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Abbreviations 

 

α  Separation factor: A measure of the separation of two components under a given 

set of conditions. It is defined for two components A and B as: α = kA/kB (where kA and kB the 

respective capacity factor). It is the ratio of the retention volumes of the two components. 

A   Absorbance  

Abs.  Absolute 

Ac   Acyl group 

AIBN  α,α'- Azobisisobutyronitrile 

Ar  Argon atmosphere 

c   Concentration 

CD  Circular Dichroism 

CDCl3  Deuterated Chloroform 

CE  Capillary Electrophoresis 

CSP  Chiral Stationary Phase  

δ  Chemical shift 

DCC  N,N'-Dicyclohexylcarbodiimide 

Ditosylate Di(p-toluenesulfonate) 

DMF  N,N-Dimethylformamide 

DMSO-d6  Deuterated Dimethyl Sulfoxide  

Dowtherm®A Eutectic mixture of biphenyl (26.5 %) and diphenyl ether (73.5 %) 

Et3N  Trietylamine 

I   Intensity 

IR   Infrared Spectrum 

J  Coupling Constant 

KS   Equilibrium Constant 

λ   Wavelength 

LC   Liquid Chromatography 

MS   Mass Spectrometry 

1-NEA  1-(1-Naphthyl)ethylamine 

2-NEA  1-(2-Naphthyl)ethylamine 

NMR  Nuclear Magnetic Resonance 

PAME  Phenylalanine methyl ester 
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PEA  1-Phenylethylamine 

Br-PEA 1-(4-Bromophenyl)ethylamine 

NO2-PEA 1-(4-Nitrophenyl)ethylamine 

PGME  Phenylglycine methyl ester 

pKa  Acid dissociation constant 

PLC  Preparative Layer Chromatography 

PPA  Polyphosphoric acid 

Py  Pyridine 

QM  Quantum mechanical (calculations) 

Rf  Retention factor on thin layer chromatography 

rt   Room Temperature 

Rt   Retention Time 

RS  Resolution factor: Measure of the degree of separation between two successively 

eluting components in a chromatographic run. The resolution between compontents A and B is 

expressed as: RS = 2 [tB – tA]/ (WA + WB), where t and W correspond to the retention time and 

peak width at baseline, respectively. A resolution value of 1.5 or above means complete 

separation of the two species. 

t   Time 

THF  Tetrahydrofuran 

TMAH  Tetramethylammonium hydroxide 

Ts  p-Toluenesulfonyl group 

TSPA  (3-Aminopropyl)triethoxysilane 

TLC  Thin Layer Chromatography 

Vis   Visible 

UV   Ultraviolet 

XRD  X-ray diffraction 
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1. INTRODUCTION 

Molecular recognition is a generally occurring vital phenomenon in nature. Its action can be 

described as a selective discrimination process between two or more molecules through a 

specific interaction, by which ordered structures, complexes are formed. 

Good examples of the action of molecular recognition are the double-helix formation of 

DNA, antigen-antibody interactions of immunological responses, the specific binding of 

substrates, inhibitors and co-enzymes to the active site of enzymes and the selective metal ion 

binding and transport of natural ionophores through biological membranes. 

Complexes formed through molecular recognition processes are held together by non-

covalent forces emerging between stereoelectronically complementary groups. As examples of 

these multiple-point-based interactions, hydrogen bonding, π–π interaction, cation–π 

interaction, halogen bonding, and Van der Waals forces can be mentioned. The selectivity of 

these interactions can be enhanced if they emerge between multiple groups. Also, the greater 

the number of attractive interactions, the higher their strength can be. 

Previously, molecular recognition was considered as a biological phenomenon, but findings 

of the past few decades clearly indicate that it can be brought about by human construct. 

Since Charles J. Pedersen, a pioneer among the researchers of this field, reported the 

preparation and evaluation of the macrocycles called crown ethers [1,2], this area of research 

has gained much attention.  

The Nobel Prize in chemistry in 1987 was awarded jointly to Donald J. Cram, Jean-Marie 

Lehn, and Charles J. Pedersen "for their development and use of molecules with structure-

specific interactions of high selectivity", indicating the importance of this area of research. 

Through the immense work of professors Bradshaw, Izatt, Lamb and Christensen, Brigham 

Young University became a research center of crown ethers in the 1970s. My co-supervisor, 

Professor Péter Huszthy, took part in their research [3–16] between 1985 and 1993. After his 

arrival back in Hungary, professor Huszthy established his research group. Since then, the 

properties of various crown ethers have also been studied [17–76] at the Department of Organic 

Chemistry and Technology of the Budapest University of Technology and Economics. By the 

assistance of my supervisor, Tünde Tóth, I had the opportunity to join this research group as a 

Scientific Students' Associations student. 
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The second part of the thesis (Results and Discussion) discusses the synthesis of novel 

acridino- and acridono-crown ether-based selector- and sensor molecules, the application of the 

selector molecules in chiral stationary phases for the separation of chiral protonated primary 

aralkylamines, and the molecular and enantiomeric recognition studies by UV-vis and 

fluorescence spectroscopies of the sensor compounds.  

In order to provide a relevant literary background for the dissertation the first part of the 

thesis (Literature Review) contains a general introduction about the concept of supramolecular 

chemistry, its connection to crown ethers, the phenomenon of enantiomeric recognition, the 

preparation of chiral crown ethers and N-heterocycle-based crown ethers, the study of N-

heterocycle-based crown ethers by X-ray diffraction. Also, as the thesis is focused on the 

preparation and application of acridino- and acridono-crown ethers the general procedures for 

the preparation of acridines and acridones are discussed in detail. The thesis contains the 

synthesis of four new chiral stationary phases, therefore, the introduction also contains a 

summary of liquid chromatography, the application of various crown ether-based and N-

heterocycle-based chiral stationary phases. At the end of the introduction section the aims of 

my research are presented.  

The third part of the dissertation describes the synthesis of the novel compounds and ends 

with the summary of results. The thesis is based on seven articles; their offprints can be found 

at the end of this manuscript and they are listed in the references with my name being 

underlined. 
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2. LITERATURE REVIEW 

2.1. Supramolecular chemistry, crown ethers 

The concept of molecular recognition had been devised by Emil Fischer in 1894 by 

explaining the specific action of an enzyme with a single substrate by the “Lock and Key” 

analogy. In this analogy, the lock is the enzyme and the key is the substrate. Only the correctly 

shaped key (substrate) fits into the key hole (active site) of the lock (enzyme).  

The introduction of the notion of supramolecular chemistry can be attributed to Jean-Marie 

Lehn. In his view, it may be defined as “chemistry beyond the molecule” [77]. Supramolecular 

chemistry deals with the formation, the properties, and the applications of molecular 

associations held together by non-covalent forces.  

In the history of natural sciences sometimes serendipity is behind great discoveries. Upon 

returning from his holiday, Alexander Fleming started to sort through petri dishes containing 

colonies of Staphylococcus, bacteria that cause sore throats and abscesses. He noticed 

something peculiar on one dish: it was dotted with bacteria colonies, save for one area where a 

patch of mold was growing. The zone next to the mold, which was later identified as Penicillium 

notatum, was clear, as if the mold had somehow inhibited bacterial growth. This observation 

led to the discovery of penicillin. Fleming found that this substance was capable of killing a 

wide range of harmful bacteria, such as streptococcus and the diphtheria bacillus [78]. 

The discovery of crown ethers was also serendipitous. In 1961 a research project led by 

Charles Pedersen targeted the catalysis of olefin polymerization. The purpose of the research 

was to prepare novel vanadium-based complexes of 1 and use them as catalysts (Figure 1) [79].  

 

Figure 1. The target compound of Pedersen’s research 

Pyrocatechol was first reacted with dihydropyran to produce a partially protected monoether. 

The resulting mixture was then reacted with bis(2-chloroethyl)ether in order to obtain 

compound 1. Besides the target compounds, a white powdered substance was also isolated. This 

byproduct resulted from the fact that the reaction mixture in the second step contained about  

10 % of the starting material pyrocatechol. The isolated byproduct showed some unusual 

properties: when it came in contact with sodium ions its solubility greatly improved, despite the 
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lack of phenolic hydroxyl groups. This compound was later identified as the first isolated crown 

ether in history (2, Figure 2) [80]. 

 

Figure 2. The first crown ether 

Pedersen later introduced a system for the nomenclature of crown ethers by proposing 

simplified names where the name of the appropriate macrocycle starts with the total number of 

atoms constituting the ring system, followed by the name crown and ending with the number 

of heteroatoms. Other ring constituents and appendages can be included in the simplified 

names, such as dibenzo-18-crown-6, in which two carbons from each of the two benzene rings 

are part of the ring perimeter (Figure 2). 

Pedersen found that the size of the macroring has an apparent effect on the complexing 

properties of crown ethers (Figure 3) [2], for example 12-crown-4 ether (3, cavity size: 0.12–

0.15 nm) forms stable complexes with lithium ions (ionic radius: 0.12 nm), 15-crown-5 ether 

(4, cavity size: 0.17–0.22 nm) with sodium ions (ionic radius: 0.19 nm) and 18-crown-6 ether 

(5, cavity size: 0.26–0.32 nm) with potassium ions (ionic radius: 0.27 nm). 

 

Figure 3. Crown ethers with different cavity size complexing different alkali cations 

The aim of the preparation of the first crown ethers was to study their complexing properties 

toward various inorganic cations.  

Later, apart from the synthesis on novel crown ethers 

[32,33,44,46,47,56,58,59,63,68,75,76], the complexation of organic cations, anions and neutral 

molecules was also accomplished by our research group [18–31,34–43,45, 

48–55,57,60,62,66,67,70–73,81]. Also, the structural properties of crown ethers have been 

studied by us [17,73]. 
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2.2. Enantiomeric recognition 

Chiral compounds are optically active; they rotate the plane of polarization of linearly 

polarized light as it travels through them. Enantiomers are two stereoisomers that are related to 

each other by a reflection and they are non-superimposable mirror images of each other.  

In chemistry, a racemic mixture (or racemate) has equal amounts of both enantiomers of a 

chiral molecule. There are three known methods for the preparation of enantiomerically pure 

chiral compounds: synthesis from chiral starting materials, asymmetric synthesis applying a 

chiral catalyst and resolution of racemic mixtures.  

The first reported resolution was carried out by Louis Pasteur. He observed that under certain 

conditions, the ammonium sodium mixed salt of racemic tartaric acid crystallizes in two forms. 

By separating the different crystals from each other using a tweezer, under a microscope, the 

separation of the tartaric acid enantiomers [(R,R)-6 and (S,S)-6, Figure 4] was carried out [82]. 

Thus, he laid the foundation of what we now call stereochemistry. 

 

Figure 4. Tartaric acid enantiomers. 

Several tragedies in the past showed that the preparation of enantiomerically pure chiral 

compounds is of great importance especially in pharmaceutical, pesticide, food and cosmetic 

industries. One such tragedy was the well-known “Contergan scandal.” This drug was used as 

a sedative or hypnotic, it was also applied against nausea and to alleviate morning sickness in 

pregnant women. Later it was revealed that the stillbirths and deformities of thousands of 

children in Germany were due to ingestion of the active pharmaceutical ingredient (API) of 

Contergan called Thalidomide. It was found that while the S enantiomer of the drug possessed 

the beneficial pharmaceutical properties, the R enantiomer was responsible for the teratogenic 

effect on human embryos [83]. Of the two enantiomers of Cuprimine (its API is penicillamine),  

S-penicillamine can be used for the treatment of Wilson's disease and rheumatoid arthritis, but 

R-penicillamine is toxic as it inhibits the action of pyridoxine (vitamin B6) [84]. The negative 
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effects of different enantiomers led to the development of stricter drug regulations and control 

over drug use and manufacturing. 

The different enantiomers of biologically active compounds may possess different 

pharmacological and toxicological properties, therefore the determination of the enantiomeric 

composition of organic compounds is of great significance. 

Enantiomeric recognition as a special case of molecular recognition is a well-known 

phenomenon in Nature. As an example, the metabolism of single enantiomeric forms of amino 

acids and sugars in biosynthetic pathways can be mentioned. Enantiomeric recognition involves 

the selective discrimination of a guest molecule by a chiral host molecule. The host may form 

complexes with the guests with different stability (thermodynamic reaction control), the 

reaction rates of complexation processes may differ (kinetic reaction control) and the 

dissociation rates of these diastereomeric complexes may also vary. The latter is known as the 

kinetic stability of the complex [85,86]. The complexes are held together by secondary 

interactions; such forces can be either attractive or repulsive.  

Stability constants (K) are used to measure the strength of the interaction of the host and 

guest molecules that come together to form a complex. As stability constants are usually large 

numbers, for the purpose of simplification, the "log" scale is used (logK). The stability of a 

complex is determined by the number and strength of attractive and repulsive interactions: the 

greater the number and strength of attractive interactions and the lower the number and strength 

of repulsive interactions between the host and guest molecules, the higher the complex stability 

will be. In the case of enantiomers, the criteria of successful enantiomeric recognition, known 

as the “three-point rule,” were addressed by Pirkle and Pochapsky: chiral recognition requires 

at least three simultaneous interactions (attractive or repulsive forces) between the host and at 

least one of the guest enantiomers, and at least one of these interactions must be 

stereochemically dependent [87].  
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2.3. Chiral crown ethers 

The preparation of the first enantiomerically pure chiral crown ether can be attributed to 

Stoddart and co-workers [88]. This carbohydrate-based macrocycle (7) was synthesized starting 

from D-(−)-ribose (Figure 5). 

 

Figure 5. The first chiral crown ether 

The first enantiomeric recognition study of crown ethers was performed by Cram and co-

workers. The discrimination between the enantiomers of 1-phenylethylamine (PEA) and several 

α-amino esters was carried out with macrocycles 8 and 9 (Figure 6) [89–92]. These compounds 

contain C2 symmetry axes and their optical activity is due to axial chirality, a special case of 

chirality in which molecules do not possess stereogenic centers. The source of axial chirality is 

the hindered rotation around the naphthalene-naphthalene bond. 

 

Figure 6. 22-Crown-6 ethers containing 1,1’-binaphthyl units 

Enantiopure crown ethers can be used for the separation of the enantiomers of chiral 

ammonium salts by liquid-liquid extraction method [93,94], by transport through liquid 

membranes [67,95] and by chromatography [24,28,30,43,45,57,70,96]. They can also be used 

as potentiometric sensor molecules by incorporating them into membrane electrodes, this way 

the proportion and concentration of the enantiomers can be measured [20,49,97–99]. 

Since Stoddart described the preparation of the first enantiopure crown ether, the 

development of various chiral crown ethers has gained much attention. The synthesized chiral 

macrocycles are especially attractive because of their inexpensive and easily accessible starting 

materials: 

 crown ethers derived from amines and amino acids [100], 
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 crown ethers containing a bis-binaphthyl unit [89–92], 

 phenol type crown ethers, 

 crown ethers containing a heterocylic unit, 

 crown ethers based on tartaric acid and its derivatives, 

 carbohydrate-based crown ethers. 

Apart from crown ether derivatives there are numerous other macrocycles such as cryptands 

devised by Lehn and Sauvage [101]. Cryptands are a family of synthetic bi- and polycyclic 

multidentate ligands which selectively bind a great variety of cations. Calixarenes are 

macrocycles or cyclic oligomers formed by hydroxyl alkylation of aldehydes and phenols 

[102,103]. The term podand, referring to a different type of macrocycles, was introduced by 

Vögtle and Weber in 1979 [104,105]. Cryptophanes, cyclams, spherands [106], cyclodextrins 

[107] and catenanes [108] also belong to the class of organic supramolecular compounds and 

are synthesized for the purpose of studying primarily molecular recognition. These types of 

macrocycles are not discussed in detail in this thesis; the author’s main intention is to focus on 

N-heterocycle-based crown ethers. 

 

2.4. N-heterocycle-based crown ethers 

Crown ethers have the ability to selectively recognize and bind various organic and inorganic 

cations, and to differentiate between the enantiomers of primary amines and their derivatives. 

Beside hydrogen bonding, other weak interactions such as π–π interaction [109–111] and 

cation–π interaction are of great significance [112,113] during these molecular and 

enantiomeric recognition processes. Extensive modifications of the crown ether structure have 

been made in the search for new functions. Several examples are known of crown ethers 

incorporating heterocycles in the macro-ring systems. These compounds often have multiple 

complexation centers, which may influence the rigidity of the macrocycle, and are expected to 

have increased selectivity and complex formation properties. A large number of these 

macrocycle contain an N-heterocyclic subunit.  

The preparation of the first pyridino-crown ether was achieved by Cram and co-workers 

[114]. The synthesized achiral 18-crown-6 ethers contained from one to three pyridine-2,6-

dimethylyl units as part of the macroring (Figure 7). The pKa values and the complexing 

abilities toward metal and organic cations of these macrocycles was also studied [115,116].  
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Figure 7. Pyridino-18-crown-6 ethers prepared by Cram and co-workers 

Redd and co-workers reported first the preparation of achiral and chiral pyrimidino-crown 

ethers (Figure 8) [117]. The enantiomeric recognition properties of macrocycle 14 were also 

studied by NMR spectroscopy [118].  

 

Figure 8. Pyrimidino-crown ethers reported by Redd and co-workers 

When crown compounds containing proton-ionizable functional groups became of interest 

for researchers, Bradshaw and co-workers reported the synthesis and complexation properties 

of diester-crown ethers containg a proton-ionizable triazole unit as part of the macrocycle ring 

(Figure 9) [119]. 

 

Figure 9. Crown ethers containing a proton-ionizable triazole unit 
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Kuwamura and co-workers prepared the first 1,3,5-triazine-based crown compounds and 

applied them as surfactant-type catalysts (Figure 10) [120]. 

 

Figure 10. Macrocycles possessing 4-alkoxy (or alkyl)-1,3,5-triazine subunit 

The rigidity of crown ethers is another important factor which influences their properties. 

By introducing a tricyclic ring system into the macroring, the crown ether framework becomes 

more rigid, which may further improve selectivity.  

Good examples of such macrocycles are the phenanthrolino-18-crown-6 ligands reported by 

Wang and co-workers. The authors found that the extensive π-system of the ligands plays an 

important role in the degree of enantiomeric recognition by creating strong π–π interactions 

with aromatic guest molecules (Figure 11) [121]. However, when compared to pyridino-18-

crown-6 ethers, phenanthrolino-ligands showed less enantiomeric discrimination ability, which 

was attributed to increased sterical hindrance for both enantiomers of the guest molecules.  

 

Figure 11. Phenanthrolino-18-crown-6 ethers prepared by Wang and co-workers 

The preparation of the first achiral and chiral 18-crown-6 ethers containing an acridine or a 

phenazine subunit can be attributed to Huszthy and co-workers (Figure 12) [22]. 
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Figure 12. Achiral and chiral acridino- and phenazino-18-crown-6 ethers 

Iqbal prepared the first crown ether containing a phenothiazine unit (Figure 13) [122], but 

in this case the heteroatom (N or S atom) of the phenothiazine unit is not part of the macroring. 

The first crown ethers in which the NH group of the phenothiazine is part of the macroring were 

reported by Kormos and coworkers (Figure 13) [63]. Apart from the synthesis of 

phenothiazine-based crown ethers, our research group reported the synthesis and anion, cation 

and enantiomeric recognition studies of dioxophenothiazine-based sensors [61,64,65,74]. 

 

Figure 13. Phenothiazino-crown ethers 

2.5. Study on the enantiomeric recognition of N-heterocycle-based crown ethers by 

X-ray diffraction 

In order to better understand the secondary intermolecular forces, which play a vital role in 

molecular and enatiomeric recognition processes of N-heterocycle-based crown ethers, some 

researchers have prepared suitable single crystals of the appropriate crown ether hosts and the 

protonated primary amine guests and studied them by X-ray diffraction (XRD). 

Davidson and co-workers reported the X-ray evaluation of the diastereomeric complexes 

formed by a dimethyl-substituted pyridino-18-crown-6 ether [(S,S)-22] and the enantiomers of 

protonated 1-(1-naphthyl)ethylamine (1-NEA) [123]. In both complexes the naphthyl groups 

of the guest are nearly parallel to the host pyridine ring. In both cases strong π–π interaction of 

stabilizing the above mentioned spatial arrangements was found between the electron rich 
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naphthyl unit and the electron poor pyridine moiety. Strong tripodal hydrogen bonds formed 

between the host and guest molecules, which stabilized the guest into a fixed position relative 

to the host (Figure 14).  

 

Figure 14. Secondary interactions between (S,S)-22 and 1-NEAH+ ClO4
- 

The authors found that the heterochiral complex [(S,S)-crown ether‒(R)-ammonium salt] had 

higher stability than the homochiral one [(S,S)-crown ether‒(S)-ammonium salt]. The 

difference in the complex stabilities was caused by the difference in steric repulsion: in the case 

of the homochiral complex some groups of the naphthyl moiety are close enough to interact 

sterically with one of the methyl groups located at the chiral center of the host. While in the 

case of the heterochiral complex the degree of sterical repulsion is smaller (Figure 15) [123]. 

  

Figure 15. Representation of the hetero- and homochiral complexes 

Gérczei and co-workers studied the complexes of a dimethyl-substituted phenazino-18-

crown-6 ether and the enantiomers of 1-NEAH+ [124]. Their results also show that the 

heterochiral complex is more stable than the homochiral one, differences in the strength of the 

hydrogen bonds, the π–π interactions and the difference in steric repulsions being the causes of 

the enantiomeric discrimination. The authors also presumed that the more extended tricyclic 
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aromatic system of phenazino-crown ethers is capable of forming stronger π–π interactions than 

the pyridino-crown ether based (S,S)-22. 

Our research group has prepared a large number of chiral crown ethers containing pyridine 

derivatives as part of the macroring. Apart from X-ray crystallography [17,123], the study of 

their enantiomeric recognition properties toward chiral organic ammonium salts has also been 

accomplished using calorimetric titration [15], chromatography [24,28,30,43,57,70], circular 

dichroism spectroscopy [19,31,35], NMR spectroscopy [10–12,15] and electrochemical 

methods [14]. 

These studies have established that, in good agreement with the “three-point rule” described 

by Pirkle and Pochapsky [87], enantiomeric discrimination may occur as the result of the 

following interactions: 

• tripod-like hydrogen bonding involving the nitrogen atom and two alternate oxygen 

atoms of the N-heterocyclic macrocycle host and three protons of the ammonium salt guest,  

• π–π interaction between the heteroaromatic ring of the ligand and the aromatic group of 

the ammonium salt,  

• steric repulsion between the groups at the chiral centers of the host and some groups 

(hydrogen or alkyl) of the guest (stereochemically dependent repulsion). 

The hydrogen and π–π bonding interactions are important since they result in stable 

complexes and also fix the conformation of the diastereomeric complexes so that steric 

interaction can play its role in recognition. 

2.6. Preparation of acridines and acridones 

As this thesis focuses on the preparation and molecular recognition studies of various 

acridino- and acridono-crown ethers, it is noteworthy to discuss the diverse synthetic pathways 

leading to the preparation of acridine and acridone units. 

The discoverer of acridine, Graebe, suggested a numbering system (Figure 16), which was 

based on the accepted numbering used for anthracene [125]. Later, several other numbering 

systems were introduced and used simultaneously for decades. Graebe’s system was accepted 

by the Union of Pure and Applied Chemistry and has since then been generally used [126]. 

 

Figure 16. The numbering of the acridine ring 
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The most widely applied syntheses of acridines involve ring closures, because substitution 

reactions often give mixtures of regioisomers. Generally, aromatizations are subsequent steps. 

Several types of ring closures of suitable intermediates can lead to acridines as shown in Figure 

17 [127].  

 

Figure 17. Various ring-closure reactions  

 Type A ring-closure reactions are carried out by the reactions of in situ generated arynes 

and suitable partners, 

 Type B reactions involve an aryne addition to hydrazones in order to gain ketimines that 

undergo immediate Friedel-Crafts type addition, 

 Type C reaction is the classical Bernthsen reaction, 

 Type D reactions are seldom used, but as an example the photolysis of corresponding 

azides can be mentioned, 

 Type E reactions are accomplished starting from diphenylamine-2-carbonyls,  

 Type F and G reactions are carried out via the ring-closure of quinoline derivatives. 

Type C and type E reactions are the most common ones; therefore, it is advisable to discuss 

them in more detail. The Bernthsen reaction was first reported in 1884 [128], it was one of the 

earliest methods used for the synthesis of acridines and it involves the heating of an aliphatic 

or aromatic carboxylic acid with diphenylamine. The reaction is catalyzed by Lewis acids, 

generally zinc chloride, and is carried out above 200 °C in the absence of a solvent. The 

temperature and the quantity of zinc chloride have an effect on the overall yield [126,127]. 

Popp suggested a modification of the reaction: using polyphosphoric acid (PPA) instead of zinc 

chloride, thus less vigorous conditions could be applied (Scheme 1) [129].  
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Scheme 1. Bernthsen reaction 

Type E reactions are often performed starting from N-phenylanthranilic acids, which are 

obtained by the Jourdan-Ullmann reaction, a copper-catalyzed amination of aniline with aryl 

halides to form diarylamines in the presence of a base. The disadvantage of this reaction is that 

it employs an excess of copper or various copper salts (Scheme 2) [130]. 

