1.04 mmol, 28% for the three steps after purification by column 

chromatography (ethyl acetate - hexane: 10 - 90 → 100 – 0) on silica gel. 1H NMR (700 

MHz, CDCl3): 7.44 – 7.32 (m, 6H), 7.19 (d, J = 7.2 Hz, 4H), 4.77 (s, 2H), 4.18 (dd, J 

= 14.2, 8.1 Hz, 2H), 3.23 – 2.99 (m, 4H), 2.24 (s, 6H), 1.87 – 1.63 (m, 12H). 13C NMR 

(176 MHz, CDCl3) δ 183.43, 138.99, 129.30, 128.85, 126.62, 77.18, 76.82, 70.84, 

64.00, 57.10, 48.77, 41.47, 29.21, 22.68. HRMS (ESI) m/z: (M+H+) Calcd. for 

[C27H36N4S2 + H+] requires: 449.27334, found: 449.27226. 

 

 

 

 

 

 



- 131 -  
 

General synthesis of compound 27 

Compound 27 was synthesized through a similar procedure to a synthesis reported in 

the literature.8 

Tert-butyl glycinate benzophenone Schiff base L11 (17.7 mg, 0.06 mmol), catalyst 

(0.0012 mmol, 0.1 equiv) and Cs2CO3 (97 mg, 0.3 mmol) were placed in mesitylene 

(1.0 mL) and stirred at -20 °C for 10 min, followed by addition of dienone L19 (24.4 

mg, 0.072 mmol). The reaction mixture was stirred at -20 °C and monitored by TLC. 

After complete consumption of L11, the reaction mixture was directly loaded onto a 

short silica gel column, followed by gradient elution with hexane/ethyl acetate (15/1-

12/1 ratio). After removing the solvent, compound 27 was obtained as a white solid.1H 

NMR (600 MHz, CDCl3): 8.00 (d, J = 7.8 Hz, 2H), 7.70 (d, J = 7.9 Hz, 2H), 7.48 (d, J 

= 7.9 Hz, 2H), 7.43 (t, J = 7.6 Hz, 2H), 7.53 – 7.26 (m, 8H), 7.16 (t, J = 7.1 Hz, 2H), 

7.10 – 7.04 (m, 3H), 6.93 – 6.87 (m, 3H), 4.72 (t, J = 4.8 Hz, 1H), 4.40 (br s, 1H), 4.34 

(br s, 1H), 4.12 – 4.07  (m, 1H), 3.53 (dd, J = 17.5, 6.1 Hz, 1H), 3.42 (dd, J = 17.5, 7.4 

Hz, 1H), 1.13 (s, 9H). 13C NMR (161MHz, CDCl3) δ 203.19, 198.52, 170.97, 169.95, 

145.44, 142.05, 139.34, 137.31, 136.78, 136.30, 132.89, 132.67, 130.12, 128.87, 

128.66, 128.52, 128.37, 128.19, 128.00, 127.90, 127.57, 127.34, 126.91, 124.48, 
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123.83, 81.54, 68.40, 52.44, 52.39, 45.64, 45.37, 27.59. HRMS (ESI) m/z: (M + H+) 

calcd. for [C42H40NO4 + H+] requires: 634.29519, found: 634.29530. 
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1H NMR and 13C NMR spectra 

 

Figure S1. 1H NMR spectrum of compound 4 (500 MHz, DMSO-D6). 

 

Figure S2. 13C NMR spectrum of compound 4 (126 MHz, DMSO-D6). 
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Figure S3. 1H NMR spectrum of compound 7 (500 MHz, CDCl3). 

 

 

Figure S4. 13C NMR spectrum of compound 7 (126 MHz, CDCl3). 
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Figure S5. 1H NMR spectrum of compound 3 (500 MHz, CDCl3). 

 

 

Figure S6. 13C NMR spectrum of compound 3 (126 MHz, CDCl3). 
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Figure S7 1H NMR spectrum of compound 14 (500 MHz, CDCl3). 

 

 

Figure S8 13C NMR spectrum of compound 14 (126 MHz, CDCl3). 
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Figure S9. 1H NMR spectrum of compound 22 (500 MHz, CDCl3). 

 

 

Figure S10. 13C NMR spectrum of compound 22 (126 MHz, CDCl3). 
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Figure S11. 1H NMR spectrum of compound 10 (500 MHz, CDCl3). 

 

 

Figure S12. 13C NMR spectrum of compound 10 (126 MHz, CDCl3). 
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Figure S13. 1H NMR spectrum of compound 16 (500 MHz, DMSO-D6). 

 

 

Figure S14. 13C NMR spectrum of compound 16 (126 MHz, DMSO-D6). 
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Figure S15 1H NMR spectrum of compound 20 (500 MHz, CDCl3). 