 

Scheme 2. Jourdan-Ullmann condensation 

Acridones, also known as 9-acridanones, can be placed between the fully aromatic acridine 

system and diphenylamine by taking into account their ring saturation. The numbering of 

acridone follows the nomenclature of acridines (Figure 18) [131].  

 

Figure 18. The structure and numbering of acridones 

Acridones are prepared by cyclization of diphenylamine-2-carboxylic acids using 

phosphoryl chloride or phosphorus pentachloride. The first step of the reaction is an 

intramolecular acylation which results in the formation of 9-chloroacridine. This compound 

readily undergoes hydrolysis and gives acridone (Scheme 3) [131].  

 

Scheme 3. The preparation of acridone 
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2.7. Acridino- and acridono-crown ether-based sensors 

In a review written by Zhang and co-workers the authors suggested [132] that in the cases 

of macrocycle hosts possessing C2-, C3- [133,134] or D2- symmetry [135], the degree of 

enantiomeric selectivity is expected to be greater than in the cases of C1- or D3-symmetry. All 

of the pyridino-, acridino- and acridono-18-crown-6 ethers prepared previously by our research 

group possess C2-symmetry. Also, all chiral acridino- and acridono-macrocycles presented in 

this thesis have C2-symmetry.  

It was also found that the lower the conformational flexibility of the diastereomeric 

complexes formed by enantiomeric recognition is, the higher the degree of enantiomeric 

recognition. Such limited conformational flexibility usually originates from the rigidity of the 

macrocycles, for example, an acridine or acridone unit, and the possibility of multipoint 

attractive interactions between macrocyclic host and guest molecules [132,134]. 

Acridino- and acridono-18-crown-6 ethers possess several advantages compared to their 

pyridine analogues studied earlier in our research group. The acridino tricyclic unit makes the 

crown ether framework more rigid resulting in increased selectivity in molecular and 

enantiomeric recognition. Furthermore, due to their chromogenic and fluorogenic properties, 

their complexing abilities can be studied by sensitive photophysical methods such as UV-vis 

and fluorescence spectroscopies.  

Taking all of the above mentioned pieces of information into consideration it can be expected 

that macrocycles containg an acridine or acridone unit are likely to show a higher degree of 

selectivity compared to their pyridino-analogues. 

Since Huszthy and co-workers reported the preparation of first acridino- [22] and acridono- 

[33]-18-crown-6 ethers, attempts have been made to prepare new derivatives and to study their 

complexing abilities [29]. As there was growing interest concerning the preparation of novel 

proton-ionizable crown ethers for selective transport and extraction studies [136], acridono-

crown ethers became of importance. Starting from acridono-macrocycle 35a nitro- and/or 

bromo- or chloro-substituted (35b–35h) ligands were obtained by electrophilic substitution 

reactions (Figure 19) [36]. The X-ray crystallographic studies of the macrocycles show that 

35a, 35b, 35c, 35f and 35h bind a water molecule in their cavities. In all cases the XRD 

measurements revealed the presence of tripod-like hydrogen bonds between hydrogen atoms of 

the water molecules and the nitrogen atom and the two nearby oxygen atoms of the appropriate 

crown ether [36]. All of the crown ethers remained in the acridone tautomeric form during 

complexation. By introducing various substituents into the acridone moiety the acidity of the 
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NH proton can be fine-tuned, thus the photophysical behavior of the macrocycle can be 

favorably altered. Spectrophotometric pKa determination of macrocycles (35b–35h) was also 

carried out by the titration of the ligands in methanol with a strong base [42]. Expectedly, the 

substitution had an effect on the pKa values: strong electron withdrawing nitro substituents 

(35b-d, 35f and 35h) decreased considerably the pKa values compared to that of the halogen 

atoms (35e, 35g). 

 

Figure 19. Acridono-18-crown-6 ethers 

Szalay and co-workers prepared the first chiral acridono-18-crown-6 ethers (Figure 19, 

(R,R)-35i and (R,R)-35j) and studied their complexing behavior toward primary 

aralkylammonium and metal ions by circular dichroism (CD) and UV-vis spectroscopies [39]. 

CD and UV-vis studies revealed the selective binding of lead(II) ions by both ligands. Fourier 

transform infrared spectroscopic (FT-IR) measurements suggested a shift from acridone to the 

hydroxyacridine tautomeric form upon complexation with lead(II). 

Kertész and co-workers described the synthesis of novel potentiometric sensors (Figure 20, 

(R,R)-36a and (R,R)-36b) [49]. Application of these sensors in potentiometric PVC membrane 

electrodes was also accomplished. In the case of ligand (R,R)-36a a high degree of selectivity 

was observed toward the enantiomers of 1-phenylethylamine (PEA), while ligand (R,R)-36b 

exhibited poor enantiomeric selectivity, but showed preference for silver(I) ions even in the 

presence of mercury(II) ions. The authors suggested that, as in the cases of pyridino-crown 

ethers [15], the location and the type of alkyl groups on the chiral centers have an effect on the 

degree of enantiomeric selectivity [49]. 

 X Y Z R Reference 

35a H H H H [33] 

35b NO2 H H H [36] 

35c NO2 NO2 H H [36] 

35d Br NO2 H H [36] 

35e Br Br H H [36] 

35f Br Br NO2 H [36] 

35g Cl Cl H H [36] 

35h Cl Cl NO2 H [36] 

(R,R)-35i H H H Me [39] 

(R,R)-35j H H H iBu [39] 
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Figure 20. Acridino-18-crown-6 ether-based potentiometric sensors 

Kertész and co-workers evaluated the enantiomeric recognition ability of the diisobutyl-

substituted (R,R)-36a [49] and of the dimethyl-substituted (S,S)-36c [53] (Figure 20) and of the 

earlier reported [22] (R,R)-19c (Figure 12) toward the hydrogen perchlorate salts of the 

enantiomers of PEA, 1-NEA, phenylalanine methyl ester (PAME) and phenylglicine methyl 

ester (PGME) by fluorescence spectroscopy. In all cases the fluorescence emission spectra 

showed a relatively large decrease upon addition of the salts, meaning that the fluorescence was 

quenched in the complexes. The highest enantiomeric discrimination was obtained in the case 

of (R,R)-19c and the enantiomers of 1-NEAH+ ClO4
-. The authors observed heterochiral 

selectivity for the studied primary amines and for PGME [53].  

Kertész and co-workers synthesized the first acridono- and acridino-crown ether-based spin 

labeled double sensors (Figure 21, 37a–38b) [55]. They also examined their fluorescent 

behavior and metal ion complexing ability. It was found that the fluorescence quantum yield 

and lifetime of acridono-crown ether 37b was about four orders of magnitude higher than those 

of acridino-ligand 38b. Due to fast intermolecular quenching the fluorescence quantum yield 

and lifetime of the spin labeled macrocycles (37a and 38a) was lower than that of the reduced 

macrocycles. Selective recognition of calcium(II) ions was observed in the cases of acridono-

ligands (37a and 37b). Acridino crown ethers 38a and 38b formed stable complexes with 

calcium(II) and zinc(II) ions. 

 

Figure 21. Spin labeled acridono-and acridino-18-crown-6 ethers and their reduced derivatives 
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Two chiral glucopyranoside-based acridino-crown ethers were reported by Rapi and co-

workers (Figure 22) [137]. The authors studied the metal ion complexation and enantiomeric 

discrimination abilities of ligands 39 and 40 by fluorescence spectroscopy. It is noteworthy to 

mention that 21-crown-7 ethers are rarely used as sensors, because the increased conformation 

flexibility at lower regions of the macroring, located on the opposite side of the rigid 

heterocyclic unit (circled in red in Figure 22), may decrease the complexing ability of such 

crown ethers. By incorporating a glucose moiety, the rigidity of the macrocycle can be 

improved and this problem of flexibility can be overcome. Ligand 40 was able to differentiate 

between the enantiomers of protonated PEA. A small degree of selectivity was also observed 

for protonated 1-NEA, PAME and PGME. 

 

Figure 22. Glucose-based fluorescent crown ethers 

2.8. Liquid chromatography 

For both analytical and preparative purposes, the determination of the enantiomeric 

composition of chiral compounds and the separation of the two enantiomers of chiral 

compounds is of great importance. The above-mentioned tasks can be carried out by liquid 

chromatographic chiral separation on chiral stationary phases (CSPs) as this is known as an 

accurate, relatively inexpensive and precise method. 

Liquid chromatography is a separation technique used to separate various samples into their 

individual parts. It involves the injection of a small volume of liquid sample into a tube packed 

with porous particles (stationary phase). The components of the sample are transported along 

the column (the packed tube) by a liquid moved by gravity. 

Effective separation can be achieved by this method and it is based on the interactions of the 

sample with the mobile and stationary phases. In order for the separation to take place various 

chemical and/or physical interactions between the sample molecules and the packing particles 

must be formed. Separation of the components within a mixture depends on each component's 

affinity for the mobile phase and the stationary phase as well. If the components are of different 

polarities and a mobile phase of a distinct polarity is passed through the column, one component 

might migrate through the column faster than the other. The compounds are separated into well-
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defined bands within the column, because identical molecules will generally move at the same 

speed [138]. The separated components are collected at the end of this column and identified 

by several measurement techniques, such as spectroscopy that measures the intensity of the 

color of the individual compounds, or by polarimetry [138]. 

Mikhail Semyonovich Tswett (Михаи́л Семёнович Цветъ) a Russian botanist, is known as 

the inventor of absorption chromatography. Tswett used calcium carbonate columns for the 

separation of plant compounds during his research on chlorophyll in 1901. The term 

“chromatography” was introduced by him in 1906 [139]. 

The significance of chromatography was first recognized in 1952, when the Nobel prize in 

chemistry was awarded jointly to Archer John Porter Martin and Richard Laurence Millington 

Synge. They established the foundation of partition chromatography and the development of 

“plate theory” can be attributed to them [140]. 

The history of high performance liquid chromatography (HPLC) began in the 1960’s. It was 

earlier referred to as high pressure liquid chromatography. HPLC is a separation technique that 

involves the injection of a small volume of liquid sample into a packed column. The individual 

components of the sample are forced through the column by a liquid at high pressure delivered 

by a pump. The pressure can be as high as 500 bar. 

The classification of liquid chromatographic methods can be based on the distinct properties 

of the mobile and stationary phases. It can be divided into normal phase chromatography (NP-

HPLC) and reverse phase chromatography (RP-HPLC). In NP-HPLC, the stationary phase is 

more polar than the liquid phase (typically alcohols, hexane, heptane), therefore, the more polar 

solutes being separated will adhere more to the stationary phase. When the solution is passed 

through the column, the less polar components will be eluted faster than the more polar ones. 

The different components can be collected separately in order of increasing polarity. NP-HPLC 

is preferred for the separation and analysis of compounds with relatively high lipophilicity, such 

as nonpolar lipids, fatty acids and their esters.  

In reverse phase chromatography, the polarity of the mobile phase is higher than that of the 

stationary phase (for example the silica gel is modified by octadecylsilyl, ODS groups). Instead 

of choosing non-polar mobile phase solvents, polar solvents are applied, such as water, 

methanol, and acetonitrile. In RP-HPLC the most polar compounds in the sample will be eluted 

first and it can be used to separate amines, amino acids, nucleic acids and proteins [138]. 

Chiral recognition is of great relevance in various chemical fields that are dealing with 

bioactive compounds, such as research on agrochemicals, development of food additives and 

fragrances, as well as chiral pollutants [141,142]. Over the years, new drug regulations 
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concerning the manufacture of drug enantiomers and discoveries of novel pharmaceutical 

substances created a demand for precise and selective techniques. As a result, chiral HPLC 

emerged as a tool for analytical and preparative purposes. Analytical purposes include 

qualitative and quantitative approaches to determine the enantiomeric composition of drugs, 

and by preparative LC, sufficient amounts of different enantiomers can be obtained for 

biological testing [141–144].  

On regular columns, which do not possess chirality, two enantiomers will have identical 

retention times, therefore, a racemic mixture will be eluted as one band. In order to achieve 

chiral separations three HPLC methods are available [143,145]: 

 indirect chromatographic method, 

 application of chiral mobile phase additives, 

 application of chiral stationary phases. 

In the indirect chromatographic method, the racemic mixture is reacted with a homochiral 

reagent, and can thus be converted into diastereomers. Diastereomer formation can be achieved 

by derivatization with a single enantiomer of a chiral reagent. Also, the formation of transitory 

diastereoisomers with a chiral ion-pair reagent of an additive in the mobile phase is possible 

[145]. The diastereomers possess different physicochemical properties, therefore they can be 

separated on an achiral stationary phase. A while ago it was a common method because it is 

usually less expensive than applying chiral stationary phases. There are numerous types of 

derivatization reagents for different tasks. On the other hand, the analysis takes longer than for 

other methods; the sample must be prepared beforehand and sometimes there is need for 

commercially unavailable, expensive derivatizing agents.  

Two direct chromatographic methods are known: the application of chiral mobile phase 

additives, and the application of chiral stationary phases. Chiral mobil phase additives can 

greatly influence interactions between the analytes and the stationary phase. Enantiomeric 

recognition is accomplished by the formation of transient diastereomeric complexes of a 

racemic mixture and the chiral mobile phase additive. Chiral recognition takes place if the 

stabilities of the forming diastereomeric complexes differ, or their solvation in the mobile phase 

is different. While this method may have some advantages (versatile, selectivity can be fine-

tuned), it can be costly if the diastereomers are formed by the continuous addition of chiral 

agents into the mobile phase for a prolonged period of time. 

The third and now most widely used method is to apply a chiral stationary phase in which a 

chiral selector (a unit with inherent chirality, which interacts with the enantiomers) is an integral 
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part of the stationary phase [145]. There are hundreds of commercially available CSPs. Wainer 

and Alembik divided them into five groups [146]: 

 Pirkle-type (donor-acceptor) CSPs, 

 derivatized cellulose, 

 ligand exchange, 

 protein-based, 

 inclusion interaction.  

Pirkle developed the first commercially available multiple-interaction-based chiral 

stationary phases in 1981 (Figure 23) [147]. These CPSs were able to differentiate between the 

enantiomers of various racemic compounds. It was discussed at the end of Section 2.5. that 

Pirkle and Pochapsky found [87] that a minimum of three simultaneous interactions are needed 

between the CSP and the racemic mixture with at least one interaction being stereochemically 

dependent for successful enantiomeric separation. 

Taking these interactions into account Pirkle-type CSPs were designed to contain π-acidic 

and/or π-basic aromatic groups. Also, racemic mixtures that are resolvable on Pirkle-type CSPs 

ought to contain π-acidic and/or π-basic aromatic groups (or capable of being derivatized with 

appropriate agents). 

 

Figure 23. Pirkle-type CSPs: N-(3,5-dinitrobenzoyl)phenylglycine (A) ionically or (B) covalently bonded to 3-

aminopropylsilica 

Cellulose- and amylose-based CSPs have been proven to be quite versatile [148,149], the 

polymer chains forming a helical structure with a chiral cavity, where the emerging structure is 

held together by intramolecular and intermolecular hydrogen bonds. The first polysaccharide-

based CSPs were prone to decomposition; several organic solvents (THF, acetone, etc.) caused 

the swelling of the selector resulting in the destruction of the CSP. This problem was later 

solved by the immobilization of the selector on the support [149]. 

Ligand exchange chromatography was first introduced by Helfferich in 1961 [150] and it 

was perfected by Davankov and Semechkin [151]. In this method the formation of reversible 
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coordination complexes between a bidentate analyte, a divalent metal ion (usually Cu2+) and an 

optically active amino acid (generally immobilized L-proline) takes place. 

Proteins, macromolecules composed of amino acids, and sugars are also capable of 

selectively binding various small molecules. As proteins are chiral by nature they can be used 

for the separation of racemic mixtures by attaching them to a solid support. Stewart, Bi and co-

workers reported the separation of the enantiomers of tryptophan using bovine serum albumin 

bonded to agarose [152,153].  

Inclusion-based enantiomeric separation is accomplished by a guest molecule being placed 

into the cavity of a host molecule. Cyclodextrins, bound to silica support, are the most often 

used selectors of this type of CSPs [154]. CSPs based on chiral crown ethers have also been 

successfully utilized for the separation of the enantiomers of racemic compounds [154]. 

2.9. Crown ether-based chiral stationary phases 

2.9.1. CSPs incorporating a chiral 1,1'-binaphthyl unit 

The preparation of the first crown ether-based CSPs was accomplished by Cram and co-

workers. Optically active bis(1,1'-binaphthyl)-22-crown-6 ethers were immobilized on silica 

gel [155,156] or polystyrene [157,158] (Figure 24). CSP-41 and CSP-42 were able to 

differentiate between the enantiomers of various amines, amino acids and amino esters. 

However, the efficiency of the resolutions was not high enough for commercial purposes. 

 

Figure 24. The first crown ether-based CSPs 

Shinbo and co-workers prepared a reverse phase column, a structural analogue of Cram’s 

CSPs, which was dynamically coated with a crown ether and used it for enantiomeric separation 
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(CSP-43a, Figure 25) [159]. In the latter case, if a mobile phase containing more than 15 % of 

methanol is applied the chiral selector will be leached off from the column [160]. This difficulty 

was overcome when octyl-group-containing lipophilic selector (CSP-43b) was synthesized 

[161]. 

 

Figure 25. Shinbo’s dynamically coated CSPs 

2.9.2. CSPs incorporating tartaric acid derivatives 

The preparation of the first tartaric acid-based crown ether, derived from (R,R)-(+)-tartaric 

acid, was described by Lehn and Sauvage (Figure 26) [162]. Structure, conformation, and 

complexing ability of (R,R,R,R)-(+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid 44a was 

studied by NMR spectroscopy and crystallography [162]. Later, Machida [163] and Hyun [164] 

separately reported the application of 44a as a selector of liquid chromatographic CSPs, CSP-

44b and CSP-44c, respectively.  

 

Figure 26. (R,R,R,R)-(+)-(18-crown-6)-2,3,11,12-tetracarboxylic acid 44a and related CSPs 
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It should be noted that in the case of CSP-44b the method of attachment of the selector to 3-

aminopropylsilica gel allows structural variety, while for CSP-44c the structure is well defined 

[160]. The successful separation of the enantiomers of α-amino acids, α-amino amides and α-

amino esters was accomplished by these CSPs. 

2.9.3. Phenolic pseudo chiral crown ether-based CSPs 

The synthesis of CSPs containing a phenolic pseudo-crown ether unit was achieved by 

Hirose and co-workers (Figure 27) [165,166]. These meta-cyclophane-based CSPs can be used 

for both normal- and reversed-phase chromatographies to separate the enantiomers of amines, 

amino alcohols, amino acids and their derivatives. 

 

Figure 27. CSPs containg a pseudo chiral crown ether unit 

2.10. Preparation of N-heterocycle-based CSPs 

N-heterocycle-based CSPs have only been prepared by the attachment of a chiral selector by 

covalent bonds to a solid support. The reported CSPs can be classified according to the applied 

solid support. Selectors have been bound to ordinary silica gel [24,28,167,168], to Merrifield 

resin [27], to HPLC quality silica gel [30] and to spherical HPLC quality silica gel [43,45,57]. 

Bradshaw and co-workers covalently attached a chiral pyridino-18-crown-6 ligand to 

ordinary silica gel [(S,S)-CSP-46a, Figure 28] and used it for a preliminary study on the 

separation of the enantiomers of protonated 1-NEA [167]. Only a small degree of enantiomeric 

selectivity was observed. The authors suggested that the incomplete separation was due to the 

use of the wrong solvent system. By applying a different eluent almost baseline separation was 

achieved [168]. The preparation of a CSP with a selector containing a longer spacer, (R,R)-

CSP-46b, was also carried out (Figure 28). This diphenyl-substituted crown ether-based CSP 

showed less enantiomeric differentiation than the dimethyl-substituted one [168], because the 
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planar phenyl groups could change their conformations by rotation in order to minimize steric 

repulsion, a factor governing enantiomeric recognition [15].  

 

Figure 28. Pyridino-18-crown-6 ether-based CSPs 

Köntös and co-workers reported the preparation of a di-tert-butyl-substituted CSP [(R,R)-

CSP-46c, Figure 28]. This CSP was able to separate the enantiomers of protonated primary 

amines and amino esters [24,28]. It is known that alkyl and aryl substituents near the chiral 

centers have a pronounced effect on the degree of enantiomeric recognition [15,169]. Steric 

hindrance occurring between various substituents attached to the host macrocycle ring and the 

substituents on the chiral centers of the guest molecules is the stereospecific interaction required 

for selective recognition. By changing the substituents from methyl to sec-butyl, isobutyl and 

tert-butyl, the degree of enantiomeric recognition toward the enantiomers of protonated primary 

amines, increases in that order [169]. 

Horváth and co-workers attached a pyridino-18-crown-6 ether selector to HPLC quality 

silica gel and obtained (S,S)-CSP-47a, which contained an amide bond besides the ether linkage 

(Figure 28) [30]. HPLC quality silica gel possesses several advantages compared to ordinary 

silica gel: it is fully porous, has high-purity and has a well-defined mean particle size. Therefore, 

the preparation of the first pyridino-crown ether-based HPLC column was possible. This CSP 

was tested for the separation of protonated PEA and 1-NEA enantiomers by HPLC method, and 
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in the latter case baseline separation was achieved. Due to the low stability of the diastereomeric 

complexes formed by the bulky tert-butyl-group containing selector and the analytes, the 

separation of protonated amino acid derivatives containing aromatic moieties was not 

successful. This problem was solved by using a selector with less bulky methyl groups at their 

chiral centers. Farkas and co-workers attached a dimethyl-substituted selector to spherical 

HPLC quality silica gel to obtain (S,S)-CSP-47b (Figure 28), and tested it with several 

protonated primary aralkylamines and amino acid derivatives successfully [43].  

A new synthetic route for the preparation of a CSP [(S,S)-CSP-48] containing a butylamino 

group at position 4 of the pyridine ring was elaborated by Kupai and co-workers [57]. Among 

the studied analytes, baseline separation was achieved only for the enantiomers of protonated 

1-NEA. In all of the above cases the enantiopure pyridino-18-crown-6 ether derivatives have 

been attached to silica gel through an oxygen or a nitrogen atom at position 4 of the pyridine 

ring. The pyridine ring substituted with an aromatic linking unit provides increased π–π 

interactions with aromatic groups of the guest molecules, and by this, as expected, increasing 

the degree of enantiomeric recognition. The preparation of a pyridino-18-crown-6 ether-based 

chiral stationary phase [(S,S)-CSP-49] where the linking unit at position 4 of the pyridine ring 

is attached through a carbon atom was reported [57]. This CSP was more stable than its earlier 

analogues, and its discriminating power for the enantiomers of protonated primary amines was 

greater [57]. In a recent paper, it was reported that this CSP was tested for the separation of 

various protonated primary aralkylamines and α-amino acid esters [70]. 

Beside pyridino-crown ethers, a dimethyl-substituted acridino-18-crown-6 ligand was also 

used as a selector molecule. A macrocycle containing a terminal double bond, (R,R)-50, was 

attached to γ-mercaptopropyl-functionalized spherical HPLC quality silica gel yielding chiral 

stationary phase (R,R)-CSP-51 (Scheme 4) [45]. An HPLC column filled with (R,R)-CSP-51 

was tested for the separation of the enantiomers of protonated 1-NEA and 2-NEA, and almost 

baseline separations were achieved for both analytes. According to electronic circular 

dichroism (ECD) studies, the N-allyl-carbamoyl group attached to the acridine ring of the key 

intermediate (R,R)-50 weakened the discriminating power of the host, thus the smaller degree 

of enantiomeric separation, compared to CSPs containing a pyridine moiety can be rationalized 

[45]. 
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Scheme 4. Preparation of the first acridino-crown ether-based CSP 

In order to prepare CSPs, the chiral selector is usually bound to silica gel using mechanical 

stirring, then the modified adsorbent is compressed in an empty stainless-steel HPLC column 

(traditional batch process) [170]. The packing of the column was earlier carried out by the 

vibration dry-packing method, widely used to pack GC columns. However, for 5–10 µm 

spherical, porous silica particles dry-packing methods generally resulted in inefficient, unstable 

column beds. This led to the development of the slurry packing method, where particles are 

suspended in an appropriate liquid and are forced into an empty column under high pressure. 

Nowadays it is conventionally accepted that the most reliable packing method for HPLC 

columns is the low viscosity slurry-pack technique [171,172]. 

Apart from liquid chromatography on CSPs, one of the most frequently used methods for 

separation of enantiomers is capillary electrophoresis (CE). CE is a technique that separates 

different ions based on their electrophoretic mobility. The first application of crown ethers as 

complexing agents in CE can be attributed to Kuhn and co-workers where 18-crown-6 

tetracarboxylic acid (44a, Figure 26) was used for the separation of racemic amino acids [173]. 

Crown ethers are mainly used simultaneously with a cyclodextrin to enhance resolution [174]. 
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3. AIMS AND OBJECTIVES OF RESEARCH 

Different enantiomers of biologically active compounds may possess different 

pharmacological and toxicological properties, therefore the separation and determination of the 

enantiomeric composition of these organic compounds are of great importance especially in 

pharmaceutical, pesticide, food, and cosmetics industries. Among the several methods available 

for enantiomeric separation, liquid chromatography using chiral stationary phases (CSPs) is a 

widely used and an efficient one. Our aim was to prepare new chiral stationary phases 

containing enantiopure acridino-18-crown-6 ethers covalently attached to spherical HPLC 

quality silica gel [(R,R)-CSP-52a [175], (R,R)-CSP-52b [175], (S,S)-CSP-52d [176], Figure 

29] and to study their enantiomeric separation ability for the mixtures of enantiomers of primary 

amino compounds containing an aromatic moiety. For this reason, we synthesized the 

appropriate acridino-18-crown-6 ethers containing a carboxyl group at position 9 of the acridine 

ring, a suitable group for the attachment to silica gel through a spacer. Apart from the 18-crown-

6 ethers, the preparation of 9-carboxyacridino-21-crown-7 ethers was accomplished, which can 

also be applied as selectors of CSPs. 

It was also our intention to elaborate a new and effective continuous recirculation method 

for the preparation of an acridino-18-crown-6 ether-based chiral stationary phase. We have 

evaluated the enantiomeric recognition ability of (R,R)-CSP-52c (Figure 29), prepared by the 

flow chemistry method [177].  

 

Figure 29. Acridino-18-crown-6 ether ligand (R,R)-19c and acridino-18-crown-6 ether-based CSPs 
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In order to identify and understand better the noncovalent or weak interactions governing 

the enantiomeric recognition of crown ether-based sensor and selector molecules containing an 

acridine unit, suitable single crystals for X-ray analysis have been prepared from the reported 

[22] dimethyl-substituted acridino-crown ether (R,R)-19c (Figure 29) and the enantiomers of 

the hydrogen perchlorate salt of 1-NEA [178]. 

 

We have also investigated the complexing abilities of our sensor molecules. Development 

of sensor molecules for the analysis of metal ions is of great interest due to their potential 

applications in pharmaceutical and food industries as well as in environmental chemistry. The 

synthesis of new acridono-18-crown-6 ether type sensor 53 and its reported [33] analogue 35a 

has been accomplished (Figure 30) [179]. The cation recognition ability toward various metal 

ions of these compounds was studied in acetonitrile by UV-vis spectroscopy. The complexing 

ability of ligand 35a was also studied by XRD [180]. The acridine ring substituted with an 

aromatic unit at position 9 may further increase the strength of complexation. For this reason, 

the preparation of two new 9-phenylacridino-18-crown-6 ether type sensors  

(Figure 30) has been accomplished [181]. The cation recognition ability toward various ions 

of the achiral sensor compound 54a was studied by UV-vis and fluorescence spectroscopies. 

The enantiomeric discrimination ability of the dimethyl-substituted (R,R)-54b was also studied 

toward protonated primary aralkylamines and α-amino acid esters. 

 

Figure 30. Acridono-and acridino-18-crown-6 ether-type sensors 
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4. RESULTS AND DISCUSSION 

4.1. Preparation of acridino-crown ether-based CPSs (R,R)-CSP-52a, (R,R)-CSP-

52b, (R,R)-CSP-52c and (S,S)-CSP-52d 

 Synthesis of acridino-18-crown-6 and acridino-21-crown-7 ethers 

containing a carboxyl group at position 9 of the acridine ring 

Among the N-heterocycle-based CSPs all of the reported enantiopure pyridino-18-crown-6 

ether selectors have been attached to silica gel through an oxygen [24,28,30,43,167,168] or a 

nitrogen [57] or a carbon atom [57] at position 4 of the pyridine ring (Figure 28). In all cases 

the macrocycles contained a triethoxy- or trimethoxysilyl end group, a convenient way to bind 

the macrocycles to silica gel. The carbon-linked stationary phase (S,S)-CSP-49 showed the best 

enantioseparation factors among all the pyridino-crown ether-based CSPs for the separation of 

the mixtures of enantiomers of protonated primary aralkylamines [57,70].  

One of the main factors, which determines the enantiomeric recognition ability of these 

crown ethers, the π–π interaction, can be enhanced by incorporating a heterocyclic unit 

containing a more extended aromatic system into the macroring, such as an acridine unit 

[22,45,49,53,55,137]. The tricyclic ring system also makes the crown ether framework more 

rigid, which may further improve selectivity. Therefore, attention turned to the preparation of 

acridino-crown ether-based CSPs (Figure 29) [45]. However, baseline separation of the 

enantiomers of protonated 1-NEA and 2-NEA was not achieved by this CSP; this was attributed 

to the increased length of the linker between the selector and silica gel. Nonetheless, sensors 

containing an acridine unit showed promising results in enantiomeric recognition studies 

[49,53,55,137] consequently, the preparation of acridino-crown ether-based CSPs with a 

shorter linker might be of interest. 

The attachment of the pyridino-macrocycles to the linker was accomplished by reacting the 

amino [57], the allyloxy [24,167,168] or the carboxyl group [30, 57] of the appropriate crown 

ether with 3-(triethoxysilyl)propyl isocyanate [57], triethoxysilane [24,167,168],  

3-aminopropyltrimetoxysilane [30] or 3-aminopropyltriethoxysilane [57]. Highest yield was 

achieved in the case of a pyridino-crown ether bearing a carboxyl group. Therefore, we planned 

to prepare chiral acridino-18-crown-6 and acridino-21-crown-7 ether type macrocycles 

containing a carboxyl group at position 9 of the acridine ring. 

The preparation of 9-acridinecarboxylic acid alkali metal salts was reported earlier [126]. 

The N-acylation reaction of substituted diphenylamines by oxalyl chloride, followed by a 

Lewis-acid-catalyzed C-acylation afforded various N-arylisatins [182,183,184], which were 
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transformed to the appropriate 9-acridinecarboxylic acid derivatives by aqueous potassium or 

sodium hydroxide (Scheme 5) [183,184]. 

 

Scheme 5. Preparation of 9-acridinecarboxylic acid derivatives 

Charbonniere and co-workers reported the preparation of dibenzo-azacrown ethers by the 

macrocyclization reaction of di(o-hydroxyphenyl)amine and tri-, tetra- and pentaethylene 

glycol ditosylates using Cs2CO3 as a base (58a-58c, Figure 31) [185]. Ágai and co-workers 

optimized the reaction conditions of the ring closure and prepared several chloro-substituted 

dibenzo-azacrown ethers (58d-58h, Figure 31) [186].  

 

Figure 31. Dibenzo-azacrown ethers and 9-acridinecarboxylic acid derivatives 

These findings formed the backbone of the research carried out by Lakatos and co-workers 

[45]; by extending the isatin formation reaction to dibenzo-azacrown ethers achiral and chiral 

isatins were synthesized. The isatin derivatives were transformed to 18-crown-6 ethers 

containing a potassium carboxylate unit at position 9 of the acridine moiety (Figure 31) [45]. 

 

It is known that the reactivity of carboxylic acids in acylation reactions is greater than the 

reactivity of their salts [187]. Therefore, our aim was to prepare acridino-crown ethers 
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containing a carboxyl function at position 9 by implementing and modifying the method 

elaborated earlier [45]. Macrocyclization is the key step in the synthesis of crown ethers. 

Lakatos and co-workers found [45] that the substitution of Cs2CO3 with the much cheaper 

K2CO3 does not affect the yield of the ring closure, hence we applied this base in these reactions 

[175,176]. 

 

We performed the macrocyclization of formamide 60 [45] and diisobutyl- or dimethyl-

substituted tetra- or pentaethylene glycol ditosylates (S,S)-61a [25], (S,S)-61b [53],  

(S,S)-61c [59], and (S,S)-61d in the presence of potassium carbonate in MeCN (Scheme 6) 

[175,176]. Our research group reported earlier that the reactions of different phenols with 

enantiopure secondary ditosylates in the presence of K2CO3 as a base using different dipolar 

aprotic solvents can lead to some degree of racemization when carried out at temperatures above 

50 °C [22,25,39]. Therefore, to ensure total inversion of configuration the reaction temperature 

was always kept at 50 °C.  

Since these ring closures are bimolecular nucleophilic substitution reactions (SN2), in the 

cases of secondary ditosylates [(S,S)-61a, (S,S)-61d] the chiral centers are affected, thus these 

reactions proceed with inversion of configuration. For primary ditosylates [(S,S)-61b, (S,S)-

61c] the chiral centers are not involved in the reaction, thus the configuration remains 

unchanged.  

 

Scheme 6. Macrocyclization reactions 

The lower yield for the formation of (R,R)-62a can be rationalized by the presence of the 

bulky isobutyl groups, which sterically hinder the reaction. As for (S,S)-61b, the methyl groups 

of the chiral centers are located one carbon atom away from the tosylate leaving group, thus 

having less affect on the macrocyclization (Scheme 6). 
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SN2 type reactions are carried out in polar aprotic solvents such as N,N-dimethylformamide 

(DMF) or acetonitrile (MeCN) because polar protic solvents might form hydrogen bonds with 

the nucleophile phenolate anion, hindering it from attacking the carbon atom with the leaving 

group. In the cases of acridono-crown ethers DMF is generally used as a solvent in ring closures 

[22,33,39,49]. For dibenzo-azacrown ethers MeCN gave higher yields [185], therefore it was 

also used by us (Scheme 6). 

Tetraethylene glycol ditosylates (S,S)-61a [25] and (S,S)-61b [53] and pentaethylene glycol 

ditosylate (S,S)-61c [59] were obtained as described in the literature. Chiral pentaethylene 

glycol ditosylate (S,S)-61d was prepared from the diol (S,S)-63 [44,188] using tosyl chloride 

(TsCl) with pyridine as a base and as a solvent (Scheme 7, see also Supplementary Material). 

 

Scheme 7. Preparation of chiral pentaethylene glycol ditosylate (S,S)-61d 

Removal of the formyl protecting group from diarylformamides (R,R)-62a [175], (S,S)-62b 

[176], (S,S)-62c [176] and (R,R)-62d [176] gave macrocycles (R,R)-64a [175], (S,S)-64b [176], 

(S,S)-64c [176] and (R,R)-64d [176] (Scheme 8).  

 

Scheme 8. Two methods for removal of the formyl protecting groups 

Removal of the formyl protecting group from the nitrogen atom of macrocycle (R,R)-62a 

was carried out by potassium hydroxide in aqueous ethanol. In the cases of ligands  

(S,S)-62b, (S,S)-62c and (R,R)-62d, because of the strong potassium cation complexation 

tendency of macrocycles (S,S)-64b, (S,S)-64c and (R,R)-64d we avoided the use of any alkali 

metal hydroxide, so we removed the formyl group with hydrochloric acid in aqueous methanol 

obtaining the secondary amines in very good yields (Scheme 8) [175,176]. 
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Crown ether (R,R)-64a was also prepared by macrocyclization of amine 65 [45] and 

ditosylate (S,S)-61a [25] (Scheme 9, [175]), under similar conditions as described above for 

the synthesis of the diarylforamides. The yield of this reaction (15 %) was less than in the 

multistep reaction (34 %) described in Schemes 6 and 8, therefore this method was not applied 

in the preparation of the dimethyl-substituted macrocycles (S,S)-64b, (S,S)-64c and (R,R)-64d. 

 

Scheme 9. Alternative synthesis of (R,R)-64a 

The new isatin derivatives (R,R)-67a [175], (S,S)-67b [176], (S,S)-67c [176] and  

(R,R)-67d [176] were synthesized as shown in Scheme 10 by using the method reported by 

Lakatos and co-workers [45]. Acylation of the secondary amino group of (R,R)-64a, (S,S)-64b, 

(S,S)-64c and (R,R)-64d with oxalyl chloride in toluene, followed by a Friedel-Crafts type 

reaction in the presence of catalytic amount of iodine in bromobenzene gave the appropriate 

isatin derivatives (R,R)-67a, (S,S)-67b, (S,S)-67c and (R,R)-67d, respectively.  

 

Scheme 10. Preparation of N-aryl isatins 

The low yields can be attributed to the strained conformation of the isatins [(R,R)-67a, (S,S)-

67b, (S,S)-67c and (R,R)-67d] (Scheme 10), the substituents on the chiral centers of the 

intermediates [(R,R)-66a, (S,S)-66b, (S,S)-66c and (R,R)-66d] presumably anchor them in an 

unfavorable conformation for the iodine-catalyzed Friedel-Crafts type reaction. 
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The new acridino-18-crown-6 and acridino-21-crown-7 ethers containing a carboxylic group 

(R,R)-68a [175], (S,S)-68b [176], (S,S)-68c [176], (R,R)-68d [176] and (R,R)-68e [175] were 

prepared from chiral isatins (R,R)-67a, (S,S)-67b, (S,S)-67c, (R,R)-67d and also the reported 

(R,R)-67e [45] by the Pfitzinger-Borsche reaction [130], using aqueous tetramethylammonium 

hydroxide (Scheme 11). 

 

Scheme 11. Transformation of isatins to 9-acridinecarboxylic acids 

The carboxyl functional group at position 9 of the acridine ring of crown ethers (R,R)-68a, 

(S,S)-68b, (S,S)-68c, (R,R)-68d and (R,R)-68e is suitable for a condensation reaction with 3-

aminopropyltriethoxysilane, which gives crown ether derivatives containing a triethoxysilyl 

end group. These crown ether derivatives can easily be attached to silica gel with covalent bonds 

to produce new CSPs: the thesis contains the preparation of acridino-18-crown-6 ether-based 

CSPs. The application of the acridino-21-crown-7 ethers [(S,S)-68c and (R,R)-68d] as selector 

molecules is not discussed in the thesis, it will be published later when the work connected to 

it is finished. 

The pKa values of the newly synthesized dimethyl-substituted acridino-crown ethers  

(R,R)-68b, (S,S)-68c, (S,S)-68d, (R,R)-68e] have also been determined by UV-pH titration 

[176], additionally the effect of the macroring size and the position of the chiral centers on the 

respective pKa values has been studied. 
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 Preparation of chiral stationary phases (R,R)-CSP-52a and (R,R)-

CSP-52b 

Carboxylic acids (R,R)-68a and (R,R)-68e were transformed to triethoxysilyl derivatives 

(R,R)-69a and (R,R)-69b containing an amide functional group by addition of (3-

aminopropyl)triethoxysilane [175]. Acylations of (3-aminopropyl)triethoxysilane (TSPA) were 

carried out using dicyclohexylcarbodiimide (DCC) in dichloromethane, a method generally 

applied in peptide chemistry [189]. Purification of crown ethers (R,R)-69a and (R,R)-69b by 

preparative layer chromatography (PLC) resulted in their decomposition; compounds 

containing triethoxysilyl end groups bound themselves to silica gel even at room temperature. 

For this reason, crown ethers (R,R)-69a and (R,R)-69b having a triethoxysilyl end group 

were heated without purification with spherical HPLC quality silica gel in toluene to obtain 

(R,R)-CSP-52a [175] and (R,R)-CSP-52b [175] (Scheme 12) using similar conditions as 

reported for the preparation of a chiral stationary phase containing an enantiopure pyridino-18-

crown-6 ether selector [30]. 

 

Scheme 12. Synthesis of the new chiral stationary phases 

The packing of the HPLC columns with the modified spherical HPLC quality silica gel 

containing the appropriate selector compound was performed by Gábor Varga at Chiroquest 

Chiral Technologies Development Ltd. Adsorbents (R,R)-CSP-52a and (R,R)-CSP-52b were 
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packed into empty 150×4 mm stainless steel HPLC columns using the low viscosity slurry-pack 

method [171,172]. The packing was performed by using a Haskel-pump at 500 bar.  

We studied by HPLC method the enantiomeric separation ability of the newly prepared 

chiral stationary phases containing acridino-18-crown-6 ether selectors (R,R)-CSP-52a or 

(R,R)-CSP-52b toward the mixtures of enantiomers of primary amino compounds containing 

an aromatic moiety [175]. 

 Preparation of chiral stationary phase (R,R)-CSP-52c  

It was mentioned earlier (Section 2.10. Preparation of N-heterocycle-based CSPs) that the 

most reliable packing method for HPLC columns is the low viscosity slurry-pack technique 

[171,172]. In order to challenge this, it became our intention to develop a novel method for the 

preparation of chiral stationary phases [177]. 

For this reason, we applied flow chemistry in the multistep synthesis of an acridino-18-

crown-6 ether-based CSP. The chiral stationary phase (R,R)-CSP-52c was prepared starting 

from chiral acridino-crown ether (R,R)-68e [175] as outlined in Scheme 13. To carboxylic acid 

(R,R)-68e, TSPA and DCC were added and this solution was continuously recirculated through 

a HPLC column containing blank silica gel (SP-70), at elevated pressure and temperature, until 

the immobilization to the spherical HPLC quality silica gel by covalent bonds was finished 

(Scheme 13) [177]. A study on the enantiomeric separation ability of (R,R)-CSP-52c for the 

mixtures of enantiomers of primary amino compounds containing an aromatic moiety was also 

accomplished [177]. 

 

Scheme 13. Preparation of (R,R)-CSP-52c by continuous recirculation (flow) method 
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 Preparation of chiral stationary phase (S,S)-CSP-52d  

Our research group earlier studied the enantiomeric recognition ability of the dimethyl-

substituted (R,R)-19c [22] and (S,S)-36c [53], as well as the diisobutyl-substituted (R,R)-36a 

[49] (Figure 32) toward the enantiomers of protonated PEA, 1-NEA, PAME and PGME by 

fluorescence spectroscopy [53].  

 
Figure 32. Acridino-18-crown-6 ether-based sensors 

It was found that the position of the alkyl groups at the chiral centers influenced the 

enantiomeric selectivity of these crown ethers to a great extent; (R,R)-19c could not differentiate 

between the enantiomers of protonated PGME, but (S,S)-36c, containing the chiral centers 

farther away from the acridine moiety (Figure 32), could [53]. In order to extend these 

observations to chiral stationary phases, and to study the resolution of the protonated α-amino 

acid esters, preparation of (S,S)-CSP-52d was attempted. 

The new chiral stationary phase [(S,S)-CSP-52d] was prepared from carboxylic acid (S,S)-

68b. The latter carboxylic acid was first reacted with thionyl chloride with a catalytic amount 

of dimethylformamide. The resulting acid chloride, due to its unstable nature, was then reacted 

with TSPA in dichloromethane. Crown ether (S,S)-71 was heated without purification with 

spherical HPLC quality silica gel in toluene to obtain (S,S)-CSP-52d (Scheme 14) [176] using 

similar conditions as reported for the preparation of a chiral stationary phase containing an 

enantiopure pyridino-18-crown-6 ether selector [57].  

This method was faster and it gave better yield than the procedure described for the synthesis 

of (R,R)-CSP-52b or (R,R)-CSP-52c, the comparison of the combustion analysis results of the 

appropriate CSPs can be found in Table 1 (see also Experimental Section 5.3.7-5.3.9.). 
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Scheme 14. Preparation of the new chiral stationary phase 

Table 1. Yields of the attachment of the selectors to silica gel 

CSP Quantity of starting materials Quantity bound to silica gel  

 Crown ether 

[mmol] 

Blank silica gel 

[g] 

C [mmol/g] N [mmol/g] 

(R,R)-CSP-52b 0.22 1.62 0.113 0.117 

(R,R)-CSP-52c 0.18 1.30* 0.078 0.079 

(S,S)-CSP-52d 0.19 1.50 0.112 0.114 

* The commercial 150×4 mm HPLC column contains approximately 1.3 g of blank silica gel 

 

 

The packing of the HPLC column with the modified spherical HPLC quality silica gel 

containing the selector was accomplished by Dr. Róbert Iványi at Bio-Sol-Dex Ltd. Adsorbent 

(S,S)-CSP-52d was packed into an empty 150×4 mm stainless steel HPLC column using the 

low viscosity slurry-pack method at 500 bar. The enantiomeric separation ability of the newly 

prepared chiral stationary phase [(S,S)-CSP-52d] toward the enantiomers of protonated primary 

aralkylamines and α-amino acid derivatives was studied by HPLC [176]. 

4.2. Synthesis of sensors 35a and 53 

Previous studies have shown that sensors based on crown ethers were capable of selective 

recognition and separation of ionic species [29,39,49,55,137]. Macrocycles based on 18-crown-

6 ethers containing an acridone unit are of interest because their fluorescent behavior changes 
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considerably by interacting with cations [39, 55]. Accordingly, for the purpose of studying 

cation recognition, synthesis of the reported acridino-18-crown-6 ether ligand 35a [33] and the 

unreported 53 (Figure 30) was accomplished starting from commercially available and 

relatively inexpensive chemicals (Schemes 15 and 16) [179].  

We assumed that the substitution of the acridone moiety with electron-donating methyl 

groups would increase the electron density of the heteroaromatic ring, thus further enhancing 

the attractive interactions with the electron-poor guests. Studying the reports in the literature 

related to our plan [126], we found that the preparation of tetramethyl-substituted 53 should be 

carried out starting from the methyl-substituted N,N-diphenylformamide derivative 72. Scheme 

15 outlines the synthesis of the latter compound. The reaction of aniline derivative 73 [190] 

with formic acid gave formamide 74 in excellent yield. The latter compound was treated with 

2-bromoanisole derivative 75 [191] in Dowtherm® A using copper powder and cuprous oxide 

as catalysts in the presence of potassium carbonate, then the unreported formamide derivative 

76 was demethylated with anhydrous aluminium chloride in chlorobenzene to obtain 

formamide 72. 

 

Scheme 15. Synthesis of key intermediate 72 

Scheme 16 shows the synthesis of sensors 35a and 53, which was achieved by using the 

analogous procedure elaborated by our group earlier [45]. Macrocyclization of formamide 72 

and ditosylate 77 [193] was performed in the presence of potassium carbonate in MeCN. 

Removal of the formyl protecting group from the resulted crown ether 78 gave secondary amine 

79. Acylation of the amino group of crown ether 79 with oxalyl chloride in toluene, followed 

by a Friedel-Crafts type acylation in the presence of a catalytic amount of iodine in 

bromobenzene gave isatin derivative 81a. The new acridono-18-crown-6 ether type sensor 53 

and its reported analogue 35a [33] were prepared from isatins 81a and 81b [45]. Carboxylic 

acids 82a and 82b were obtained from isatins 81a and 81b using aqueous 
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tetramethylammonium hydroxide. The decarboxylation of carboxylic acids 82a and 82b was 

accomplished using sulfuric acid, resulting in the formation of sensors 53 and 35a, respectively.  

Comparing the reported procedure [33] and the above described new one [179] for the 

preparation of ligand 35a it can be noted that both multistep reactions consist of seven steps, 

and despite our expectations, the overall yield of the former is nearly two times higher than the 

latter, 0.06 % and 0.035 %, respectively. 

 

Scheme 16. Synthesis of sensors 53 and 35a 

The cation recognition ability of compounds 35a and 53 toward various metal ions and the 

stability of the complexes were investigated in detail by UV-vis spectroscopy [179]. The 

complexing ability of ligand 35a was also studied by XRD [180]. 
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4.3. Synthesis of 9-phenylacridino-18-crown-6 ether type sensors 54a and (R,R)-

54b 

Our research group reported the preparation and evaluation of a pyridino-crown ether-based 

CSP where the pyridine ring is substituted with a phenyl group [57]. Among all the pyridino-

crown ether-based CSPs, this CSP showed the best separation for the mixtures of enantiomers 

of protonated primary aralkyl amines. The substitution increased the strength of π–π 

interactions between the pyridine-crown ether and the aromatic groups of the guest molecules, 

and by this enhanced the degree of enantiomeric recognition. By incorporating a more extended 

aromatic system into the crown ether macroring, for example an acridine unit, the ability to 

form strong π–π interactions or cation–π interactions with guest molecules can be enhanced. 

Accordingly, the acridine ring substituted with an aromatic moiety at position 9 may further 

increase the degree of complexation. Therefore our attention turned toward the preparation of 

9-phenylacridino-18-crown-6 ether type sensors 54a and (R,R)-54b [181]. 

Substitution of the acridine unit at position 9 with a phenyl group can be carried out 

conveniently by carbon-carbon coupling reactions. As the macrocyclization is the key step in 

the synthesis of crown ethers, and its yield is usually average at most, we decided to synthetize 

first a precursor bearing a phenyl group and then attempt the macrocyclization. 

This precursor was 9-phenylacridine-4,5-diol (83). It was prepared in good yield (81 %) by 

the O-demethylation of 4,5-dimethoxy-9-phenylacridine (84), using anhydrous aluminium 

chloride in dry and pure chlorobenzene. We achieved a higher yield (90 %) for the cleavage of 

the methyl groups upon using pyridinium chloride at elevated (180 °C) temperature [181].  

4,5-Dimethoxy-9-phenylacridine (84) was obtained from 9-chloro-4,5-dimethoxyacridine 

(85) by the modification of the Kharasch reaction [192]. It should be noted that for the 

preparation of 84 several Suzuki [192] and Grignard [192] type carbon-carbon coupling 

reactions have been carried out, but despite our expectations, only the modified Kharasch 

reaction gave the desired compound (84). The carbon-carbon coupling reaction was carried out 

by using an excess of phenylmagnesium bromide in dry and pure tetrahydrofuran (THF) and 

toluene. Tetrakis(triphenylphosphine)palladium(0) and dilithium tetrachlorocuprate were used 

as catalysts. By changing the order of additions of the reagents and using only dry and pure 

toluene instead of a THF-toluene mixture a higher yield (30 %) was achieved. Replacing 

tetrakis(triphenylphosphine)palladium(0) by palladium(II) acetate gave the highest yield  

(46 %) (Scheme 17). The relatively low yields may be attributed to sterical hindrance. Also, 

4,5-dimethoxy-9(10H)-acridinone (86) was isolated as a byproduct in all C-C coupling 

reactions, meaning that the dehalogenation and oxidation of the the chloro compound (85) had 
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taken place. 9-Chloro-4,5-dimethoxyacridine was prepared from 4,5-dimethoxy-9(10H)-

acridinone (86a) [33] applying phosphoryl chloride.  