 

 

Figure S16 13C NMR spectrum of compound 20 (126 MHz, CDCl3). 
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Figure S17 1H NMR spectrum of compound 23 (500 MHz, CDCl3). 

 

 

Figure S18 13C NMR spectrum of compound 23 (126 MHz, CDCl3). 
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Figure S19 1H NMR spectrum of compound 34 (500 MHz, CDCl3). 

 

 

Figure S20. 13C NMR spectrum of compound 34 (126 MHz, CDCl3). 
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Figure S21 1H NMR spectrum of compound 24 (500 MHz, CDCl3). 

 

 

Figure S22 13C NMR spectrum of compound 24 (126 MHz, CDCl3). 
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Figure S23 1H NMR spectrum of compound 17 (500 MHz, DMSO-D6). 

 

 

Figure S24. 13C NMR spectrum of compound 17 (126 MHz, DMSO-D6). 
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Figure S25. 1H NMR spectrum of compound 36 (500 MHz, CDCl3). 

 

 

Figure S26. 13C NMR spectrum of compound 36 (126 MHz, , CDCl3). 
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Figure S27. 1H NMR spectrum of compound 2 (500 MHz, CDCl3). 

 

 

Figure S28. 13C NMR spectrum of compound 2 (126 MHz, CDCl3). 
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Figure S29 1H NMR spectrum of compound 19 (400 MHz, CDCl3) 

 

 

Figure S30 13C NMR spectrum of compound 19 (101 MHz, CDCl3). 
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Figure S31 1H NMR spectrum of compound 1 (500 MHz, CDCl3) 

 

 

Figure S32 13C NMR spectrum of compound 1 (126 MHz, CDCl3) 
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Figure S33 1H NMR spectrum of compound 35 (500 MHz, CDCl3) 

 

 

Figure S34 13C NMR spectrum of compound 35 (126 MHz, CDCl3) 
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Figure S35. 1H NMR spectrum of compound 15 (500 MHz, CDCl3). 

 

 

Figure S36. 13C NMR spectrum of compound 15 (126 MHz, CDCl3). 
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Figure S37 1H NMR spectrum of compound 21 (700 MHz, CDCl3) 

 

 

Figure S38 13C NMR spectrum of compound 21 (176 MHz, CDCl3) 
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Figure S39 1H NMR spectrum of compound 31 (700 MHz, CDCl3) 

 

 

Figure S40 13C NMR spectrum of compound 31 (126 MHz, CDCl3) 
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Figure S41 1H NMR spectrum of compound 37 (600 MHz, CDCl3) 

 

Figure S42 13C NMR spectrum of compound 37 (151 MHz, CDCl3) 
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HRMS full scans 

 

Figure S43. Full scan of Compound 4 

 

 

Figure S44. Full scan of Compound 7 
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Figure S45. Full scan of Compound 3 

 

 

Figure S46. Full scan of Compound 10 
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Figure S47 Full scan of Compound 16 

 

 

Figure S48 Full scan of Compound 20 
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Figure S49 Full scan of Compound 23 

 

 

 

Figure S50 Full scan of Compound 17 
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Figure S51 Full scan of Compound 36 

 

 

 

Figure S52 Full scan of Compound 2 
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Figure S53 Full scan of Compound 19 

 

 

 

Figure S54 Full scan of Compound 1 
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Figure S55 Full scan of Compound 35 

 

 

Figure S56 Full scan of Compound 21 
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Figure S57 Full scan of Compound 31 

 

 

Figure S58 Full scan of Compound 15 
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Crystallographic data 

 

Parameters 2 21 7 14 

Empirical formula C22H26N4S2 C54H46N4S2 C46H42N4S2 C70H62BN5  

FW 410.59 815.07 730.95 1072.16 

Crystal system orthorhombic Orthorhombic monoclinic Orthorhombic 

Space group Pna21 P212121 C2 P212121 

a (Å) 10.1522(5) 12.6166(7) 17.3870(13) 10.7841(8) 

b (Å) 5.3020(2) 15.6232(9) 12.6834(8) 21.5293(16) 

c (Å) 39.2048(18) 22.3104(12) 18.4977(13) 25.8711(18) 

α (deg) 90.00 90.00 90.00 90.00 

β (deg) 90.00 90.00 110.891(3) 90.00 

γ (deg) 90.00 90.00 90.00 90.00 

V (Å3) 2110.28(16) 4397.6(4) 3811.1(5) 6006.6(8) 

Z 4 4 4 4 

T (K) 140(2) 180(2) 120(2) 120(2) 