 

Scheme 17. Preparation of precursor 83 

The new 9-phenylacridino-18-crown-6 ethers 54a and (R,R)-54b were prepared, as outlined 

in Scheme 18, by the macrocyclization reaction of 9-phenylacridine-4,5-diol (83) and ditosylate 

77 or (S,S)-87, in the presence of a weak base, potassium carbonate in DMF. Ditosylates 77 

[193] and (S,S)-87 [25] were obtained by reported procedures.  

 

Scheme 18. Synthesis of 9-phenylacridino-18-crown-6 ethers 54a and (R,R)-54b 

Macrocycle 54a was also synthesized starting from the reported acridono-18-crown-6 ether 

35a [33]. Crown ether 35a was first reacted with phosphoryl chloride, followed by the reaction 

of the 9-chloro derivative (88), without purification, with phenylmagnesium bromide to afford 

macrocycle 54a (Scheme 19) [181]. The overall yield of the latter multistep reaction was lower 
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than the one outlined in Schemes 17 and 18, thus it was not applied for the preparation of chiral 

macrocycle (R,R)-54b. 

 

Scheme 19. Synthesis of macrocycle 54a from 35a 

4.4. Study on the enantiomeric recognition properties of (R,R)-CSP-52a, (R,R)-

CSP-52b, (R,R)-CSP-52c and (S,S)-CSP-52d 

 Selection of analytes  

As was mentioned earlier in Section 2.8., “Liquid chromatography”, based on the 

discoveries of Pirkle [87], for successful enantiomeric separation a minimum of three 

simultaneous interactions are needed between the CSP and the racemic or non-racemic mixtures 

of enantiomers, with at least one interaction being stereochemically dependent. Extending the 

findings from Pirkle’s study to acridino-crown ether-based CSPs, we selected analytes for the 

enantiomeric discrimination studies with the following properties: 

 In order to establish π‒π donor-acceptor interaction between the π-donor and π-acceptor 

aromatic rings of the chiral analyte and CSP (and vice-versa), the analytes must possess 

an aromatic functional group, 

 For tripod-like hydrogen bonding involving the basic nitrogen atom of the acridine 

moiety and two alternate oxygen atoms of the macroring of the CSPs and three protons 

of the ammonium salt guest, analytes with amino functional groups were chosen, 

 For effective steric interactions between the groups at the chiral centers of the selector 

molecule of the CSPs and some groups (hydrogen or alkyl) of the guest, the amino and 

aromatic groups of the analytes must be at most one to three carbon atoms away from 

each other. 

 

Taking into consideration these interactions as requirements, protonated primary 

aralkylamines [PEA, 1-NEA, 2-NEA, 1-(4-bromophenyl)ethylamine (Br-PEA), 1-(4-

nitrophenyl)ethylamine (NO2-PEA)] and α-amino acid derivatives (PGME and Kynurenine), 
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represented in Figure 33, were selected as study subjects in our experiments. These analytes 

are typical model compounds in enantiomeric recognition studies [132]. Apart from this, for 

example, 1-NEA has several applications: it is often applied as chiral auxiliary in purification 

[194] and it can also be used as a building block of a chiral stationary phase [195]. Furthermore, 

its derivatives also possess antiarrhythmic and local anaesthetic activities [196]. It is noteworthy 

to mention, that through the kynurenine pathway an essential amino acid, L-tryptophan, is 

metabolised [197]. It is also known that the enantiomers of various amines and amino acids 

may have different biological activities. For example primary amines are formed during the 

degradation of amino acids or serve as neurotransmitters, therefore the separation and 

determination of the composition of the enantiomers of these biologically active compounds 

are of great significance [198]. 

 

Figure 33. Analytes selected for the enantiomeric separation studies 

Studies of chiral stationary phases (R,R)-CSP-52a, (R,R)-CSP-52b, (R,R)-CSP-52c and 

(S,S)-CSP-52d on their enantiomeric separation abilities were carried out by HPLC at the 

Compound Profiling Laboratory of Gedeon Richter Plc. by Sándor Lévai, under the supervision 

of Dr. György Tibor Balogh.  
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 Enantiomeric separation studies of (R,R)-CSP-52a and (R,R)-CSP-52b 

HPLC columns filled with either (R,R)-CSP-52a containing the diisobutyl-substituted or 

(R,R)-CSP-52b containing the dimethyl-substituted selectors were tested for the separation of 

enantiomers of protonated PEA, 2-NEA, Br-PEA, NO2-PEA in the case of (R,R)-CSP-52a, or 

enantiomers of protonated 1-NEA, 2-NEA, Br-PEA, NO2-PEA in the case of (R,R)-CSP-52b 

[175]. 

In the cases of both stationary phases, isocratic elution (constant mobile phase composition) 

was applied with solvent systems of 0.06 % HCOOH and 0.03 % TEA in a 3:7 mixture of 

MeCN/MeOH for (R,R)-CSP-52a and of 0.04 % HCOOH and 0.02 % TEA in a 1:4 mixture of 

MeCN/MeOH for (R,R)-CSP-52b. Optimal analysis times and effective resolutions were 

achieved with the above mentioned eluents, applying a flow rate of 1.0 mL/min at 25 °C. 

As it is known [154], the content of organic modifier in the mobile phase might significantly 

affect the chromatographic resolution behavior of crown ether-based CSPs, therefore the 

selection of appropriate modifiers is of importance.  

Selective complexation of primary ammonium ions (R-NH3
+) inside the cavity of the crown 

ether macroring of crown ether-based CSPs is essential for proper enantiomeric discrimination. 

Accordingly, an acidic modifier (HCOOH, pKa = 3.75) in the mobile phase is used to form the 

protonated primary amino group of the analytes [199]. A basic modifier (triethylamine) in the 

mobile phase is necessary for the deactivation of the free silanol groups [200]. It is important 

to note that in the case of the first acridino-crown ether-based CSP [45], acceptable analysis 

times and effective resolutions were achieved only by using 100 mM aqueous HClO4 (pKa =  

-10) solution as an acidic modifier. It was suggested that the use of HClO4 was necessary due 

to the relatively low basicity (pKb = 8.42) and strong complex formation tendency [29] of 

acridino crown ethers. For all studied CSPs in this thesis the use of less acidic modifiers were 

sufficient. For the determination of the elution order of the enantiomers, we used a mixture of 

the (R)- and (S)-enantiomers in the ratio of 2:1.  

It was found for the studied compounds that in all cases the (R)-enantiomer eluted with a 

shorter retention time than that of its antipode, demonstrating the generally observed higher 

stability of heterochiral complexes [(R,R)-crown ether‒(S)-ammonium salt or (S,S)-crown 

ether‒(R)-ammonium salt] compared to that of homochiral complexes [(R,R)-crown ether‒(R)-

ammonium salt or (S,S)-crown ether‒(S)-ammonium salt] [49,53]. This behavior is in full 

agreement with our earlier observations using CSPs containing pyridino- [24,28,30,43,57] or 

acridino- [45]-crown ethers as chiral selectors attached to silica gel. 
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Both chiral stationary phases [(R,R)-CSP-52a and (R,R)-CSP-52b] were able to separate the 

enantiomers of all studied amino compounds with baseline separation (separation factors RS are 

above 1.5, Tables 2 and 3, Figures 34 and 35).  

Table 2. Chromatographic data for the separation of the mixtures of enantiomers of protonated primary 

aralkylamines using (R,R)-CSP-52a 

Analytes t (R) 

[min] 

 t (S)  

[min] 

α RS 

 

PEA 5.45 9.42 1.73 2.81 

2-NEA 6.29 12.90 2.05 2.70 

Br-PEA 5.19 9.95 1.92 2.06 

NO2-PEA 5.42 12.47 2.30 2.94 

Table 3. Chromatographic data for the separation of the mixtures of enantiomers of protonated primary 

aralkylamines using (R,R)-CSP-52b 

Analytes t (R) 

[min] 

 t (S)  

[min] 

α  RS 

 

1-NEA 1.96 3.49 1.78 2.46 

2-NEA 1.85 3.12 1.68 1.79 

Br-PEA 1.75 2.74 1.57 1.55 

NO2-PEA 2.06 4.23 2.05 2.31 

 

Figure 34. Chromatograms for separations of mixtures of protonated PEA (A), 2-NEA (B), Br-PEA (C), NO2-

PEA (D) enantiomers using (R,R)-CSP-52a. Isocratic condition: 0.06 % HCOOH and 0.03 % TEA in a 3:7 

mixture of MeCN/MeOH (flow rate: 1.0 mL/min, T=25 °C) 
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Figure 35. Chromatograms for separations of mixtures of protonated 1-NEA (A), 2-NEA (B), Br-PEA (C), NO2-

PEA (D) enantiomers using (R,R)-CSP-52b. Isocratic condition: 0.04 % HCOOH and 0.02 % TEA in a 1:4 

mixture of MeCN/MeOH (flow rate: 1.0 mL/min, T=25 °C) 

 

Comparing the two chiral stationary phases (R,R)-CSP-52a and (R,R)-CSP-52b; (R,R)-CSP-

52a containing isobutyl groups at the chiral centers of its selector showed better separation 

factors for all studied analytes (Tables 2 and 3). This can be attributed to the increased bulkiness 

of the isobutyl group compared to that of the methyl group. This order in selectivity was also 

observed in the case of enantiopure pyridine-18-crown-6 ether analogues containing methyl 

and isobutyl groups [15,169]. In the case of the analogous pyridino-18-crown-6 ether 

derivatives, due to the increased bulkiness, a larger difference in steric repulsion arose in the 

diastereomeric complexes, which caused the diisobutyl-substituted derivative to show higher 

selectivity to protonated 1-NEA enantiomers than that of the dimethyl-substituted one [15,169]. 

In the case of (R,R)-CSP-52b, we observed a shorter retention time for protonated 2-NEA than 

for 1-NEA, which may be attributed to the unfavourable position of the naphthalene ring 

causing a smaller stability constant for the complex. This is in accordance with the results 

obtained in previous studies on the reported acridino-crown ether-based chiral stationary phase 

[45]. The best enantiomeric separation was achieved in the case of NO2-PEA. It was previously 

observed that chiral stationary phases containing pyridino-crown ether selectors more 

effectively separated the enantiomers of protonated 1-NEA and 2-NEA compared to those of 
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Br-PEA and NO2-PEA [57]. This can be explained by the difference in the π–π interaction, 

namely that, while the electron-rich acridine ring system forms strong secondary attractive 

interaction with the electron-poor nitrophenyl moiety, the electron-poor pyridine unit forms 

strong secondary attractive interaction with the electron-rich naphthalene ring. 

 

 Enantiomeric separation studies of (R,R)-CSP-52c 

The HPLC column prepared by the continuous recirculation method containing (R,R)-CSP-

52c was tested for the separation of the enantiomers of protonated 1-NEA, 2-NEA, Br-PEA and 

NO2-PEA [177]. A column SP-70 (Scheme 13) which contained blank silica gel was used as a 

reference. Isocratic elution was applied during the separation studies with solvent systems 

containing HCOOH and either triethylamine (TEA) or diethylamine (DEA) in a 1:4 mixture of 

MeOH/MeCN (Table 4). 

 

Table 4. Modifiers of the mobile phases.  

Method Solvent system modifiers 

 HCOOH  TEA  DEA  

[%] [%] [%] 

A01 0.08 0.16 - 

A02 0.08 0.12 - 

A03 0.08 0.08 - 

A04 0.08 - 0.12 

A05 0.08 - 0.08 

A06 0.12 - 0.08 

 

Optimal analysis times and effective resolutions were achieved with the above-mentioned 

eluents (methods A01-A06) applying a flow rate of 1.0 mL/min at 40 °C. Elution order of the 

enantiomers was determined by using a mixture of the (R)- and (S)-enantiomers in the ratio of 

1:2.  

As expected, the reference column containing blank silica gel (SP-70) did not discriminate 

between the enantiomers of the test compounds, while (R,R)-CSP-52c did (Tables 5 and 6, 

Figure 36). Observing the enantiomeric recognition ability of (R,R)-CSP-52c it was found that 

for all tested compounds the (R)-enantiomer eluted with a shorter retention time than that of its 

antipode. As discussed in detail in Section 4.4.2. this behavior is in full agreement with the 

generally observed higher stability of heterochiral complexes. 
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Table 5. Chromatographic data for the separation of the mixtures of enantiomers of protonated 1-NEA and 2-NEA 

on (R,R)-CSP-52c 

Method Analytes 

 1-NEA 2-NEA 

 t (R)  t (S)  
α RS 

t (R)  t (S)  
α RS 

[min] [min] [min] [min] 

A01 12.00 21.50 1.79 2.85 14.04 24.76 1.76 2.89 

A02 10.72 18.67 1.74 1.54 13.69 25.46 1.86 2.53 

A03 11.13 22.96 2.06 1.82 14.04 26.77 1.91 3.34 

A04 8.06 10.67 1.32 1.63 9.03 12.19 1.35 2.21 

A05 6.75 12.56 1.86 2.06 7.99 14.08 1.76 3.05 

A06 6.91 12.87 1.86 2.53 8.09 14.31 1.77 3.31 

 

Table 6. Chromatographic data for the separation of the mixtures of enantiomers of protonated Br-PEA and NO2-

PEA on (R,R)-CSP-52c 

Method Analytes 

 Br-PEA NO2-PEA 

 t (R)  t (S)  
α RS 

t (R)  t (S)  
α RS 

[min] [min] [min] [min] 

A01 10.15 18.42 1.82 2.95 5.68 9.03 1.59 1.56 

A02 10.66 20.13 1.89 2.11 6.24 10.26 1.64 1.51 

A03 11.55 24.27 2.10 2.70 7.27 12.73 1.75 1.53 

A04 7.37 10.24 1.39 2.30 4.49 6.00 1.34 1.39 

A05 6.59 12.12 1.84 2.64 4.07 6.07 1.49 1.24 

A06 6.98 13.23 1.89 3.41 4.83 7.54 1.56 1.36 

 

Chiral stationary phase (R,R)-CSP-52c could effectively separate the enantiomers of all of 

the studied test compounds with baseline separation (resolution factors RS are above 1.5, Tables 

5 and 6). As it was stated in Section 4.4.2., mobile phase composition has significant influence 

on the enantiomeric recognition ability of CSPs. Organic modifiers applied as acidic and basic 

additives can enhance the eluting ability of mobile phases, resulting in appreciable resolution 

of chiral analytes. Changing the basic modifier from TEA to DEA, a decrease in retention time 

was observed. It was found that by decreasing the content of TEA or DEA the separation factor 

(α) increased. By increasing the content of HCOOH separation and resolution factors are also 

increased (Tables 5 and 6).  
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Figure 36. Chromatograms of separations of mixtures of protonated 1-NEA (A), 2-NEA (B), Br-PEA (C) and 

NO2-PEA (D) enantiomers using (R,R)-CSP-52c. Isocratic condition: 0.12 % HCOOH and 0.08 % DEA in a 1:4 

mixture of MeOH/MeCN (flow rate: 1.0 mL/min, T=40 °C), using method A06 

 

Highest retention times were observed for the separation of protonated 2-NEA enantiomers 

which may be attributed to the favourable overlap (better π–π interaction) of the naphthalene 

ring, meaning that the stability constant of the complex is higher. The highest enantiomeric 

selectivity was achieved for the enantiomers of Br-PEA. For the resolution of NO2-PEA 

enantiomers increased tailing was observed (Figure 36D). This may be caused by the strong 

π–π interaction between the electron-rich acridine ring system and the electron-poor nitrophenyl 

moiety, which resulted in greater retention and tailing. Chiral stationary phase (R,R)-CSP-52c, 

prepared by the continuous recirculation method, gave longer retention times, better separation 

and better resolution factors for protonated 1-NEA, 2-NEA and Br-PEA than the dimethyl-

substituted acridino-crown ether-based CSPs [(R,R)-CSP-51, reported earlier [45] and the novel 

(R,R)-CSP-52b, discussed in Section 4.4.2.]. Both (R,R)-CSP-51 and (R,R)-CSP-52b were 

prepared by traditional batch processes by placing them into an empty column applying the low 

viscosity slurry-packing method.  
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 Enantiomeric separation studies of (S,S)-CSP-52d 

The enantiomeric separation ability of the HPLC column containing (S,S)-CSP-52d was 

studied with the enantiomers of protonated 1-NEA, 2-NEA, PEA, Br-PEA, NO2-PEA, PGME 

and Kynurenine [176]. During the tests isocratic elution was applied with the solvent system of 

a 1:4 mixture of MeCN/25 mmol/L or 40 mmol/L aqueous ammonium acetate. Optimal analysis 

times and effective resolutions were achieved with these eluents applying a flow rate of 1.0 

mL/min at 25 °C. For the determination of the elution order of the enantiomers we used a 

mixture of the (R)- and (S)-enantiomers at a ratio of 2:1.  

We found to our astonishment that the (R)-enantiomer eluted with a shorter retention time 

than that of its antipode in the cases of all studied compounds, meaning the higher stability of 

homochiral complexes compared to that of heterochiral ones. This out of the ordinary 

observation may be explained by the position of the chiral centers (Figure 32, Scheme 14); by 

placing the chiral centers one carbon atom farther away from the acridine unit, steric repulsion, 

one of the main factors, which influences the enantiomeric recognition ability, between the host 

and guest molecules becomes less significant. Other secondary interactions such as hydrogen-

bonding and π‒π interaction, now play the key roles in enantiomeric separation. (S,S)-CSP-52d 

separated the enantiomers of protonated 1-NEA with enantioseparation factor RS 1.20. A small 

degree of selectivity was observed toward the enantiomers of protonated 2-NEA, Br-PEA and 

NO2-PEA. (Table 7 and Figure 37).  

Table 7. Chromatographic data for the separation of the mixtures of enantiomers of protonated primary 

aralkylamines on (S,S)-CSP-52d 

Analytes t (R) 

[min] 

t (S) 

[min] 

α RS 
 

1-NEA 11.02 13.51 1.23 1.20 

2-NEA 15.96 16.35 1.02 <0.2 

Br-PEA 9.47 10.05 1.06 0.34 

NO2-PEA 7.62 7.84 2.05 <0.2 

Isocratic condition: 1:4 mixture of MeCN / 25 mmol/L aqueous ammonium acetate in the case of protonated 1-NEA, 1:4 mixture of MeCN / 

40 mmol/L aqueous ammonium acetate in the cases of protonated 2-NEA, Br-PEA and NO2-PEA. 

For the enantiomers of protonated PEA, PGME and Kynurenine separation could not be 

achieved. The selectivity and separation factors of the new chiral stationary phase (R,R)-CSP-

52d compared to the appropriate factors of the earlier reported acridino-crown ether-based CSP 

(R,R)-CSP-51 [45] and to (R,R)-CSP-52a, (R,R)-CSP-52b, (R,R)-CSP-52c (presented in this 

thesis) indicate worse separation for all of the studied analytes. These observations suggest that 
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the positions of the chiral centers are crucial for the degree of enantiomeric recognition. Placing 

the methyl groups farther away from the acridine moiety decreases the degree of 

enantioselectivity.  

The effect of mobile phase composition was also studied; by decreasing the quantity of 

aqueous ammonium acetate in the eluent system from 40 mmol/L to 25 mmol/L retention times 

also decreased, however RS increased for the enantiomers of protonated 1-NEA (Figure 37). 

 

Figure 37. Chromatograms of separations of mixtures of protonated 1-NEA enantiomers using (S,S)-CSP-52d. 

Isocratic condition: 1:4 mixture of MeCN/ 40 mmol/L aqueous ammonium acetate (A), 1:4 mixture of MeCN/ 

25 mmol/L aqueous ammonium acetate (B) (flow rate: 1.0 mL/min, T=25 °C) 

4.5. Determination of pKa values of carboxylic acids (S,S)-68b, (S,S)-68c, (R,R)-68d 

and (R,R)-68e 

Extending the logical thread of Pirkle [87] it can be stated that the basic nitrogen atom of 

the acridine moiety has a significant role in the formation of tripod-like hydrogen bond with 

organic ammonium salt guests, and therefore in the enantiomeric recognition. For this reason, 

the determination of the pKa values of such compounds can help to better understand the factors 

influencing complexation. The pKa measurements were carried out by Gergő Dargó and Dr. 

György Tibor Balogh at the Compound Profiling Laboratory of Gedeon Richter Plc. The 

quantum mechanical pKa calculations were made by Dr. Balázs Krámos and Dr. Zoltán Béni at 

the Spectroscopic Research Group of Gedeon Richter Plc. 

The pKa values of acridino-crown ethers [(S,S)-68b, (S,S)-68c, (R,R)-68d and (R,R)-68e] 

were determined by UV-pH titration method (Table 8) [176]. Additionally, the previously 

reported [201] pKa values of 9-acridinecarboxylic acid 89 (Figure 38) and the pKa values of 89 

and 90 measured by methods described below were also used as reference points in our 

reasoning.  
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Figure 38. Structure and formerly reported experimental pKa values[201] of 9-acridinecarboxylic acid (89) 

Table 8. Experimental pKa values of acridinecarboxylic acid derivatives 

Compounds 
aqueous pKa values 

 
psKa values in 65±5 w/w% MeOH 

pKa,1 SD pKa,2 SD  psKa,1 SD n psKa,2 SD n 

(S,S)-68b n.m. - 4.67 0.022 
 

1.29 0.02 5 3.50 0.01 3 

(S,S)-68c n.m. - 4.53 0.021 
 

1.22 0.05 3 3.31 0.02 3 

(R,R)-68d n.m. - 4.98 0.017 
 

1.40 0.04 3 3.76 0.01 3 

(R,R)-68e n.m. - 4.82 0.024 
 

1.40 0.03 3 3.66 0.02 3 

89 n.m. - 5.42 0.002 
 

0.83 0.06 6 4.92 0.01 3 

90 n.m. - 4.58 0.008 
 

1.20 0.03 3 4.36 0.01 3 

n.m.: not measurable  

n: number of experiments  

The dimethoxy-substituted acridinecarboxylic acid 90 was prepared in a similar way as 

described earlier for acridino-crown ethers [45]. The reaction of amine 91 [202] with oxalyl 

chloride followed by the cyclization in the presence of iodine gave isatin 93, which was readily 

transformed to 90 (Scheme 20). 

 

Scheme 20. Preparation of acridinecarboxylic acid 90 

When UV-pH titrations in aqueous media were performed, only a single pKa between 4.5 

and 5.5 could be measured in all cases as seen in Table 8. Our chemical intuition suggested 

that these values correspond to the protonated nitrogens of the acridine subunits. In order to 

verify this idea, prediction of the acidic and the base conjugated acidic pKa values (cpKa values, 
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Table 9) was accomplished using different software packages and prediction algorithms 

(Chemaxon/MarvinSketch [203], ACDLabs/Percepta [204], Schrödinger/Jaguar [205]). To our 

astonishment, the pKa values estimated for the crown ethers were contradictory. While two 

predictors (Chemaxon/MarvinSketch and ACDLabs/ACD Classic algorithm) suggested that all 

of the investigated crown ethers were ordinary ampholytes (pKa,1 > pKa,2), the other two 

predictors (ACDLabs/ACD GALAS algorithm and Schrödinger/Jaguar) suggested that they 

have zwitterionic characters (pKa,1 < pKa,2) (Table 9).  

 

Table 9. Calculated pKa values of acridino-carboxylic acids 

Compounds 

MarvinSketch  ACD Classic  ACD GALAS  Jaguar 

cpKa 

(COOH) 

cpKa 

(N(Ar)) 

 cpKa 

(COOH) 

cpKa 

(N(Ar)) 

 cpKa 

(COOH) 

cpKa 

(N(Ar)) 

 cpKa 

(COOH) 

cpKa 

(N(Ar)) 

(S,S)-68b 3.58 1.16  2.60 -0.27  1.62 3.56  2.13 7.32 

(S,S)-68c 3.58 1.10  2.60 -0.27  1.62 3.56  4.23 6.97 

(R,R)-68d 3.58 1.15  2.60 -0.27  1.62 3.56  1.80 7.56 

(R,R)-68e 3.58 1.15  2.60 -0.26  1.62 3.56  2.25 7.47 

 
ordinary 

ampholytes 

 ordinary 

ampholytes 

 
zwitterionic 

 
zwitterionic 

89 0.75 6.81  0.72 5.36  1.99 5.01  2.11 5.40 

90 3.58 1.17  2.68 0.40  1.66 3.63  2.27 5.47 

cpKa values were calculated by MarvinSketch 15.1.19.0 (ChemAxon Ltd.), ACD/Percepta 14.0.0 (Build 2726) and within the Schrödinger 

program suite using Jaguar version 9.1 

 

Despite the fact that the cpKa,2 values derived from the ACD GALAS algorithm and from 

the empirically corrected quantum mechanical (QM) calculations (Schrödinger/Jaguar) were 

the closest to the experimentally determined aqueous pKa values, it was still ambiguous to 

assign them to the basic center, thus we suggest that the investigated compounds have 

zwitterionic character. 

In order to clarify this observation, the UV-pH titrations were repeated in the presence of 

MeOH as cosolvent. When ca. 65 w/w % of MeOH was used as a cosolvent, two pKa values 

could be detected (Table 8). The appearance of the second proton-dissociation step, from which 

the psKa,1 values between 0.8 and 1.4 could be calculated, indicates that the cosolvent increased 

the apparent pKa values into the measurable pH range of the pH-metric method suggesting that 

these values are related to an acidic proton-dissociation step. In the case of the pKa,2 values the 

decreasing psKa,2 values as a function of increasing MeOH ratio (Figure 39) clearly indicate a 

NH+ proton-dissociation step. Additionally, the basic character of this ionisation process was 

also confirmed by lipophilicity determination (recording the logD-pH function) in the case of 
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the crown-ether (S,S)-68b applying a pH-metric method independent of the psKa measurements. 

The shift toward lower pH values in the Bjerrum plot (Figure 39) of this measurement indicates 

that the given dissociation step corresponds to the NH+ part of the acridine subunit. 

 

Figure 39. psKa,2 shift of (S,S)-68b in the presence of MeOH (left) and Bjerrum plot of lipophilicity 

measurement (right) 

 

Considering all this information we can state that all the investigated compounds listed in 

Tables 8 and 9 have zwitterionic characters. Comparing the pKa values of 89 to 90, the 

introduction of the two methoxy groups to the acridine ring decreased the acidicity of COOH 

and NH+ units as well. Comparing 90 to the four crown ethers it can be stated that both the size 

of the macroring and the position of chiral centers slightly affect the basicity of the acridine 

nitrogen. The position of the chiral centers has an evident effect: (R,R)-68d and (R,R)-68e have 

higher experimental pKa values than (S,S)-68b and (S,S)-68c. Regarding the structures the 

higher pKa values are most probably due to a smaller distance of the electron donating methyl 

groups to the ionisation center in (R,R)-68d and (R,R)-68e. In contrast, the effect of the size of 

the macroring on the pKa values is not clear. While in the case of (R,R)-68d and (R,R)-68e 

crown ether pairs, the increasing macroring size increases the pKa; in the case of (S,S)-68b and 

(S,S)-68c pair the opposite is observed. With the assigned pKa values at hand, it can be 

concluded that the ACD Classic algorithm and the MarvinSketch plugin fail in the prediction 

of the molecular character, while those taking more structural parameters (to a different extent) 

into account (ACD GALAS algorithm and Jaguar), they at least predict well that these crown 

ethers and acridinecarboxylic acid derivatives have zwitterionic character. In addition, the 

experimentally determined trends in pKa values upon changing the position of the chiral centers 

or the size of the macroring are correctly predicted by the empirically corrected QM based 

calculations (Jaguar). However, the estimated pKa values derived from this method are still 
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largely overestimated compared to the experimental values. This can be attributed to the high 

conformational flexibility of the crown ethers and to the difficulty of appropriately assessing 

solvation energies for these molecules [206]. Therefore, it can be concluded that the 

zwitterionic and flexible systems still represent a challenge for the pKa predictor programs. 

 

4.6. Study of the diastereomeric complexes of enantiopure dimethylacridino-18-

crown-6 ether (R,R)-19c and the enantiomers of protonated 1-NEA by X-ray 

diffraction 

Acridino-crown ether-based CSPs, described in Section 4.4., were able to differentiate 

between the enantiomers of protonated primary aralkyl amines [175‒177]. With the purpose of 

identifying and understanding better the noncovalent secondary interactions governing the 

enantiomeric recognition of crown ether-based sensor and selector molecules containing an 

acridine unit, suitable single crystals for X-ray analysis were prepared from the dimethyl-

substituted acridino-crown ether (R,R)-19c and the enantiomers of protonated 1-NEA by 

recrystallization from ethanol (Figure 40) [178]. Crown ether (R,R)-19c was prepared as 

reported [22].  

 

Figure 40. Host and guest molecules studied by XRD 

The reaction of (R,R)-19c in ethanol with equimolar amounts of the enantiomers of 1-

NEAH+ ClO4
-, after heating and filtration, provided the appropriate diastereomeric crystalline 

complexes. Macrocycle (R,R)-19c was selected because it is the parent compound of the 

selectors of (R,R)-CSP-52b and (R,R)-CSP-52c, also its enantiomeric recognition ability was 

demonstrated earlier [29,53]. 1-NEAH+ ClO4
- was chosen for these studies, because when 

studied by fluorescence spectroscopy (R,R)-19c showed the highest enantiomeric 

differentiation toward the enantiomers of this guest molecule [29,53]. The measurements of 

both diastereomeric complexes and the evaluation of the results were carried out by Ibolya 

Leveles in the Biostruct Laboratory (Department of Applied Biotechnology and Food Sciences, 

Budapest University of Technology and Economics) under the supervision of Prof. Beáta G. 

Vértessy.  
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In Section 2.5. the XRD studies by Davidson and coworkers [123] of the diastereomeric 

complexes formed by a dimethyl-substituted diester pyridino-18-crown-6 ether and the 

enantiomers of 1-NEAH+ ClO4
- were discussed. Davidson found the presence of strong π–π 

interaction between the electron rich naphthyl unit and the electron poor diester pyridine 

moiety. The authors also observed that the heterochiral complex [(S,S)-crown ether-(R)-

ammonium salt] had higher stability than the homochiral one [(S,S)-crown ether-(S)-ammonium 

salt]. It was assumed that the difference in stabilities was caused by the difference in steric 

repulsion.  

In an other study, performed by Gérczei and co-workers [124], the analysis of the 

diastereomeric complexes of a dimethyl-substituted phenazino-18-crown-6 ether and the 

enantiomers of 1-NEAH+ ClO4
- was accomplished. It was also found that the heterochiral 

complex is more stable than the homochiral one. The authors suggested that differences in the 

strength of the hydrogen bonds, the π–π interactions and the difference in steric repulsions were 

the causes of the enantiomeric discrimination.  

In the case of (R,R)-19c and the enantiomers of 1-NEAH+ ClO4
-, we found that the 

heterochiral complex [(R,R)-19c–(S)-1-NEAH+ ClO4
-] is more stable than the homochiral one 

[(R,R)-19c–(R)-1-NEAH+ ClO4
-] (Figures 41-44 and Tables 10 and 11) [178]. Strong hydrogen 

bonds formed in both diastereomers between the protonated amino group of 1-NEAH+ ClO4
- 

and the appropriate N and O atoms of the crown ether host. The bond distances vary from 2 Å 

to 2.9 Å. The analysis of the crystal structures also suggested the presence of bifurcated H 

bridges in both diastereomers O11-H47A, O11-H47C, O17-H47A, O17-H47B, O23-H47B, 

O23-H47C for the homochiral complex and O9-H44A, O9-H44B, O15-H44C, O15-H44B, 

O21-H44C, O21-H44A, for the heterochiral complex (Tables 10 and 11). 

 

Figure 41. Separate representation of the two diastereomers (on the left: conformer A of the heterochiral 

complex, on the right: homochiral complex). Atomic coloring is as follows C: grey, O: red, N: blue, H: white 
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Figure 42. Structures of the two diastereomers. Note that in the heterochiral complex (left, conformer A) π–π 

interaction is present, but in the homochiral complex (right) it is absent. Atomic coloring is as follows: C: grey, 

O: red, N: blue, H: white 

We found that the heterochiral complex contains two conformers, A and B, in a 1:1 ratio 

(Figure 43), which differ in the lower region of the crown ether macroring. Conformer A has 

a more rigid framework than B, and H bond distances vary for O15-H44B, O15A-H44B, O15-

H44C and O15A-H44C (Table 10). Conformer B contains more mobile hydrogen atoms at 

C14A and C16A (Figure 43). The homochiral diastereomer shows no signs of conformational 

changes. Similar phenomena were described by Gérczei and co-workers in the cases of 

phenazino-crown ethers [124], where the homochiral diastereomer contained two conformers 

and the authors attributed it to thermal motion.  

Table 10. Hydrogen bond geometry (distances and angles) 

 (R,R)-19c–(R)-1-NEA  (R,R)-19c–(S)-1-NEA 

 distance (Å) angle (°)   distance (Å) angle (°) 

N30-N47 2.919   N28-N44 2.873 (6)  

N30-H47C 2.033   N28-H44A 1.998  

N30-H47C-N47  173.783  N28-H44A-N44  167.187 

O20-N47 2.925   O18-N44 2.931 (6)  

O20-H47B 2.043   O18-H44C 2.056  

O23-H47B 2.566   O21-H44C 2.600  

O17-H47B 2.613   O15-H44C 2.634a  

    O15A-H44C 3.108b  

O20-H47B-N47  170.397  O18-H44C-N44  167.892 

O14-N47 2.942   O12-N44 2.921 (6)  

O14-H47A 2.071   O12-H44B 2.049  

O11-H47A 2.613   O9-H44B 2.731  

O17-H47A 2.808   O15-H44B 2.395
a
  

    O15A-H44B 2.892
b
  

O14-H47A-N47  165.711  O12-H44B-N44  166.167 

O23-H47C 2.544   O21-H44A 2.536  

O11-H47C 2.504   O9-H44A 2.514  

O23-H47C-O11  137.015  O21-H44A-O9  127.421 

a Distances for (R,R)-19c–(S)-1-NEAH+ ClO4
- conformer A 

b
 Distances for (R,R)-19c–(S)- 1-NEAH+ ClO4

- conformer B 
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Figure 43. Two conformers of the heterochiral complex (1:1 ratio) [Conformer A (left) and B (right)]. Note that 

conformer B contains mobile hydrogen atoms at C14A and C16A. Atomic coloring is as follows: C: grey, O: 

red, N: blue, H: white 

 

We found the presence of strong π–π interaction between the acridine ring and the naphthyl 

ring, at a distance of 3.3-3.5 Å, in the case of the heterochiral complex. The two ring systems 

are nearly planar and parallel. However, this was not observed for the homochiral complex. We 

suggest that it can be attributed to the differences in steric repulsion, namely, that the 

intercalation of another acridino-18-crown-6 monomer takes place, which distorts the π–π 

interaction in the homochiral complex (Figure 44A, Table 11). As a result, the interplanar 

angle changes from 3° (heterochiral complex) to 86° (homochiral complex). The presence of A 

and B conformers in the heterochiral complex might be caused by the formation of a π–π 

interaction: the π–π interaction shifts (S)-1-NEAH+ ClO4
- toward the acridine ring, resulting in 

weaker H bond forming ability for O15. Superimposed structures of the diastereomers (without 

1-NEAH+ ClO4
- and conformer B) show slight differences in the conformation of the crown 

ethers (Figure 44B). 

These significant differences in complex stabilities may be the reason for the higher 

enantiomeric selectivity of acridino-18-crown-6 ether-based chiral stationary phases (see 

Section 4.4.) for the separation of the mixtures of enantiomers of selected protonated primary 

aralkylamines, compared to the analogous pyridino-18-crown-6 ether-based CSPs [30,43].  
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Table 11. Steric repulsion and π–π interaction: the most significant difference between the diastereomers is the 

presence (in the case of the heterochiral complex) or the absence (in the case of the homochiral complex) of π–π 

interaction (it should also be noted that the numbering of the atoms of the appropriate diastereomers differ).  

(R,R)-19c–(R)-1-NEA  (R,R)-19c–(S)-1-NEA 

 distance (Å)   distance (Å) 

C34-H47A 3.876  C32-H44B 3.594 

C33-H47B 4.126  C31-H44C 4.623 

C34-H37 3.454  C32-H43 3.423 

C34-H36 2.956  C32-H41 3.867 

N30-C35 3.855  N28-C42 3.465 

C43-C24 4.854  C22-C34 3.332 

C10-C36 4.007  C29-C41 3.437 

C32-C40 7.205  C37-C26 3.502 

C7-C37 6.123    

C27-C41 7.339    

  

Figure 44. The supposed reason for the absence of π–π interaction in the case of the homochiral complex (A). 

Superimposed structures of the diastereomers (without 1-NEAH+ ClO4
- and conformer B) showing slight 

differences in the moieties coordinating the enantiomers of 1-NEAH+ ClO4
- (B). Atomic coloring is as follows: 

C: grey, O: red, N: blue, H: white 

 

4.7. Study of the complexing properties of acridono-18-crown-6 ethers 35a and 53 

by UV-vis spectroscopy 

The cation recognition abilities of the reported 35a [33] and the unreported 53 (Figure 31) 

were studied in acetonitrile toward the perchlorate salts of nine metal ions (Ag+, Ca2+, Cd2+, K+, 

Mg2+, Na+, Ni2+, Pb2+, Zn2+) [179]. Upon addition of a tenfold excess of these metal ions the 

UV-vis spectra of the tetramethyl-substituted ligand 53 did not show any changes (Figure 45A). 

This can be attributed to the lack of complexation or low stabilities of the complexes. Szalay 

and coworkers suggested that in the cases of analogous chiral acridono-crown ethers (R,R)-35i 

and (R,R)-35j (Figure 19) during complexation the ligands shifted to the hydroxyacridine 

tautomeric form [39]. Therefore, we assumed that the substitution of the acridone moiety with 

electron-donating methyl groups, in the case of 53, hindered the formation of the 9-

hydroxyacridine tautomeric form, which presumably favors complexation. Additionally, 

A B 
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conformational changes, due to the presence of the additional methyl groups, can also be the 

cause of the absence of complexation.  

The complexation ability of the parent compound 35a was also studied [179]. In this case 

among the studied metal ions only Pb2+ gave rise to significant spectral changes, namely a 

bathochromic shift of the absorption spectra (Figure 45B). In order to determine the 

stoichiometry and stability constant (Ks) of the lead(II)–ligand 35a complex UV titration was 

performed (Figure 45C). UV-vis spectra were measured at 13 different Pb2+ to 35a ratios. We 

could assume the formation of a complex with 1:1 ligand to metal ion ratio because upon being 

treated with Pb2+ the UV-vis enhancement of the sensor followed the Benesi-Hildebrand 

equation [207,208]. The logK value, determined by the Benesi-Hildebrand method, was 3.64.  

  

Figure 45. UV-vis spectra of ligands 53 (A) and 35a (B), UV titration of 35a by lead(II) ions (C) 

4.8. Structural characterization of the crystalline complex formed by acridono-18-

crown-6 ether 35a and lead(II) perchlorate 

In order to further study the complex of ligand 35a and lead(II), suitable single crystals for 

X-ray analysis were obtained and measured [180]. Ligand 35a [33] and an equimolar amount 

of Pb(ClO4)2
.3H2O were mixed and recrystallized from acetonitrile. The measurements and 

evaluation of results were again performed by Ibolya Leveles. In the crystal, a complex 
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consisting of two monomers was found (Figure 46). One monomer of the heterodimer formed 

a complex with the lead(II) ion. The complexation environment of this lead(II) ion is well 

defined. From the eight coordination partners, five oxygen atoms and one nitrogen atom are 

provided by the acridine unit and the macroring of one monomer. One additional oxygen is 

derived from the other monomer and one oxygen belongs to the perchlorate anion (Figures 46 

and 47, Table 12). 

 

Figure 46. Structure of the heterodimer containing two monomers. Note that one monomer coordinates to a 

Pb(II) ion, whereas the other monomer binds a water molecule. Other species (two perchlorate ions and one 

acetonitrile molecule) are also shown. Atomic coloring is as follows: C: grey, O: red, N: blue, Cl: green, Pb: dark 

gray, H: yellow 

 

Figure 47. Superimposed structures of the two monomers (A) showing slight differences in the moieties 

coordinating either a lead(II) ion or a water molecule. Separate representation of the two monomers (B, C). 

Atomic coloring is as follows: C: grey, O: red, N: blue, Pb: gray, H: yellow 

Table 12. Complexed lead(II) ion geometry 

O/N· · ·Pb O/N· · ·Pb O/N· · ·Pb· · ·O37 

 (Å) (°) 

O43 · · ·Pb 2.697 100.3 

O46 · · ·Pb 2.673 87.7 

O49 · · ·Pb 2.701 78.9 

O52 · · ·Pb 2.699 84.3 

O55 · · ·Pb 2.675 90.1 

N62 · · ·Pb 2.636(5) 85 

O37 · · ·Pb 2.391 - 

 

A B C 



67 

 

In the other monomer, a complexed water molecule is found in the cavity of the macrocycle 

(Figure 47). Accordingly, the elemental analysis indicated one lead(II) / dimer (see Section 

5.6.2.). Furthermore, it was reported previously that acridono-18-crown-6 ethers tend to contain 

a complexed water molecule in the crystal state [36]. In our case the complexed water molecule 

is three coordinated; it forms two hydrogen bonds with O18 and O24 of one of the monomers, 

and it also accepts a hydrogen-bond from the 9-hydroxy group of the other monomer (Table 

13). Increased flexibility of the ring carbon atoms was observed in the macroring coordinating 

the water molecule. On the other hand, the atoms of the lead(II)-complexing monomer are less 

flexible. This can be attributed to differences in the number of interactions; only two oxygen 

atoms are involved in the water complexation by the former monomer, but five oxygens and 

one nitrogen atoms of the latter one are participating in lead(II) complexation, resulting in 

greater rigidity of the macroring (Figure 47). Szalay and co-workers presumed that during the 

lead(II) complexation rearrangement of the 9(10H)-acridone tautomeric form to the 

hydroxyacridine tautomeric form occurs [39]. Our results confirm this, namely, complexation 

of lead(II) shifts this keto-enol equilibrium toward the enol form. We suggest that there is a 

competition between water and lead(II) complexation. In solution both parts of the dimer shift 

to the 9-hydroxyacridine tautomeric form upon lead(II) complexation [179], but in the crystal 

state one of the monomers, because of water complexation, stays in the 9(10H)-acridone 

tautomeric form. Our measurements showed that the complex crystallizes in the monoclinic 

crystal system. An acetonitrile molecule, also found in the crystal, likely serves as a nonprotic 

coat stabilizing the dimer. The X-ray studies indicated the formation of a cation–π interaction, 

at a 5.2 Å average distance, between lead(II) and the electron rich acridone moiety. The average 

bond distance of the electron rich acridone moiety and lead(II) (5.2 Å) suggests the presence of 

cation–π interaction. Additionally, macrocycle 35b forms a π–π bonded heterodimer in the 

crystal due to the nearly parallel alignment of the tricyclic ring systems at a distance of 3.5 Å. 

We have also measured the IR spectrum of the crystalline complex and compared it to the 

uncomplexed form of 35a. In the complex, the characteristic νNH band of ligand 35a at 3424 

cm-1 [33] disappears and a broad νOH band at 3265 cm-1 appears. This change indicates that 

during the complexation of lead(II), ligand 35a shifts toward the enol tautomeric form. 

Accordingly, the broad νOH band also suggests the formation of strong hydrogen-bonds. The 

1H-NMR and 13C-NMR spectra were recorded in CD3NO2 due to the poor solubility of the 

complex in CD3CN. The disappearance of the broad NH singlet at 9.68 ppm of the free ligand 

35a [33] and the appearance of an OH singlet at 10.75 ppm in the 1H-NMR spectrum of the 

complex also suggests lead(II) complexation. 
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Table 13. Hydrogen bridge geometry for the complexed water molecule 

D–H· · ·A D–H H· · ·A D· · ·A D–H· · ·A 

 (Å) (Å) (Å) (°) 

O65–H65· · ·Ow 0.820 1.720 2.537 180 

Ow-H1w· · ·O18 0.831(19) 1.949 2.747 162 

Ow–H2w· · ·O24 0.839(19) 2.163 2.743 127 

 

4.9. Study of the complexing properties of acridino-18-crown-6 ethers 54a and 

(R,R)-54b by UV-vis and fluorescence spectroscopies 

The complexation ability of achiral sensor 54a toward the perchlorate salts of nine metal 

ions (Ag+, Ca2+, Cd2+, K+, Mg2+, Na+, Ni2+, Pb2+, Zn2+) and two organic cations (ammonium 

perchlorate and benzylammonium perchlorate) was first studied by UV-vis spectroscopy in 

acetonitrile [181]. The UV-vis spectra of ligand 54a did not show any changes upon addition 

of a twentyfold excess of Ca2+, K+, Mg2+, Na+ and benzylammonium ions. This indicates a lack 

of complexation or low stability of the complexes. However, a bathochromic shift of the 

absorption spectra was observed in the cases of Ag+, Cd2+, Ni2+, Pb2+, Zn2+ and NH4
+. The 

absorption spectra of ligand 54a and its complexes are represented in Figure 48. 

 

Figure 48. Absorption spectra of ligand 54a (50 µM) in MeCN in the presence of 20 equiv. of the complexed 

guest metal ions 

Fluorescence titration was performed in order to determine the stoichiometry and stability 

constants (Ks) of the complexes. As examples, the titrations of 54a with Ag+ and Cd2+ ions are 

shown in Figure 49. With the exception of Cd2+, in all cases the fluorescence emission spectra 

showed a decrease upon addition of the salts, which means that the fluorescence was quenched 

in the complexes (Figure 49A). In the case of Cd2+ a red shift of the spectra was observed 

(Figure 49B).  
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Figure 49. Fluorescence titration series of spectra of 54a (10 µM) on increasing addition of Ag+ (0–400 equiv.) 

(A) and on increasing addition of Cd2+ (0–500 equiv.) (B) in MeCN, λex = 380 nm 

Upon being treated with different ions the fluorescence changes of the sensor followed the 

Benesi-Hildebrand equation [207, 208], therefore we could assume the formation of a complex 

with 1:1 ligand to metal ion ratio. The changes in the spectra were further analysed using 

nonlinear regression analysis, all of the titration series of the spectra could be fitted 

satisfactorily using a complex form with 1:1 stoichiometry. The logK values determined by the 

global nonlinear regression analysis are shown in Table 14. Sensor 54a formed the most stable 

complexes with Cd2+, Pb2+, Zn2+ and NH4
+ (Table 14), Pb2+, Zn2+ and NH4

+ caused the 

fluorescence emission to decrease (Figure 49A), but in the case of Cd2+ a significant 

bathochromic shift could be observed (Figure 49B). 

 

Table 14. Stability constants for 1:1 stoichiometric complexes of 54a with Ag+, Cd2+, Ni2+, Pb2+, Zn2+ and NH4
+ 

in MeCN, λex = 380 nm 

Ion Ag+ Cd2+ Ni2+ Pb2+ Zn2+ NH4
+ 

logK 2.43 4.86 2.48 5.07 4.32 5.73 

 

The degree of enantiomeric discrimination of the dimethyl-substituted 9-phenylacridino-18-

crown-6 sensor (R,R)-54b was studied toward the enantiomers of the hydrogen perchlorate salts 

of PEA, 1-NEA, PGME and PAME using UV-vis and fluorescence spectroscopies [181]. The 

absorbances of ligand (R,R)-54b were essentially unchanged upon titration with the 

enantiomers of the optically active salts. However, the fluorescence emission spectra showed a 

relatively large decrease upon addition of the guest molecules. This means that the fluorescence 

was significantly quenched by complex formation (Figure 50). These fluorescence changes 

were used to determine the stability constants of the complexes and the degree of enantiomeric 

A B B 
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differentiation (∆logK = logK(S) - logK(R), Table 15). In all cases global nonlinear regression 

analysis was used for evaluation of the spectral data.  

 

Table 15. Stability constants and selectivity of the complexes of (R,R)-54b with the enantiomers of protonated 

PEA, 1-NEA, PGME and PAME in MeCN, λex = 380 nm 

Guest logK ∆logK 

(R)-PEA 4.42 +0.31 

(S)-PEA 4.73  

(R)-1-NEA 4.78 +0.46 

(S)-1-NEA 5.24  

(R)-PGME 4.91 -0.24 

(S)-PGME 4.67  

(R)-PAME 3.87 +0.11 

(S)-PAME 3.98  

 

 

 

Figure 50. Fluorescence emission series of spectra upon titration of (R,R)-54b (20 µM) with 1-NEAH+ ClO4
- [A: 

(R)-1-NEAH+ ClO4
-, 0–25 equiv, B: (S)-1-NEAH+ ClO4

-, 0–25 equiv], or with PAMEH+ ClO4
- [C: (R)-PAMEH+ 

ClO4
-, 0–125 equiv, D: (S)-PAMEH+ ClO4

-, 0–125 equiv] in MeCN, λex = 380 nm 

 

A B 

C D 
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The results clearly indicate that in the cases of the enantiomers of PEAH+ ClO4
-, 1-NEAH+ 

ClO4
- and PGMEH+ ClO4

- the enantiomeric recognition ability of the dimethyl-substituted 

sensor (R,R)-54b is similar to that of the earlier reported [53] macrocycles containing methyl 

and isobutyl groups at their stereogenic centers [(R,R)-19c, (R,R)-36a and (S,S)-36c (Figures 

12 and 20)]. For the enantiomers of PAMEH+ ClO4
- the stability constants of (R,R)-54b are 

smaller. However, the degree of enantiomeric selectivity (∆logK values in Table 15) are higher 

in the cases of protonated PEA and 1-NEA for (R,R)-54b. Moreover, the selectivity toward the 

enantiomers of PGMEH+ ClO4
- of the dimethyl substituted (R,R)-54b is comparable to that of 

the reported diisobutyl-substituted (R,R)-36a. This may be attributed to the increased bulkiness 

of (R,R)-54b, meaning that sterical hindrance may play a vital role in the selectivity of the 

macrocycle. 