2θ (deg) 6.775-70.147  4.07–57.4 3.66–46.40 

Dcalcd (g cm–3) 1.292 1.167 1.274 1.186 

F (000) 872 1544 1544 2280 

Absorption-correction Multi-scan Multi-scan Multi-scan Multi-scan 

Index ranges –4 ≤ h ≤ 12 –4 ≤ h ≤ 12 –23 ≤ h ≤ 23 –11 ≤ h ≤ 11 

 –6 ≤ k ≤ 6 –6 ≤ k ≤ 6 –19≤ k ≤ 19 –23≤ k ≤ 23 

 –47 ≤ l ≤ 36 –47 ≤ l ≤ 36 –24 ≤ l ≤ 25 –28≤ k ≤ 28 

Rint 0.0220 0.0332 0.0918 0.2121 

Goodness-of-fit on F2 1.046 1.036 1.189 0.843 

R1
a /wR2

b [I > 2σ(I)] 0.0319/0.0905 0.0418/0.1070 0.0683/0.1728 0.0432/0.1069 

R1
a /wR2

b [for all Fo
2] 0.0326/0.0914 0.0464/ 0.1099 0.0978/0.1948 0.0489/0.1120 

Table S1. Crystal data and structure refinements for the compounds. 
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Parameters 35 10 20 24 

Empirical formula C22H26N4O2 C46H42N4O2 C34H34N4S2 C70H62BN5 

FW 378.47 682.86 584.94 795.67 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/c C2 P21 P21 

a (Å) 14.9802(14) 17.0582(8) 9.9621(18) 11.019(6) 

b (Å) 17.0686(13) 12.3256(6) 13.852(3) 44.93(2) 

c (Å) 7.7220(7) 18.7054(13) 21.708(4) 11.269(6) 

α (deg) 90.00 90.00 90.00 90.00 

β (deg) 98.405(4) 112.004(2) 97.921(8) 116.128(16) 

γ (deg) 90.00 90.00 90.00 90.00 

V (Å3) 1953.2(3) 3646.4(4) 2967.1(10) 5009(5) 

Z 4 4 4 4 

T (K) 120(2) 150(2) 120(2) 145(2) 

2θ (deg) 4,70-65.00 4.2-48.70 4.07–57.4 4.026–65.32 

Dcalcd (g cm–3) 1.287 1.244 1.309 1.055 

F (000) 808.0 1180 1280 1656 

Absorption-correction Multi-scan Multi-scan Multi-scan Multi-scan 

Index ranges –22 ≤ h ≤ 22 –19 ≤ h ≤ 19 –12≤ h ≤ 12 –16 ≤ h ≤ 16 

 –25 ≤ k ≤ 25 –14 ≤ k ≤ 14 –16≤ k ≤ 16 –68≤ k ≤ 68 

 –11 ≤ l ≤ 11 –21 ≤ l ≤ 21 –26 ≤ l ≤ 26 –17≤ k ≤ 17 

Rint 0.1120 0.0622 0.0907 0.1039 

Goodness-of-fit on F2 1.046 1.288 1.189 0.984 

R1
a /wR2

b [I > 2σ(I)] 0.0831/ 0.2156 0.0501/ 0.1469 0.0619/ 0.1804 0.0912/ 0.1995 

R1
a /wR2

b [for all Fo
2] 0 0.1023 /0.2383 0.0552/ 0.1527 0.0682/ 0.1847 0.2510/ 0.2679 

Table S2. Crystal data and structure refinements for the compounds. 
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Parameters 31 

Empirical formula C27H36N4S  

FW 1072.16 

Crystal system Orthorhombic 

Space group P212121 

a (Å) 11.6738(8) 

b (Å) 16.7603(11) 

c (Å) 25.7344(16) 

α (deg) 90.00 

β (deg) 90.00 

γ (deg) 90.00 

V (Å3) 5035.1(6) 

Z 4 

T (K) 130(2) 

2θ (deg) 3.66–46.40 

Dcalcd (g cm–3) 1.186 

F (000) 1656 

Absorption-correction Multi-scan 

Index ranges –15 ≤ h ≤ 15 

 –22≤ k ≤ 22 

 –34≤ k ≤ 34 

Rint 0.0473 

Goodness-of-fit on F2 0.951 

R1
a /wR2

b [I > 2σ(I)] 0.0422/ 0.1203 

R1
a /wR2

b [for all Fo
2] 0.0496/ 0.1275 

Table S3. Crystal data and structure refinements for the compound. 
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Crystal structures 

 

 

 

 

Figure S59 Crystal structure of compound 2 
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Figure S60 Crystal structure of compound 21 
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Figure S61 Crystal structure of compound 7 
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Figure S62 Crystal structure of compound 31 
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Figure S63 Crystal structure of compound 35 
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Figure S64 Crystal structure of compound 14 
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Figure S65 Crystal structure of compound 10 



- 172 -  
 

 

 

Figure S66 Crystal structure of compound 20 
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Figure S67 Crystal structure of compound 24 
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