It was found for the studied protonated primary amines (PEAH+ ClO4
- and  

1-NEAH+ ClO4
-) that in all cases the (S)-enantiomer formed a more stable complex with (R,R)-

54b than that of its antipode, in accordance with the generally observed higher stability of 

heterochiral complexes [(R,R)-crown ether‒(S)-ammonium salt] compared to that of 

homochiral complexes [(R,R)-crown ether‒(R)-ammonium salt]. Kertész and coworkers 

showed [53] that in the cases of protonated PGME the homochiral complex had higher stability. 

The same was observed by us. This phenomenon was attributed [53] to the fact that protonated 

(R)-PEA, (R)-1-NEA, (S)-PGME and (S)-PAME have the same spatial arrangement. 

In our case PAMEH+ ClO4
- showed unusual behavior. The complex formed by (R,R)-54b 

and protonated (S)-PAME had higher stability than the complex of (R,R)-54b and protonated 

(R)-PAME. This behavior can again [53] be attributed to the structural difference of protonated 

PAME compared to the other salts, namely, the presence of an additional methylene unit 

between the stereogenic center and the aromatic ring. 
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5. EXPERIMENTAL SECTION 

 

5.1. Chemicals and Solvents 

Starting materials and reagents were purchased from Sigma–Aldrich Corporation unless 

otherwise noted. Silica Gel 60 F254 (Merck) and aluminium oxide 60 F254 neutral type E (Merck) 

plates were used for TLC. Aluminium oxide (neutral, activated, Brockman I) and Silica Gel 60 

(70–230 mesh, Merck) were used for column chromatography. Ratios of solvents for the eluents 

are given in volumes (mL/mL). PLC was performed on Silica Gel Merck 60F254 plates 

(thickness: 0.5 mm and 2 mm, art number: 1.05744 and 5717, respectively), or on aluminium 

oxide Merck 150F254 plates (thickness: 0.25 mm, art number: 1.05727). Solvents were dried 

and purified according to well established methods [209]. Evaporations were carried out under 

reduced pressure unless otherwise stated.  

5.2. Characterization of new compounds 

Melting points were taken on a Boetius micro-melting point apparatus and were uncorrected. 

Infrared spectra were recorded on a Bruker Alpha-T FT-IR spectrometer or on a Zeiss Specord 

IR 75 spectrometer. Optical rotations were taken on a Perkin-Elmer 241 polarimeter that was 

calibrated by measuring the optical rotations of both enantiomers of menthol.  

1H (500MHz) and 13C (125MHz) nuclear magnetic resonance (NMR) spectra were obtained 

on a Bruker DRX-500 Avance spectrometer. 1H (300MHz) and 13C (75.5MHz) NMR spectra 

were obtained on a Bruker 300 Avance spectrometer. Mass spectra were recorded on an Agilent 

(Palo Alto, CA) 1200 Quadrupole LC/MS instrument using ESI method. HPLC-DAD-MS/MS 

experiments were performed on an Agilent 1200 HPLC system (G1379B degasser, G1312B 

binary gradient pump, G1367C autosampler, G1316B column thermostat and G1315C diode 

array detector) coupled with an Agilent 6410 triple quadrupole mass spectrometer equipped 

with an ESI ion source (Agilent Technologies, Waldbronn, Germany). Masshunter B.03.01 

software was used for data acquisition and qualitative analyses. Elemental analyses were 

performed on a Vario EL III instrument (Elementanalyze Corporation) in the Microanalytical 

Laboratory of the Department of Organic Chemistry, Institute for Chemistry, L. Eötvös 

University, Budapest, Hungary. HRMS analyses were performed on a LTQ FT Ultra (Thermo 

Fisher Scientific, Bremen, Germany) system. The ionization method was ESI and operated in 

positive ion mode. The protonated molecular ion peaks were fragmented by CID at a 

normalized collision energy of 45-65 %. The samples were solved in methanol. Data acquisition 

and analysis were accomplished with Xcalibur software version 2.0 (Thermo Fisher Scientific). 
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5.3. Synthesis of new selector and sensor molecules 

 General procedure for the synthesis of carbaldehydes (R,R)-62a, (S,S)-62b 

(S,S)-62c and (R,R)-62d (Scheme 6) 

A mixture of N,N-bis(2-hydroxyphenyl)-formamide (60 [45] 1.5 g, 6.5 mmol), tetraethylene 

glycol ditosylate [(S,S)-61a [25], 4.40 g, 7.20 mmol or (S,S)-61b [53] 3.81 g, 7.20 mmol] or 

pentaethylene glycol ditosylate [(S,S)-61c [59] 4.14 g, 7.20 mmol or (S,S)-61d, 4.14 g,  

7.20 mmol] and K2CO3 (7.62 g, 55 mmol) in acetonitrile (150 mL) was vigorously stirred under 

Ar at 50 °C for 7 days. The reaction mixture was cooled to rt and the solvent was removed. The 

residue was taken up in water (400 mL) and CH2Cl2 (300 mL). The phases were shaken well 

and separated. The aqueous phase was extracted with CH2Cl2 (4 × 150 mL). The combined 

organic phase was shaken with saturated brine (150 mL), dried over MgSO4, filtered, and the 

solvent was evaporated. The crude product was purified by column chromatography on silica 

gel using EtOAc-toluene 1:2 mixture as an eluent to give (R,R)-62a or (S,S)-62b or (S,S)-62c 

or (R,R)-62d. 

5.3.1.1. (6R,16R)-6,16-Diisobutyl-6,7,9,10,12,13,15,16-octahydro-22H-

dibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-22-carbaldehyde 

[(R,R)-62a]  

Yield: 1.21g (37 %), pale yellow oil; Rf = 0.65 (EtOAc-toluene 1:1); [α]D
25 = –27.8 (c = 0.54 

in CHCl3); IR (neat) νmax 3065, 3030, 2954, 2867, 1685, 1593, 1494, 1455, 1367, 1270, 1117, 

745, 671, 592 cm-1; 1H-NMR (300 MHz, CDCl3) δ 0.82–0.92 (m, 12H, CH3), 1.25–1.71 [m, 

6H, CH and CH2 (iBu)], 3.06–3.35 (m, 12H, OCH2), 4.48–4.55 (m, 2H, CH), 6.91–7.06 (m, 

4H, Ar-H), 7.18–7.29 (m, 3H, Ar-H), 7.49 (d, J = 8 Hz, 1H, Ar-H), 8.51 (s, 1H, CHO)  

13C-NMR (125 MHz, CDCl3) δ 22.47, 22.50, 23.47, 23.52, 24.51, 24.74, 40.92, 41.04 (iBu), 

70.96, 71.05, 71.16, 71.29, 73.69, 73.82, 74.76, 74.95 (OCH, OCH2), 113.79, 113.90, 119.82, 

119.93, 128.18, 128.21, 128.37, 129.72, 130.85, 131.53, 153.63, 153.97 (Ar-C), 163.85 (CHO); 

MS: 500.3 (M+H)+; Anal Calcd for C29H41NO6: C 69.71; H 8.27; N 2.80; Found: C 69.56; H 

8.11; N 2.55. 

5.3.1.2. (7S,15S)-7,15-Dimethyl-6,7,9,10,12,13,15,16-octahydro-22H-

dibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-22-carbaldehyde [(S,S)-

62b] 

Yield: 1.95 g (72 %), grey oil; Rf = 0.3 (EtOAc-toluene 1:1); [α]D
25 = -186.1 (c = 0.69 in 

CHCl3); IR (neat) νmax 3067, 3030, 3016, 2972, 2947, 2921, 2887, 2866, 1686, 1596, 1501, 
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1454, 1331, 1272, 1248, 1103, 1028, 958, 815, 749, 671, 607 cm-1; 1H-NMR (300 MHz, CDCl3) 

δ 1.00 (d, J = 5.9 Hz, 3H, CH3), 1.12 (d, J = 5.5 Hz, 3H, CH3), 3.52–3.79 (m, 10H, OCH2), 

3.90–4.13 (m, 4H, OCH2), 6.88–7.02 (m, 4H, Ar-H), 7.03–7.12 (m, 1H, Ar-H), 7.13–7.33 (m, 

3H, Ar-H), 8.54 (s, 1H, CHO); 13C-NMR (75.5 MHz, CDCl3) δ 18.10, 18.14 (CH3), 68.10, 

68.17, 72.26, 72.58, 72.64, 72.74, 73.89, 74.12 (OCH, OCH2), 113.47, 113.76, 120.78, 120.98, 

126.95, 127.92, 128.64, 128.65, 128.98, 130.93, 153.44, 154.08 (Ar-C), 163.22 (CHO);  

MS: 416.2 (M+H)+; Anal Calcd for C23H29NO6: C 66.49, H 7.04, N 3.37. Found: C 66.62, H 

7.15, N 3.42. 

5.3.1.3. (7S,18S)-7,18-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

dibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-25-carbaldehyde 

[(S,S)-62c] 

Yield: 1.98 g (66 %), pale brown crystals; Rf = 0.2 (EtOAc-toluene 1:1), mp 76 °C (from 

EtOAc); [α]D
25 = -40.2 (c = 0.84 in MeOH); IR (KBr) νmax 3065, 3035, 3009, 2971, 2929, 2871, 

1685, 1595, 1501, 1453, 1372, 1274, 1236, 1124, 1103, 1031, 764, 754, 669 cm-1; 1H-NMR 

(300 MHz, CDCl3) δ 1.05 (s, 3H, CH3), 1.16 (s, 3H, CH3), 3.52–3.64 (m, 12H, OCH2), 3.65–

3.79 (m, 2H, OCH2), 3.81–3.92 (m, 2H, OCH2), 3.95–4.14 (m, 2H, OCH2), 6.85–7.02 (m, 4H, 

Ar-H), 7.05–7.13 (m, 1H, Ar-H), 7.15–7.36 (m, 3H, Ar-H), 8.63 (s, 1H, CHO); 13C-NMR (75.5 

MHz, CDCl3) δ 17.51, 17.67 (CH3), 69.03, 69.12, 70.93, 71.02, 71.06, 71.19, 72.75, 72.91, 

74.31, 74.44 (OCH, OCH2), 113.39, 113.43, 120.98, 121.08, 126.97, 127.68, 128.75, 128.89, 

129.39, 131.13, 153.26, 154.17 (Ar-C), 163.79 (CHO); MS: 460.2 (M+H)+; Anal Calcd for 

C25H33NO7: C 65.34, H 7.24, N 3.05. Found: C 65.45, H 7.50, N, 3.18. 

5.3.1.4. (6R,19R)-6,19-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

dibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-25-carbaldehyde 

[(R,R)-62d] 

Yield: 2.03 g (67 %), pale brown crystals; Rf = 0.2 (EtOAc-toluene 1:1), mp 72 °C (from 

EtOAc); [α]D
25 = –159.29 (c = 0.99 in MeOH); IR (KBr) νmax 3078, 3054, 3029, 2966, 2931, 

2910, 2876, 2821, 1745, 1732, 1614, 1598, 1506, 1498, 1446, 1368, 1311, 1287, 1246, 1109, 

1102, 1021, 1003, 942, 832, 778, 757, 726, 694, 626 cm-1; 1H-NMR (300 MHz, MeOH-d4) δ 

1.29 (d, J = 6.2 Hz, 3H, CH3), 1.35 (d, J = 6.3 Hz, 3H, CH3), 3.32–3.41 (m, 1H, OCH2), 3.43–

3.45 (m, 1H, OCH2), 3.47–3.63 (m, 12H, OCH2), 3.65–3.72 (m, 2H, OCH2), 4.62–4.72 (m, 1H, 

OCH2), 4.77–4.84 (m, 1H, OCH2), 6.90–7.05 (m, 2H, Ar-H), 7.13–7.24 (m, 2H, Ar-H), 7.25–

7.40 (m, 4H, Ar-H), 8.62 (s, 1H, CHO); 13C-NMR (MeOH-d4, 75.5 MHz) δ 16.66, 17.40 (CH3), 



75 

 

71.42, 71.56, 71.74, 71.77, 71.87, 72.35, 75.09, 75.16, 75.31, 75.38 (OCH, OCH2), 115.93, 

116.18, 121.85, 122.00, 129.55, 129.67, 130.16, 131.30, 131.33, 132.78, 154.90, 154.97 (Ar-

C), 167.11 (CHO); MS: 460.2 (M+H)+; Anal Calcd for C25H33NO7: C 65.34, H 7.24, N 3.05. 

Found: C 65.39, H 7.38, N 3.12. 

 [(2S,15S)-4,7,10,13-Tetraoxahexadeca-2,15-diyl]-ditosylate [(S,S)-61d] 

(Scheme 7) 

To a stirred solution of (2S,15S)-4,7,10,13-tetraoxahexadecane-2,15-diol [(S,S)-63 [188] 6.6 

g, 24.78 mmol] in pyridine (80 mL) at 0 °C and under Ar was added tosyl chloride (10.87 g,  

57 mmol) dissolved in pyridine (160 mL). The reaction mixture was stirred at 0 °C for 10 min, 

and at room temperature for 3 days, then it was poured into ice-water (500 mL). This stirred 

mixture was made weakly acidic (pH = 3) with 37 % aqueous HCl at 0 °C then extracted with 

ether (1 × 400, 3 × 200 mL). The combined organic phase was shaken with 3 % aqueous HCl 

(1 × 150 mL), distilled water (1 × 500 mL), and saturated brine (2 × 300 mL), then dried over 

MgSO4, filtered, and the solvent evaporated. The crude product was purified by column 

chromatography on silica gel using EtOAc-hexane 2:3 as an eluent to give (S,S)-61d (9.9 g, 70 

%) as a colorless oil. Rf = 0.76 (EtOAc); [α]D
25 = -4.3 (c = 0.7; CHCl3); IR (neat) νmax 2999, 

2944, 2872, 1597, 1491, 1448, 1357, 1302, 1291, 1187, 1170, 1149, 1092, 1015, 983, 811, 795, 

664, 572, 548, 447 cm-1; 1H-NMR (300 MHz, CDCl3) δ 1.27 (d, J = 6.4 Hz, 6H, CH3), 2.44 (s, 

6H, CH3), 3.41–3.68 (m, 16H, OCH2), 4.63–4.77 (m, 2H, OCH2), 7.33 (d, J = 7.9 Hz, 4H, Ar-

H), 7.80 (d, J = 8.1 Hz, 4H, Ar-H); 13C-NMR (75.5 MHz, CDCl3) δ 17.64 (CH3), 21.65 (Ar-

CH3), 70.47, 70.64, 70.84, 73.43, 78.13 (OCH, OCH2), 127.86, 129.72, 134.34, 144.52 (Ar-C); 

MS: 575.2 (M+H)+; Anal Calcd for C26H38O10S2: C 54.34, H 6.67, S 11.16. Found: C 54.65, H 

6.93, S 11.27.  

 (6R,16R)-6,16-Diisobutyl-6,7,9,10,12,13,15,16-octahydro-22H-dibenzo 

[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine [(R,R)-64a] 

5.3.3.1. Starting from N-formyl crown ether (R,R)-62a (Scheme 8) 

To a solution of N-formyl-crown ether (R,R)-62a (810 mg, 1.62 mmol) in EtOH (25 mL) 

was added under Ar a solution of KOH (0.6 g, 10 mmol) in water (5 mL) and the resulting 

reaction mixture was stirred at 50 °C for 24 h. The reaction mixture was cooled to rt and water 

(10 mL) was added. The aqueous solution was extracted with EtOAc (1 × 100 mL then 2 × 50 

mL). The combined organic phase was shaken with water (30 mL), dried over MgSO4, filtered, 

and the solvent was removed. The crude product was purified by column chromatography on 
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silica gel using EtOAc-toluene 1:2 mixture as an eluent to give (R,R)-62a (707 mg, 92 %) as a 

pale yellow oil. Rf = 0.9 (EtOAc-toluene 1:1); [α]D
25 = –15.0 (c = 0.266 in CHCl3); IR (neat) 

νmax 3411.3067, 3044, 2954, 2868, 1598, 1587, 1522, 1492, 1465, 1365, 1239, 1111, 912, 736, 

555 cm-1; 1H-NMR (300 MHz, CDCl3) δ 0.91–0.97 (m, 12H, CH3), 1.58–1.79 [m, 6H, CH and 

CH2(iBu)], 3.60–3.87 (m, 12H, OCH2), 4.48 (broad s, 3H, CH and NH), 6.82–6.94 (m, 6H, Ar-

H), 7.32 (dd, Jo = 8 Hz, Jm = 2 Hz, 2H, Ar-H) 13C-NMR (75.5 MHz, CDCl3) δ 22.83, 23.39, 

25.01, 39.42 (iBu), 71.14, 71.88, 72.71, 76.81, 77.13 (OCH, OCH2), 114.38, 117.01, 120.25, 

121.19, 134.45, 147.71 (Ar-C); MS: 472.3 (M+H)+; Anal Calcd for C28H41NO5: C 71.31; H 

8.76; N 2.97; Found: C 71.10; H 8.53; N 2.68. 

 

5.3.3.2. Starting from N,N-bis(2-hydroxyphenyl)-amine (65) (Scheme 9) 

A mixture of N,N-bis(2-hydroxyphenyl)-amine [45] (65, 1 g, 5 mmol), tetraethylene glycol 

ditosylate [(S,S)-61a [25], 2.9 g, 5.5 mmol] and K2CO3 (6.9 g, 50 mmol) in acetonitrile (70 mL) 

was vigorously stirred under Ar at 50 °C for 10 days. The reaction mixture was cooled to rt and 

the solvent was removed. The residue was taken up in water (250 mL) and CH2Cl2 (250 mL). 

The phases were shaken well and separated. The aqueous phase was extracted with CH2Cl2 (4 

× 75 mL). The combined organic phase was shaken with saturated brine (100 mL), dried over 

MgSO4, filtered, and the solvent was evaporated. The crude product was purified by column 

chromatography on silica gel using EtOAc-toluene 1:2 mixture as an eluent. (R,R)-62a (350 

mg, 15 %) so obtained was identical in every respect to that prepared by the procedure described 

above. 

 General procedure for the synthesis of amines (S,S)-64b, (S,S)-64c and 

(R,R)-64d (Scheme 8) 

To a solution of N-formyl-crown ether (S,S)-62b (2.14 g, 5.18 mmol) or (S,S)-62c (1.98 g, 

4.31 mmol) or (R,R)-62d (2.0 g, 4.36 mmol) in MeOH (60 mL) was added 30 % aqueous 

hydrochloric acid (3.5 mL, 32.67 mmol) and the resulting reaction mixture was stirred at 50 °C 

for 24 h. The reaction mixture was cooled to rt and water (50 mL) was added. The pH was 

adjusted to 7 by aqueous KOH solution (10 %). The aqueous solution was extracted with EtOAc 

(1 × 200 mL, then 3 × 100 mL). The combined organic phase was shaken with water (100 mL), 

dried over MgSO4, filtered, and the solvent was removed. The crude product was purified by 

column chromatography on silica gel using EtOAc-toluene 1:1 mixture as an eluent to give 

amine (S,S)-64b or (S,S)-64c or (R,R)-64d. 
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5.3.4.1. (7S,15S)-7,15-Dimethyl-6,7,9,10,12,13,15,16-octahydro-22H-dibenzo 

[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine [(S,S)-64b] 

Yield: 1,63 g (82 %), pale brown oil; Rf = 0.61 (EtOAc-toluene 1:1); [α]D
25 = +29.9 (c = 0.76 

in MeOH); IR (neat) νmax 3395, 3080, 3042, 3015, 2969, 2917, 2867, 1600, 1586, 1522, 1496, 

1454, 1373, 1334, 1241, 1115, 831, 736 cm-1; 1H-NMR (300 MHz, CDCl3) δ 1.27 (d, J = 5.1 

Hz, 6H, CH3), 3.63–3.87 (m, 8H, OCH2), 3.93–4.12 (m, 6H, OCH2), 6.79–6.95 (m, 6H, Ar-H), 

7.38 (d, J = 6.7 Hz, 2H, Ar-H); 13C-NMR (75.5 MHz, CDCl3) δ 16.70 (CH3), 69.24, 71.06, 

72.82, 74.33 (OCH, OCH2), 111.92, 116.12, 120.16, 120.86, 132.97, 148.65 (Ar-C); MS: 388.2 

(M+H)+; Anal Calcd for C22H29NO5: C 68.20, H 7.54, N 3.61. Found: C 68.35, H 7.66, N 3.75. 

5.3.4.2. (7S,18S)-7,18-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

dibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin [(S,S)-64c] 

Yield: 1,65 g (89 %), pale brown oil; Rf = 0.48 (EtOAc-toluene 1:1); [α]D
25 = -3.5 (c = 0.57 

in MeOH); IR (neat) νmax 3418, 3057, 3031, 3004, 2971, 2929, 2868, 1601, 1588, 1513, 1496, 

1460, 1435, 1349, 1242, 1115, 1032, 833, 737 cm-1; 1H-NMR (300 MHz, MeOH-d4) δ 1.25 (d, 

J = 3.8 Hz, 6H, CH3), 3.50–3.76 (m, 12H, OCH2), 4.48 (broad s, 6H, OCH2), 6.75–6.98 (m, 

6H, Ar-H), 7.27 (dd, Jo = 6.8 Hz, Jm = 2.3 Hz, 2H, Ar-H); 13C-NMR (75.5 MHz, MeOH-d4) δ 

17.97 (CH3), 70.03, 71.84, 72.43, 73.56, 75.72 (OCH, OCH2), 113.40, 117.01, 121.59, 122.17, 

134.24, 149.83 (Ar-C); MS: 432.3 (M+H)+; Anal Calcd for C24H33NO6: C 66.80, H 7.71, N 

3.25. Found: C 66.98, H 7.87, N 3.30. 

5.3.4.3. (6R,19R)-6,19-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

dibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin [(R,R)-64d] 

Yield: 1,67 g (89 %), pale brown oil; Rf = 0.43 (EtOAc-toluene 1:1); [α]D
25 = -18.56 (c = 

1.11 in MeOH); IR (KBr) νmax 3078, 3054, 3029, 2966, 2931, 2910, 2876, 2821, 1745, 1732, 

1614, 1598, 1506, 1498, 1446, 1368, 1311, 1287, 1246, 1109, 1102, 1021, 1003, 942, 832, 778, 

757, 726, 694, 626 cm-1; 1H-NMR (300 MHz, MeOH-d4) δ 1.25 (d, J = 6.1 Hz, 6H, CH3), 3.49–

3.62 (m, 8H, OCH2), 3.65–3.77 (m, 8H, OCH2), 4.43–4,58 (m, 2H, OCH2), 6.72–6.90 (m, 4H, 

Ar-H), 6.96 (d, J = 7.3 Hz, 2H, Ar-H), 7.23 (d, J = 7.5 Hz, 2H, Ar-H); 13C-NMR (75.5 MHz, 

MeOH-d4) δ 17.10 (CH3), 71.85, 72.04, 72.19, 75.57, 76.10 (OCH, OCH2), 116.54, 117.56, 

121.52, 122.71, 135.70, 148.58 (Ar-C); MS: 432.2 (M+H)+; Anal Calcd for C24H33NO6: C 

66.80, H 7.71, N 3.25. Found: C 66.95, H 7.88, N 3.31. 

 



78 

 

 General procedure for the synthesis of isatins (R,R)-67a, (S,S)-67b, (R,R)-

67c and (R,R)-67d (Scheme 10) 

To a solution of crown ether (R,R)-64a (1.45 g, 3.08 mmol) or (S,S)-64b (1.6 g, 4.14 mmol) 

or (S,S)-64c (1.55 g, 3.59 mmol) or (R,R)-64d (1.89 g, 4.38 mmol) in toluene (80 mL) was 

added oxalyl chloride (0.6 mL, 6.16 mmol) dropwise under Ar at rt. The reaction mixture was 

stirred at 70 °C for 3 h. After cooling the reaction mixture to rt the solvent was removed to give 

acyl chloride (R,R)-66a or (S,S)-66b or (S,S)-66c or (R,R)-66d. Crude acyl chloride was 

dissolved in bromobenzene (70 mL), and iodine (100 mg) was added to this solution. The latter 

solution was stirred at reflux temperature for 2 h (in the case of (R,R)-67a) or 16 h (in the cases 

of (S,S)-67b, (S,S)-67c, (R,R)-67d), then the solvent was removed under reduced pressure (1 

mmHg). The crude product was purified by column chromatography on silica gel using EtOAc-

toluene 1:1 (in the case of (R,R)-67a) or EtOAc-toluene 1:2 (in the cases of (S,S)-67b, (S,S)-

67c, (R,R)-67d) mixture as an eluent to give isatin (R,R)-67a or (S,S)-67b or (S,S)-67c or (R,R)-

67d. 

5.3.5.1. (9R,19R)-9,19-Diisobutyl-8,11,14,17,20-pentaoxa-1-azatetracyclo 

[19.6.1.02,7.025,28]octacosa-2,4,6,21(28),22,24-hexaene-26,27-dione [(R,R)-67a] 

Yield: 730 mg (45 %), red oil; Rf = 0.8 (EtOAc-toluene 1:1); [α]D
25 = +55.4 (c = 1.01 in 

CHCl3); IR (neat) νmax 3069, 3030, 2953, 2867, 1783, 1736, 1681, 1607, 1495, 1459, 1363, 

1263, 1120, 750, 555 cm-1; 1H-NMR (500 MHz, DMSO-d6) δ 0.69–0.75 (m, 12H, Me), 0.99–

1.53 (m, 6H, CH, CH2), 3.39–3.64 (m, 12H, OCH2), 4.31–4.45 (m, 2H, CH), 6.97 (t, J = 8 Hz, 

1H, Ar-H), 7.09 (t, J = 8 Hz, 1H, Ar-H), 7.17–7.22 (m, 2H, Ar-H), 7.30 (d, J = 8 Hz, 1H, Ar-

H), 7.38–7.43 (m, 2H, Ar-H) 13C-NMR (75.5 MHz, DMSO-d6) δ 22.25, 22.48, 23.52, 23.60, 

24.11, 24.40, 40.72, 41.09 (iBu), 70.45, 70.62, 71.05, 71.20, 72.53, 72.97, 75.44, 75.92 (OCH, 

OCH2), 113.23, 116.65, 119.15, 120.01, 124.31, 124.64, 126.30, 130.03, 130.19, 140.97, 

145.32, 154.67 (Ar-C), 158.79, 183.75 (C=O); MS: 526.3 (M+H)+; Anal Calcd for C30H39NO7: 

C 68.55; H 7.48; N 2.66; Found: C 68.27; H 7.45; N 2.39. 

5.3.5.2. (7S,15S)-7,15-Dimethyl-6,7,9,10,12,13,15,16-octahydro-22H-1,22-

ethanodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23,24-dion 

[(S,S)-67b] 

Yield: 216 mg (12 %), red crystals; Rf = 0.45 (EtOAc-toluene 1:1), mp 165–170 °C (from 

EtOAc); [α]D
25 = -44.5 (c = 0.12 in MeOH); IR (KBr) νmax 3078, 3054, 3029, 2966, 2931, 2910, 

2876, 2821, 1745, 1732, 1614, 1598, 1506, 1498, 1446, 1368, 1311, 1287, 1246, 1109, 1102, 
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1021, 1003, 942, 832, 778, 757, 726, 694, 626 cm-1; 1H-NMR (300 MHz, CDCl3) δ 0.82 (d, J 

= 6.2 Hz, 3H, CH3), 1.07 (d, J = 6.2 Hz, 3H, CH3), 3.12–3.24 (m, 1H, OCH2), 3.31–3.75 (m, 

10H, OCH2), 3.78–3.95 (m, 2H, OCH2), 4.20–4.29 (m, 1H, OCH2), 6,97–7.23 (m, 4H, Ar-H), 

7.26–7.42 (m, 3H, Ar-H); 13C-NMR (75.5 MHz, CDCl3) δ 17.20, 17.81 (CH3), 69.24, 69.58, 

71.81, 71.84, 73.56, 73.60, 74.69, 74.81 (OCH, OCH2), 113.26, 117.58, 118.94, 120.50, 123.93, 

124.31, 125.04, 129.03, 129.86, 140.46, 145.77, 155.07 (Ar-C), 158.37, 183.44 (C=O); MS: 

442.2 (M+H)+; Anal Calcd for C24H27NO7: C 65.29, H 6.16, N 3.17. Found: C 65.47, H 6.31, 

N 3.29. 

5.3.5.3. (7S,18S)-7,18-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

1,25-ethanodibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-26,27-dion 

[(S,S)-67c] 

Yield: 240 mg (14 %), red oil; Rf = 0.46 (EtOAc-toluene 1:1); [α]D
25 = -83.1 (c = 0.91 in 

CHCl3); IR (neat) νmax 3058, 3033, 3005, 2967, 2928, 2870, 1782, 1734, 1685, 1610, 1600, 

1498, 1446, 1363, 1280, 1267, 1241, 1109, 1027, 751, 694 cm-1; 1H-NMR (300 MHz, CDCl3) 

δ 0.75 (d, J = 6.2 Hz, 3H, CH3), 1.13 (d, J = 6.3 Hz, 3H, CH3), 3.12–3.19 (m, 1H, OCH2), 3.27–

3.68 (m, 14H, OCH2), 3.71–3.76 (m, 1H, OCH2), 3.85–4.02 (m, 1H, OCH2), 4.04–4.19 (m, 1H, 

OCH2), 6,95–7.18 (m, 4H, Ar-H), 7.24–7.38 (m, 3H, Ar-H); 13C-NMR (75.5 MHz, CDCl3) δ 

17.46, 17.72 (CH3), 69.18, 69.27, 70.62, 70.98, 71.05, 71.07, 71.11, 73.33, 74.23, 74.65 (OCH, 

OCH2), 112.42, 117.49, 118.83, 120.54, 123.80, 124.36, 124.81, 129.06, 129.89, 140.51, 

145.69, 154.70 (Ar-C), 158.39, 183.32 (C=O); MS: 486.2 (M+H)+; Anal Calcd for C26H31NO8: 

C 64.32, H 6.44, N 2.88. Found: C 64.58, H 6.61, N 3.01. 

5.3.5.4. (6R,19R)-6,19-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-25H-

1,25-ethanodibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-26,27-dion 

[(R,R)-67d] 

Yield: 320 mg (15 %), red oil; Rf = 0.18 (EtOAc-toluene 1:1); [α]D
25 = +10.05 (c = 1.10 in 

MeOH); IR (KBr) νmax  3073, 3031, 2970, 2930, 2871, 1735, 1613, 1601, 1504, 1448, 1367, 

1309, 1282, 1243, 1195, 1113, 1046, 1005, 756, 695, 626, 438 cm-1; 1H-NMR (300 MHz, 

MeOH-d4) δ 0.86 (d, J = 6.2 Hz, 3H, CH3), 1.21 (d, J = 6.2 Hz, 3H, CH3), 3.04–3.16 (m, 2H, 

OCH2), 3.37–3.61 (m, 12H, OCH2), 3.63–3.76 (m, 2H, OCH2), 4.37–4.50 (m, 1H, OCH2), 

4.52–4.65 (m, 1H, OCH2), 6,95-7.21 (m, 4H, Ar-H), 7,23-7.52 (m, 3H, Ar-H); 13C-NMR (75.5 

MHz, MeOH-d4) δ 16.94, 17.07 (CH3), 71.60, 71.64, 71.76, 71.88, 71.93, 71.98, 75.36, 75.60, 

75.90, 75.94 (OCH, OCH2), 115.24, 118.17, 120.80, 121.47, 125.79, 126.86, 127.59, 131.11, 
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131.22, 142.46, 146.38, 155.71 (Ar-C), 160.55, 184.74 (C=O); MS: 486.2 (M+H)+; Anal Calcd 

for C26H31NO8: C 64.32, H 6.44, N 2.88. Found: C 64.56, H 6.63, N 2.99. 

 General procedure for the synthesis of carboxylic acids (R,R)-68a, (S,S)-

68b, (S,S)-68c, (R,R)-68d and (R,R)-68e (Scheme 11) 

Isatin derivative (R,R)-67a (160 mg, 0.3 mmol) or (S,S)-67b (216 mg, 0.49 mmol) or (S,S)-

67c (110 mg, 0.23 mmol) or (R,R)-67d (52 mg, 0.108 mmol) or (R,R)-67e [45] (130 mg,  

0.3 mmol) was heated in 2 % aqueous tetramethylammonium hydroxide (16 ml for (R,R)-68a, 

(S,S)-68c and (S,S)-68e, 33 mL for (S,S)-68b, 8 ml for (R,R)-68d) for 4 h. The reaction mixture 

was cooled to rt, the pH was adjusted to 7 by 10 % aqueous hydrochloric acid, and the aqueous 

solution was extracted with CH2Cl2 (3 × 50 mL for (R,R)-68a and (R,R)-68e, 4 × 70 mL for 

(S,S)-68b, 4 × 20 mL for (S,S)-68c, 4 × 15 mL for (R,R)-68d). The combined organic phase 

was dried over MgSO4, filtered, and the solvent was evaporated. The crude product was purified 

by column chromatography on silica gel using MeOH-CH2Cl2 1:10 mixture as eluent (in the 

cases of (R,R)-68a and (R,R)-68e) or by PLC on silica gel using MeOH-CH2Cl2 1:6 mixture as 

eluent for (S,S)-68b or MeOH-CH2Cl2 1:10 mixture as eluent for (S,S)-68c and (R,R)-68d. 

5.3.6.1. (7R,17R)-7,17-Diisobutyl-6,9,12,15,18-pentaoxa-25-

azatetracyclo[21.3.1.05,26.019,24]heptacosa-1(26),2,4,19,21,23(27),24-heptaene-27 

carboxylic acid [(R,R)-68a] 

Yield: 53 mg (33 %) pale brown oil; Rf = 0.5 (MeOH-CH2Cl2 1:10); [α]D
25 = +58.0 (c = 0.86 

in CHCl3); IR (neat) νmax 3425 (br), 3066, 3030, 2923, 1738, 1614, 1514, 1455, 1403, 1379, 

1244, 1112, 949, 742, 672 cm-1; 1H-NMR (500 MHz, DMSO-d6) δ 0.91 (d, J = 6 Hz, 6H, CH3), 

1.00 (d, J = 6 Hz, 6H, CH3), 1.66–1.77 (m, 4H, CH2), 1.80–1.87 (m, 2H, CH), 3.57–4.08 (m, 

12H, OCH2), 5.07 (br s, 2H, CH), 7.16 (d, J = 8 Hz, 2H, Ar-H), 7.38 (t, J = 8 Hz, 2H, Ar-H), 

7.65 (d, J = 8 Hz, 2H, Ar-H) 13C-NMR (75.5 MHz, DMSO-d6) δ 22.20, 23.41, 24.47, 37.61 

(iBu), 69.06, 70.16, 70.83, 75.69 (OCH, OCH2), 109.84, 120.19, 122.32, 124.39, 140.64, 

151.77, 151.96 (Ar-C), 168.56 (Ar-COOH); MS: 526.3 (M-H)-; Anal Calcd for C30H39NO7: C 

68.55; H 7.48; N 2.66; Found: C 68.42; H 7.21; N 2.41. 

 

 

 



81 

 

5.3.6.2. (7S,15S)-7,15-Dimethyl-6,7,9,10,12,13,15,16-octahydro-1,21-

methanodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23-carboxylic 

acid [(S,S)-68b] 

Yield: 42 mg (20 %), yellow crystals; Rf = 0.28 (MeOH-CH2Cl2 1:6); mp 236–238 °C 

(decomposition); [α]D
25 = +30.7 (c = 0.42 in MeOH); IR (KBr) νmax 3441 (br), 2981, 2923, 

2879, 1603, 1570, 1472, 1425, 1385, 1327, 1276, 1198, 1157, 1127, 1085, 1020, 967, 752  

cm-1; 1H-NMR (300 MHz, MeOH-d4) δ 1.41 (d, J = 5.7 Hz, 6H, CH3), 3.58–3.83 (m, 8H, 

OCH2), 4.18–4.46 (m, 6H, OCH2), 7.09 (d, J = 7.5 Hz, 2H, Ar-H), 7.40 (t, J = 8.1 Hz, 2H, Ar-

H), 7.69 (d, J = 8.5 Hz, 2H, Ar-H); 13C-NMR (75.5 MHz, MeOH-d4) δ 14.47 (CH3), 64.18, 

69.49, 70.24, 72.02 (OCH, OCH2), 107.94, 118.96, 122.34, 125.41, 140.02, 147.93, 152.60 (Ar-

C), 173.04 (Ar-COOH); MS: 442.1 (M+H)+; Anal Calcd for C24H27NO7: C 65.29, H 6.16, N 

3.17. Found: C 65.45, H 6.19, N 3.20. 

5.3.6.3. (7S,18S)-7,18-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-1,24-

methanodibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-26-carboxylic 

acid [(S,S)-68c] 

Yield: 45 mg (41 %) yellow crystals; Rf = 0.7 (MeOH-CH2Cl2 1:4); mp 200–203 °C (from 

MeOH); [α]D
25 = +30.1 (c = 1.07 in MeOH); IR (KBr) νmax 3425 (br), 2980, 2919, 2877, 1620, 

1601, 1570, 1472, 1424, 1388, 1326, 1275, 1197, 1156, 1083, 966, 755 cm-1; 1H-NMR (300 

MHz, MeOH-d4) δ 1.40 (d, J = 4.5 Hz, 6H, CH3), 3.40–3.74 (m, 10H, OCH2), 3.77–3.88 (m, 

2H, OCH2), 4.31–4.46 (m, 6H, OCH2), 7.15 (br s, 2H, Ar-H), 7.42 (t, J = 6.3 Hz, 2H, Ar-H), 

7.74 (d, J = 8.3 Hz, 2H, Ar-H); 13C-NMR (75.5 MHz, MeOH-d4) δ 16.33 (CH3), 66.75, 70.61, 

71.18, 72.15, 74.15 (OCH, OCH2), 110.08, 120.50, 123.81, 127.03, 141.46, 149.48, 154.21 (Ar-

C), 174.42 (Ar-COOH); MS: 486.2 (M+H)+; Anal Calcd for C26H31NO8: C 64.32, H 6.44, N 

2.88. Found: C 64.51, H 6.61, N 2.92. 

5.3.6.4. (6R,19R)-6,19-Dimethyl-6,7,9,10,12,13,15,16,18,19-decahydro-1,24-

methanodibenzo[q,t][1,4,7,10,13,16,19]hexaoxazacycloheneicosin-26-carboxylic 

acid [(R,R)-68d] 

Yield: 30 mg (58 %) yellow crystals; Rf = 0.71 (MeOH-CH2Cl2 1:4); mp 255 °C 

(decomposition); [α]D
25 = -21.03 (c = 1.07 in MeOH); IR (KBr) νmax 3441 (br), 2973, 2919, 

2873, 1617, 1603, 1567, 1471, 1423, 1386, 1323, 1275, 1196, 1153, 1083, 958, 753, 463 cm-1; 

1H-NMR (300 MHz, MeOH-d4) δ 1.56 (d, J = 6.1 Hz, 6H, CH3), 3.65–3.80 (m, 10H, OCH2), 

3.82–3.85 (m, 2H, OCH2), 3.87–3.96 (m, 2H, OCH2), 4.05–4.17 (m, 2H, OCH2), 4.96–5.07 (m, 
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2H, OCH2), 7.18 (d, J = 7.4 Hz, 2H, Ar-H), 7.45 (t, J = 8.1 Hz, 2H, Ar-H), 7.79 (d, J = 8.6 Hz, 

2H, Ar-H); 13C-NMR (75.5 MHz, MeOH-d4) δ 16.02 (CH3), 70.81, 71.16, 71.82, 74.02, 74.83 

(OCH, OCH2), 111.92, 120.88, 124.12, 126.88, 142.25, 149.97, 152.95 (Ar-C), 174.53 (Ar-

COOH); MS: 486.2 (M+H)+; Anal Calcd for C26H31NO8: C 64.32, H 6.44, N 2.88. Found: C 

64.54, H 6.67, N 2.94. 

5.3.6.5. (7R,17R)-7,17-Dimethyl-6,9,12,15,18-pentaoxa-25-

azatetracyclo[21.3.1.05,26.019,24]heptacosa-1(26),2,4,19,21,23(27),24-heptaene-27 

carboxylic acid [(R,R)-67e] 

Yield: 65 mg (50 %) pale brown oil; Rf = 0.3 (MeOH-CH2Cl2 1:10); [α]D
25 = +78.0 (c = 1.02 

in CHCl3); IR (neat) νmax 3364 (br), 2954, 2868, 1601, 1509, 1489, 1466, 1367, 1238, 1116, 

949, 743, 670 cm-1; 1H-NMR (DMSO-d6, 300 MHz) δ 1.43 (d, J = 6 Hz, 6H, CH3), 3.57–4.02 

(m, 12H, OCH2), 5.02 (br s, 2H, CH), 7.20 (d, J = 8 Hz, 2H, Ar-H), 7.38 (t, J = 8 Hz, 2H, Ar-

H), 7.66 (d, J = 8 Hz, 2H, Ar-H) 13C-NMR (DMSO-d6, 75.5 MHz) δ 14.84 (CH3), 68.91, 69.98, 

72.76, 72.81 (OCH, OCH2), 109.15, 120.00, 122.28, 124.38, 140.41, 151.39, 152.14 (Ar-C), 

168.58 (Ar-COOH); MS: 440.1 (M–H)–; Anal Calcd for C24H27NO7: C 65.29; H 6.16; N 3.17; 

Found: C 65.05; H 6.05; N 2.93. 

 General procedure for the preparation of (R,R)-CSP-52a and (R,R)-CSP-

52b (Scheme 12) 

To a solution of crown ether (R,R)-68a (50 mg, 0.1 mmol) or (R,R)-68e (100 mg, 0.22 mmol) 

in CH2Cl2 (8 mL) under Ar at rt was added DCC (1.1 equiv), and the mixture was stirred for 10 

min. Then a solution of TSPA (1 equiv) and CH2Cl2 (5 ml) was added, and the suspension was 

stirred for 36 h. The precipitate was filtered and washed with CH2Cl2 (2 × 5 mL). The filtrate 

and washings were combined, dried over MgSO4 and evaporated. The crude products [(R,R)-

69a, (R,R)-69b] were used for the preparation of (R,R)-CSP-52a and (R,R)-CSP-52b without 

purification. A mixture of crude product (R,R)-69a (100 mg) or (R,R)-69b (150 mg) and HPLC 

quality spherical silica gel (Superspher® Si 60, Cat. No. 119609, Merck; mean particle size: 4 

µm) (1.21 g and 1.62 g) in toluene (30 mL) was heated with mechanical stirring under Ar at 

reflux temperature for 20 h. After cooling the mixture to rt the modified silica gel [(R,R)-CSP-

52a or (R,R)-CSP-52b] was collected by filtration, washed successively with EtOH-toluene 1:1 

mixture (3 × 15 mL), EtOH (15 mL), MeOH-CH2Cl2 1:1 mixture (2 × 15 mL), CH2Cl2 (3 × 15 

mL) and dried at 80 °C for 16 h. A sample of blank silica gel was dried in the same way and it 

gave a combustion analysis of C, 0.54; H, 1.36; N, 0.00. The combustion analysis of (R,R)-
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CSP-52a gave C, 4.67; H, 2.08; N, 0.34. This result shows that each gram of (R,R)-CSP-52a 

contained 0.104 mmol (by C %) and 0.106 mmol (by N %) of chiral crown ether. The 

combustion analysis of (R,R)-CSP-52b gave C, 4.19; H, 1.57; N, 0.57. This result shows that 

each gram of (R,R)-CSP-52b contained 0.113 mmol (by C %) and 0.117 mmol (by N %) of 

chiral crown ether. 

 Procedure for the preparation of (R,R)-CSP-52c (Scheme 13) 

A mixture of the acridino-crown ether derivative (R,R)-68e containing a carboxyl group  

(80 mg, 0.18 mmol), DCC (1.1 equiv) and TSPA (1 equiv) was dissolved in pure CH2Cl2. The 

concentration of the solution of the crown ether was 4 mg/mL. The solution was circulated 

through a blank HPLC column (SP-70) (flow rate: 0.1 mL/min) for 5 h at 60 °C, 20 bar, then 

for 2 h at 100 °C, 20 bar by using a Syrris Asia Flow Chemistry System. The bounding process 

was monitored by a DAD detector of the HPLC system. The detector showed that the reaction 

finished after 7 h. Before the separation studies the new CSP was flushed with isopropyl alcohol 

at 40 °C (flow rate: 0.3 mL/min). After the HPLC studies the column containing (R,R)-CSP-

52c was disassembled. The silica gel containing the bound crown ether was dried in a vacuum 

oven at 80 °C for 16 h. A sample of blank silica gel was dried in the same way and it gave a 

combustion analysis of C, 0.39; H, 2.01; N, 0.00. The combustion analysis of (R,R)-CSP-52c 

gave C, 2.92; H, 2.14; N, 0.22. This result shows that each gram of (R,R)-CSP-52c contained 

0.078 mmol (by C %) and 0.079 mmol (by N %) of chiral crown ether. 

 Procedure for the preparation of (S,S)-CSP-52d (Scheme 14) 

Crown ether (S,S)-68b (85 mg, 0.19 mmol), SOCl2 (5 mL) and a catalytic amount of DMF 

were refluxed under Ar for 2h. The solution was cooled down to rt, the volatile compounds 

were evaporated, toluene was added (2 × 20 mL), then evaporated from the mixture. The crude 

product (100 mg) was dissolved in CH2Cl2 (10 mL) under Ar at rt and a solution of TSPA (1 

equiv) and CH2Cl2 (5 ml) were added to it, and the mixture was stirred for 10 min. The 

precipitate was filtered and washed with CH2Cl2 (2 × 8 mL). The filtrate and washings were 

combined, dried over MgSO4, and evaporated. The crude product [(S,S)-71] was used for the 

preparation of (S,S)-CSP-52d without purification. A mixture of crude product (S,S)-71 (130 

mg) and HPLC quality spherical silica gel (Superspher® Si 60, Cat. No. 119609, Merck; mean 

particle size: 4 µm, 1.50 g) in toluene (30 mL) was heated with mechanical stirring under Ar at 

reflux temperature for 24 h. After cooling the mixture to rt the modified silica gel [(S,S)-CSP-

52d] was collected by filtration, washed successively with EtOH-toluene 1:1 mixture (3 × 15 
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mL), EtOH (15 mL), MeOH-CH2Cl2 1:1 mixture (2 × 15 mL), CH2Cl2 (3 × 15 mL), and dried 

at 80 °C for 16 h. A sample of blank silica gel was dried in the same way and it gave a 

combustion analysis of C, 0.27; H, 1.30; N, 0.00. The combustion analysis of (S,S)-CSP-52d 

gave C, 3.90; H, 1.93; N, 0.32. This result shows that each gram of (S,S)-CSP-52d contained 

0.112 mmol (by C %) and 0.114 mmol (by N %) of chiral crown ether. 

 N-(2-methoxy-3,5-dimethylphenyl)formamide (74) (Scheme 15) 

To a solution of 2-methoxy-3,5-dimethylaniline (73 [190], 5.01 g, 33.13 mmol) in 

diisopropyl ether (25 mL) was added formic acid (4 mL, 4.88 g, 106 mmol). The reaction 

mixture was stirred at reflux temperature for 3 h, meanwhile the forming water was removed 

by continuous azeotropic distillation. After cooling the reaction mixture to rt the solvent was 

removed under reduced pressure (1 mmHg). The crude product was dried and recrystallized 

from diisopropyl ether to give pure 74 (5.84 g, 98 %) as white crystals. Rf = 0.4 (1:1 EtOAc-

toluene); mp 59–62 °C; IR (KBr): IR (neat) νmax  3528, 3068, 2991, 2967, 2936, 2892, 2859, 

1691, 1665, 1596, 1542, 1465, 1395, 1225, 1195, 1134, 1000, 852, 804, 767, 722, 595, 496 cm-

1; 1H-NMR (500 MHz, DMSO-d6) δ = 2.19 (s, 3H, CH3), 2.20 (s, 3H, CH3), 3.63 (s, 3H, OCH3), 

6.72 (s, 1H, Ar-H), 7.88 (s, 1H, Ar-H), 8.31 (s, 1H, CHO), 9.66 (s, 1H, NH); 13C-NMR (125 

MHz, DMSO-d6) δ = 15.5, 20.6 (CH3), 60.0 (OCH3), 119.42, 126.4, 129.9, 130.6, 132.7, 145.62 

(Ar-C) 160.0 (CHO); MS: 180.1 (M+H)+; Anal Calcd for C10H13NO2: C 67.02; H 7.31; N 7.82; 

Found: C 66.97; H 7.23; N 7.78. 

 N,N-bis(2-methoxy-3,5-dimethylphenyl)formamide (76) (Scheme 15) 

A mixture of N-(2-methoxy-3,5-dimethylphenyl)formamide (74) (500 mg, 2.79 mmol), 1-

bromo-2-methoxy-3,5-dimethylbenzene (75 [191], 608 mg, 2.79 mmol), finely powdered 

anhydrous K2CO3 (424 mg, 3.07 mmol), Cu2O (39.9 mg, 0.28 mmol) and finely powdered 

copper (17.7 mg, 0.28 mmol) was suspended in Dowtherm® (40 mL) with vigorous stirring at 

rt under Ar. The temperature of the reaction mixture was raised to 220 °C and the resulting 

mixture was stirred at this temperature for 12 h. The brown reaction mixture was cooled to rt, 

the insoluble materials were filtered off and washed with EtOAc (3 × 50 mL). Filtrate and 

washings were combined and all the volatile materials were removed. The residue was 

dissolved in EtOAc (100 mL) and this solution was shaken successively with water (100 mL) 

and saturated brine (50 mL). The organic phase was dried over MgSO4, filtered, heated with 

charcoal for 10 min, filtered again, and the solvent was removed. The crude product was 

purified by column chromatography on silica gel using iPrOH-hexane 1:20 mixture as an eluent 
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to give 76 (610 mg, 70 %) as brown crystals. Rf = 0.3 (iPrOH-hexane 1:20); mp 53–55 °C; IR 

(KBr) νmax 2924, 2860, 2827, 1690, 1585, 1485, 1460, 1392, 1378, 1227, 1139, 1097, 1006, 

852, 807, 584 cm-1; 1H-NMR (500 MHz, CDCl3) δ = 2.26 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.31 

(s, 3H, CH3), 2.32 (s, 3H, CH3) 3.66 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 6.80 (s, 1H, Ar-H), 

6.93 (s, 1H, Ar-H), 6.97 (s, 1H, Ar-H), 7.00 (s, 1H, Ar-H), 8.64 (s, 1H, CHO); 13C-NMR (75.5 

MHz, CDCl3) δ = 16.6, 20.9 (CH3), 60.4, 60.5 (OCH3), 125.2, 127.7, 130.8, 132.1, 132.4, 132.6, 

132.6, 133.8, 134.1, 134.8, 150.6, 152.4 (Ar-C), 163.9 (CHO); MS: 314.2 (M+H)+; Anal Calcd 

for C19H23NO3: C 72.82; H 7.40; N 4.47; Found: C 72.73; H 7.36; N 4.45. 

 N,N-bis(2-hidroxy-3,5-dimethylphenyl)formamide (72) (Scheme 15) 

To a vigorously stirred suspension of anhydrous AlCl3 (850 mg, 6.38 mmol) in dry and pure 

chlorobenzene (10 mL) was added N,N-bis(2-methoxy-3,5-dimethylphenyl)formamide (76) 

(500 mg, 1.59 mmol) at rt under Ar. The temperature of the reaction mixture was raised to 70 

°C and kept at this temperature for 4 h. The reaction mixture was cooled down to rt and it was 

poured into a vigorously stirred mixture of 37 % aqueous HCl (5 mL) and ice-water (200 mL). 

The aqueous solution was extracted with EtOAc (3 × 50 mL). The combined organic phase was 

dried over MgSO4, filtered, and the solvent was removed. The crude product was triturated with 

hexane to give pure 72 (280 mg, 62 %). Rf = 0.2 (iPrOH-hexane 1:20); mp 182–184 °C; IR 

(KBr) νmax 3591, 3312, 2921, 2859, 1694, 1661, 1593, 1491, 1469, 1384, 1356, 1239, 1164, 

869, 806, 776, 754, 628, 567 cm-1; 1H-NMR (500 MHz, CDCl3) δ = 2.19 (s, 3H, CH3), 2.21 (s, 

3H, CH3), 2.29 (s, 3H, CH3), 2.30 (s, 3H, CH3), 6.60 (s, 1H, OH), 6.71 (s, 1H, Ar-H), 6.76 (s, 

1H, OH), 6.91 (s, 1H, Ar-H), 6.98 (s, 2H, Ar-H), 8.35 (s, 1H, CHO) ppm; 13C-NMR (125 MHz, 

CDCl3) δ = 16.2, 16.3, 20.6, 20.7 (CH3), 124.7, 126.7, 126.8, 127.2, 127.7, 128.7, 129.9, 131.6, 

131.8, 132.6, 146.5, 148.9 (Ar-C), 164.3 (CHO); MS: 286.2 (M+H)+; Anal Calcd for 

C17H19NO3: C 71.56; H 6.71; N 4.91; Found: C 71.33; H 6.69; N 4.88. 

 2,4,18,20-Tetramethyl-6,7,9,10,12,13,15,16-octahydro-22H-

dibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-22-carbaldehyde 

(78) (Scheme 16) 

A mixture of N,N-bis(2-hidroxy-3,5-dimethylphenyl)formamide (72, 1 g, 3.5 mmol), 

tetraethylene glycol ditosylate [193] (77, 1.94 g, 3.86 mmol) and K2CO3 (4.06 g, 29.5 mmol) 

in acetonitrile (70 mL) was vigorously stirred under Ar at 50 °C for 1 day. The reaction mixture 

was cooled to rt and the solvent was removed. The residue was taken up in water (200 mL) and 

CH2Cl2 (200 mL). The phases were shaken well and separated. The aqueous phase was 
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extracted with CH2Cl2 (4 × 50 c mL). The combined organic phase was shaken with saturated 

brine (100 mL), dried over MgSO4, filtered, and the solvent was evaporated. The crude product 

was purified by column chromatography on silica gel using EtOAc-toluene 1:2 mixture as an 

eluent to give 78 (1.02 g, 65 %) as grey crystals. Rf = 0.3 (EtOAc-toluene 1:1);  

mp 100–105 °C; IR (neat) νmax 2981, 2957, 2926, 2882, 1678, 1486, 1466, 1356, 1323, 1230, 

1211, 1132, 1112, 1042, 920, 897, 859, 840, 779, 612, 495 cm-1; 1H-NMR (300 MHz, CDCl3) 

δ = 2.22 (s, 3H, CH3), 2.26 (s, 3H, CH3), 2.30 (s, 3H, CH3), 2.32 (s, 3H, CH3), 3.58–3.76 (m, 

10H, OCH2), 3.80–3.95 (m, 4H, OCH2) 4.02–4.10 (m, 2H, OCH2), 6.65 (s, 1H, Ar-H), 6.82 (s, 

1H, Ar-H), 6.89 (s, 1H, Ar-H), 6.96 (s, 1H, Ar-H), 8.69 (s, 1H, CHO); 13C-NMR (75.5 MHz, 

CDCl3) δ = 16.9, 17.2, 20.8 (CH3), 70.3, 70.6, 70.8, 70.9, 71.1, 71.1, 71.5, 72.0 (OCH, OCH2), 

124.7, 127.6, 130.6, 132.1, 132.3, 132.4, 133.0, 133.4, 133.6, 135.0, 149.4, 151.3 (Ar-C), 163.9 

(CHO); MS 444.3 (M+H)+; Anal Calcd for C25H33NO6: C 67.70; H 7.50; N 3.16; Found:  

C 67.56; H 7.38; N 3.07. 

 2,4,18,20-Tetramethyl-6,7,9,10,12,13,15,16-octahydro-22H-

dibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine (79) (Scheme 16) 

To a solution of N-formyl-crown ether 78 (1 g, 2.25 mmol) in MeOH (40 mL) was added  

30 % aqueous hydrochloric acid (3.0 mL, 28 mmol) and the resulting reaction mixture was 

stirred at 50 °C for 24 h. The reaction mixture was cooled to rt and water (20 mL) was added. 

The pH was adjusted to 7 by 10 % aqueous potassium hydroxide solution. The aqueous solution 

was extracted with EtOAc (1 × 100 mL, then 2 × 50 mL). The combined organic phase was 

shaken with water (30 mL), dried over MgSO4, filtered, and the solvent was removed. The 

crude product was purified by column chromatography on silica gel using EtOAc-toluene 1:2 

mixture as an eluent to give 79 (863 mg, 92 %) as pale brown crystals. Rf = 0.7 (EtOAc-toluene 

1:1); mp 81–83 °C; IR (KBr) νmax 3360, 3081, 3033, 3010, 2961, 2921, 2865, 1586, 1522, 1489, 

1461, 1362, 1347, 1220, 1151, 1125, 1101, 1062, 1047, 929, 904, 831, 810, 711, 672, 641, 562 

cm-1; 1H-NMR (500 MHz, CDCl3) δ = 2.28 (s, 6H, CH3), 2.32 (s, 6H, CH3), 3.77–3.82 (m, 8H, 

OCH2), 3.94–4.00 (m, 8H, OCH2), 6,58 (s, 2H, Ar-H), 7,11 (s, 2H, Ar-H), 7.30 (s, 1H, NH); 

13C-NMR (75.5 MHz, CDCl3) δ = 16.3, 21.5 (CH3), 70.7, 70.8, 71.4, 72.0 (OCH, OCH2), 115.4, 

123.3, 131.4, 133.6, 136.2, 145.0 (Ar-C); MS: 416.3 (M+H)+; Anal Calcd for C24H33NO5: C 

69.37; H 8.01; N 3.37; Found: C 69.19; H 7.91; N 3.32. 
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 2,4,18,20-Tetramethyl-6,7,9,10,12,13,15,16-octahydro-22H-1,22-

ethanodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23,24-dion 

(81a) (Scheme 16) 

To a solution of crown ether 79 (300 mg, 0.722 mmol) in toluene (20 mL) was added oxalyl 

chloride (0.14 mL, 1.64 mmol) dropwise under Ar at rt. The reaction mixture was stirred at  

70 °C for 3 h. After cooling the reaction mixture to rt the solvent was removed to give acyl 

chloride 80. Crude 80 was dissolved in bromobenzene (25 mL), and iodine (30 mg) was added 

to this solution. Then it was stirred at reflux temperature for 8 h and the solvent was removed 

under reduced pressure (1 mmHg). The crude product was purified by column chromatography 

on silica gel using EtOAc-toluene 1:2 mixture as an eluent to give 81a  

(210 mg, 62 %) as red crystals. Rf = 0.4 (EtOAc-toluene 1:1); mp 166–169 °C; IR (KBr) νmax 

3095, 3030, 2965, 2916, 2864, 1749, 1728, 1615, 1594, 1491, 1466, 1146, 1360, 1261, 1219, 

1136, 1119, 1085, 1005, 926, 914, 855, 801 cm-1; 1H-NMR (500 MHz, CDCl3) δ = 2.28 (s, 3H, 

CH3), 2.29 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.55 (s, 3H, CH3), 2.97–3.05 (m, 1H, OCH2), 3.33–

3.44 (m, 3H, OCH2), 3.47–3.64 (m, 8H, OCH2), 3.74–3.81 (m, 2H, OCH2), 4.06–4.19 (m, 2H, 

OCH2), 6,73 (s, 1H, Ar-H), 6,83 (s, 1H, Ar-H), 7.07 (s, 1H, Ar-H); 13C-NMR (75.5 MHz, 

CDCl3) δ = 17.0, 17.9, 17.9, 20.8 (CH3), 68.9, 70.7, 71.0, 71.0, 71.1, 71.5, 72.0, 72.3 (OCH, 

OCH2), 116.6, 126.8, 128.6, 128.7, 132.4, 132.9, 133.4, 136.7, 140.7, 144.0, 145.9, 152.2 (Ar-

C), 159.5, 183.1 (C=O); MS: 470.2 (M+H)+; Anal Calcd for C26H31NO7: C 66.51; H 6.65;  

N 2.98; Found: C 66.41; H 6.52; N 2.81. 

 General procedure for the synthesis of carboxylic acids 82a and 82b 

(Scheme 16) 

Isatin derivative 81a (100 mg, 0.21 mmol) or 81b [45] (88 mg, 0.21 mmol) was heated in  

2 % aqueous tetramethylammonium hydroxide (20 mL) for 3 h. The reaction mixture was 

cooled to rt, the pH was adjusted to 7 by 10 % aqueous hydrochloric acid and the aqueous 

solution was extracted with CH2Cl2 (3 × 50 mL). The combined organic phase was dried over 

MgSO4, filtered, and the solvent was evaporated. The crude product was purified by column 

chromatography on silica gel using MeOH-CH2Cl2 1:10 mixture as an eluent. 
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5.3.16.1. 2,4,18,20-Tetramethyl-6,7,9,10,12,13,15,16-octahydro-22H-1,21-

methanodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23-carboxylic 

acid (82a) 

Yield: 52 mg (52 %) yellow crystals; Rf = 0.5 (MeOH-CH2Cl2 1:5); mp 218–220 °C 

(decomposition); IR (KBr) νmax 3426 (br), 3032, 2958, 2922, 2871, 2853, 1695, 1657, 1631, 

1620, 1614, 1492, 1468, 1462, 1382, 1323, 1249, 1192, 1123, 1054, 980, 910, 782, 572, 545 

cm-1; 1H-NMR (300 MHz, DMSO-d6) δ = 2.38 (s, 6H, CH3), 2.75 (s, 6H, CH3), 3.63–3.76 (m, 

8H, OCH2), 3.95–4.04 (m, 4H, OCH2), 4.26–4.34 (m, 4H, OCH2), 7.05 (s, 2H, Ar-H); 13C-

NMR (75.5 MHz, DMSO-d6) δ = 16.3, 21.4 (CH3), 69.9, 70.4, 70.7, 73.1 (OCH, OCH2), 120.7, 

128.4, 131.0, 131.0, 131.4, 143.2, 150.4 (Ar-C), 174.1 (Ar-COOH); MS: 470.2 (M+H)+; Anal 

Calcd for C26H31NO7: C 66.51; H 6.65; N 2.98; Found: C 66.43; H 6.54; N 2.85. 

5.3.16.2. 6,7,9,10,12,13,15,16-Octahydro-22H-1,21-methanodibenzo 

[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23-carboxylic acid (82b) 

Yield: 58 mg (65 %) yellow crystals; Rf = 0.5 (MeOH-CH2Cl2 1:5); mp 212–215 °C; IR (KBr) 

νmax 3447 (br), 2929, 2889, 1730, 1625, 1568, 1473, 1452, 1425, 1361, 1324, 1282, 1271, 1147, 

1115, 959, 941, 746, 721, 618, 520 cm-1; 1H-NMR (300 MHz, DMSO-d6) δ = 3.71–3.78 (m, 

4H, OCH2), 3.83–3.90 (m, 4H, OCH2), 4.06–4.13 (m, 4H, OCH2), 4.51–4.58 (m, 4H, OCH2), 

7.63 (d, J = 8 Hz, 2H, Ar-H), 7.77 (t, J = 8 Hz, 2H, Ar-H), 7.95 (d, J = 8 Hz, 2H, Ar-H); 13C-

NMR (75.5 MHz, DMSO-d6) δ = 68.8, 68.9, 69.6, 70.7 (OCH, OCH2), 108.2, 117.4, 122.5, 

122.5, 127.5, 140.2, 154.9 (Ar-C), 169.6 (Ar-COOH); MS: 414.2 (M+H)+; Anal Calcd for 

C22H23NO7: C 63.92; H 5.61; N 3.39; Found: C 63.73; H 5.50; N 3.29. 

 General procedure for the synthesis of acridono-crown ethers 53 and 

35a (Scheme 16) 

To a solution of carboxylic acid 82a (100 mg, 0.21 mmol) or 82b (88 mg, 0.21 mmol) in 

water (5 mL) was added concentrated sulfuric acid (5 mL) dropwise at rt. The reaction mixture 

was stirred at 50 °C for 96 h. The reaction mixture was cooled to rt, the pH was adjusted to 7 

by 10 % aqueous potassium hydroxide solution. The aqueous solution was extracted with 

CH2Cl2 (1 × 100 mL, then 2 × 50 mL). The combined organic phase was shaken with water (30 

mL), dried over MgSO4, filtered, and the solvent was removed. The crude product was purified 

by column chromatography on silica gel using EtOAc-toluene 1:2 mixture as an eluent to give 

53 or MeOH-CH2Cl2 1:10 mixture as an eluent to give 35a. 
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5.3.17.1. 2,4,18,20-Tetramethyl-6,7,9,10,12,13,15,16-octahydro-22H-1,21-

methanodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine-23-on (53) 

Yield: 19 mg (20 %) pale brown crystals; Rf = 0.75 (EtOAc-toluene 1:2); mp 162–164 °C; 

IR (KBr) νmax 3428, 3342, 3085, 3030, 3009, 2966, 2919, 2876, 1634, 1619, 1588, 1543, 1526, 

1450, 1381, 1355, 1246, 1212, 1133, 993, 932, 868, 811, 775, 736, 598, 585, 567 cm-1; 1H-

NMR (500 MHz, CDCl3) δ = 2.39 (s, 6H, CH3), 2.83 (s, 6H, CH3), 3.78–3.87 (m, 8H, OCH2), 

4.03–4.09 (m, 8H, OCH2), 6.72 (s, 2H, Ar-H), 9.06 (s, 1H, NH); 13C-NMR (125 MHz, CDCl3) 

δ = 16.4, 23.7 (CH3), 70.8, 71.1, 71.4, 73.0 (OCH, OCH2), 120.5, 126.2, 133.1, 135.4, 136.6, 

142.3, 182.3 (Ar-C); MS: 442.1 (M+H)+; Anal Calcd for C25H31NO6: C 68.01; H 7.08; N 3.17; 

Found: C 67.85; H 7.01; N 3.13. 

5.3.17.2. 2,5,8,11,14-Pentaoxa-26-azatetracyclo[13.9.3.0.19,270.21,25]heptacosa-

1(24),15,17,19(27),21(25),22-heptaene-20-one (35a) 

Yield: 29 mg (35 %); Rf = 0.35 (1:19 MeOH/ CH2Cl2); mp 184–185 °C [lit. mp 184–185 °C 

(EtOH)]. Other physical properties and spectral data were identical to those reported for ligand 

35a [33]. 

 9-Phenylacridine-4,5-diol (83) (Scheme 17) 

5.3.18.1. Procedure A 

To a vigorously stirred suspension of anhydrous AlCl3 (3.5 g, 26 mmol) in dry and pure 

chlorobenzene (40 mL) was added 4,5-dimethoxy-9-phenylacridine (84, 85 mg, 0.27 mmol) at 

rt under Ar. The temperature of the reaction mixture was raised to 70 °C and kept at this 

temperature for 3 h. The reaction mixture was cooled down to rt and it was poured into a 

vigorously stirred mixture of 37 % aqueous HCl (3 mL) and ice-water (100 mL). The aqueous 

solution was extracted with CH2Cl2 (3 × 50 mL). The combined organic phase was dried over 

MgSO4, filtered, and the solvent was removed. The crude product was purified by column 

chromatography on silica gel using MeOH-CH2Cl2 1:10 mixture as an eluent to give 83 (63 mg, 

81 %) as orange crystals. Rf = 0.3 (MeOH-CH2Cl2 1:10); mp 200–204 °C; IR (KBr) νmax 3389, 

3338, 3082, 3053, 3031, 2953, 2930, 2869, 1665, 1573, 1537, 1468, 1374, 1347, 1255, 1201, 

1093, 855, 830, 749, 702, 669, 496 cm-1; 1H-NMR (300 MHz, CDCl3) δ 7.22–7.27 (m, 2H, Ar-

H), 7.31–7.36 (m, 2H, Ar-H), 7.37–7.42 (m, 2H, Ar-H), 7.43–7.48 (m, 2H, Ar-H), 7.59–7.66 

(m, 3H, Ar-H); 13C-NMR (75 MHz, CDCl3) δ 110.16, 117.72, 126.13, 127.03, 128.50, 128.73, 

130.18, 135.60, 137.42, 137.44, 150.79 (Ar-C); HRMS: 288.10187 (M+H)+.  
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5.3.18.2. Procedure B 

4,5-Dimethoxy-9-phenylacridine 84 (220 mg, 0.7 mmol) and pyridinium chloride (4.8 g,  

41 mmol) was stirred at 180 °C for 2h. After the reaction was completed, the mixture was 

cooled down to rt and it was mixed with water (100 mL). The aqueous solution was extracted 

with CH2Cl2 (3 × 100 mL). The combined organic phase was dried over MgSO4, filtered and 

the solvent was removed. The crude product was purified by column chromatography on silica 

gel using MeOH-CH2Cl2 1:10 mixture as an eluent to give 83 (180 mg, 90 %), which had the 

same physical properties and spectroscopic data as the one prepared with the above described 

(A) procedure. 

 4,5-Dimethoxy-9-phenylacridine (84) (scheme 17) 

5.3.19.1. Procedure A 

A suspension of 9-chloro-4,5-dimethoxyacridine (85, 400 mg, 1,46 mmol), Pd(PPh3)4  

(15 mg, 0.013 mmol), dilithium tetrachloro cuprate (0.1 M in THF, 0.2 mL, 0.02 mmol) in dry 

and pure toluene (100 mL) and dry and pure THF (50 mL) was added dropwise to a stirred 

solution of phenylmagnesium bromide (3 M in THF, 3 mL, 9 mmol) at rt under Ar. The reaction 

mixture was stirred for 4 h, then the solvent was removed. The residue was taken up in EtOAc 

(150 mL) and water (150mL). The phases were shaken well and separated. The aqueous phase 

was extracted with EtOAc (3 × 100 mL). The combined organic phase was dried over MgSO4, 

filtered, and the solvent was evaporated. The crude product was purified by column 

chromatography on silica gel using EtOAc as an eluent to give 84 (47 mg, 10 %) as pale yellow 

crystals. Rf = 0.3 (EtOAc); mp 243–246 °C; IR (KBr) νmax 3081, 3057, 3027, 2959, 2927, 2892, 

2833, 1624, 1564, 1500, 1471, 1458, 1410, 1356, 1271, 1233, 1111, 1086, 1070, 977, 827, 748, 

740, 697, 663, 629, 513 cm-1; 1H-NMR (300 MHz, CDCl3) δ 4.13 (s, 6H, OCH3), 6.98 (d, J = 

8 Hz, 2H, Ar-H), 7.20 (d, J = 8 Hz, 2H, Ar-H), 7.27–7.36 (m, 2H, Ar-H), 7.40–7.47 (m, 2H, 

Ar-H), 7.52–7.62 (m, 3H, Ar-H); 13C-NMR (75 MHz, CDCl3) δ 56.08 (OCH3), 105.75, 118.26, 

126.04, 126.47, 128.28, 128.45, 130.49, 136.71, 140.82, 146.52, 155.66 (Ar-C); HRMS: 

316.13305 (M+H)+. 

 

5.3.19.2. Procedure B 

A modification of the above described (A) procedure gave a better yield. A solution of 85 

(750 mg, 2,74 mmol) in dry and pure toluene (200 mL) was added dropwise to a stirred 

suspension of phenylmagnesium bromide (3 M in THF, 5.5 mL, 16.5 mmol), Pd(PPh3)4  
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(30 mg, 0.025 mmol), dilithium tetrachloro cuprate (0.1 M in THF, 0.3 mL, 0.03 mmol) and 

dry and pure toluene (40 mL) at rt under Ar. The reaction mixture was stirred for 5 h at rt, then 

the solvent was removed. The residue was taken up in EtOAc (200 mL) and water (200 mL). 

The phases were shaken well and separated. The aqueous phase was extracted with EtOAc (3 

× 150 mL). The combined organic phase was dried over MgSO4, filtered and the solvent was 

evaporated. The crude product was purified by column chromatography on silica gel using 

EtOAc as an eluent to give 84 (260 mg, 30 %). This product (84) had the same physical 

properties and spectroscopic data as the one prepared by the above described (A) procedure. 

5.3.19.3. Procedure C 

The highest yield was achieved by using Pd(OAc)2 instead of Pd(PPh3)4. A solution of 85 

(750 mg, 2,74 mmol) in dry and pure toluene (200 mL) was added dropwise to a stirred 

suspension of phenylmagnesium bromide (3 M in THF, 5.5 mL, 16.5 mmol), Pd(OAc)2 (15 mg, 

0,066 mmol), dilithium tetrachloro cuprate (0.1 M in THF, 0.3 mL, 0.03 mmol) and pure and 

dry toluene (40 mL) at rt under Ar. The reaction mixture was stirred for 5 h at rt, then the solvent 

was removed. The residue was taken up in EtOAc (200 mL) and water (200mL). The phases 

were shaken well and separated. The aqueous phase was extracted with EtOAc (3 × 150 mL). 

The combined organic phase was dried over MgSO4, filtered and the solvent was evaporated. 

The crude product was purified by column chromatography on silica gel using EtOAc as an 

eluent to give 84 (400 mg, 46 %), which had the same physical properties and spectroscopic 

data as the one prepared by the above described (A) procedure. 

 9-Chloro-4,5-dimethoxyacridine (85) (Scheme 17) 

A mixture of 4,5-dimethoxy-9(10H)-acridinone [33] (86, 3 g, 11.8 mmol) and phosphoryl 

chloride (45 mL) was vigorously stirred under Ar at 80 °C for 3 hours. The reaction mixture 

was cooled to rt and the volatile components were removed. The residue was dissolved in 

CH2Cl2 (150 mL) and the cooled solution was treated with cold 25 % aqueous trimethylamine 

solution (100 mL). The phases were shaken well and separated. The aqueous phase was 

extracted with CH2Cl2 (3 × 150 mL). The combined organic phase was shaken with saturated 

brine (100 mL), dried over MgSO4, filtered and the solvent was evaporated. The crude product 

was triturated with hexane to give pure 85 (2.6 g, 81 %) as brown crystals. Rf = 0.8 (1,4-

dioxane); mp 220–225 °C (decomposition); IR (KBr) νmax 3438, 3343, 3084, 3067, 3036, 3004, 

2968, 2838, 1626, 1607, 1595, 1534, 1487, 1456, 1448, 1410, 1331, 1270, 1224, 1077, 971, 

810, 746, 575 cm-1; 1H-NMR (CDCl3, 300 MHz) δ 4.14 (s, 6H, OCH3), 7.06 (d, J = 8 Hz, 2H, 
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Ar-H), 7.58 (t, J = 8 Hz, 2H, Ar-H), 7.99 (d, J = 8 Hz, 2H, Ar-H); 13C-NMR (CDCl3, 75 MHz) 

δ 56.42 (OCH3), 106.84, 116.16, 125.86, 127.83, 140.67, 140.69, 155.66 (Ar-C); HRMS: 

274.06292 (M+H)+. 

 

 23-Phenyl-6,7,9,10,12,13,15,16-octahydro-1,21-

methenobenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine (54a)  

5.3.21.1. Starting from 9-phenylacridine-4,5-diol (83) (Scheme 18) 

A mixture of 9-phenylacridine-4,5-diol (83, 130 mg, 0.45 mmol), tetraethylene glycol 

ditosylate [193] (77, 250 mg, 0.5 mmol) and K2CO3 (520 mg, 3.76 mmol) in DMF (40 mL) was 

vigorously stirred under Ar at 50 °C for 48 h. The reaction mixture was cooled to rt and the 

solvent was removed. The residue was taken up in water (100 mL) and CH2Cl2 (100 mL). The 

phases were shaken well and separated. The aqueous phase was extracted with CH2Cl2 (4 × 50 

mL). The combined organic phase was shaken with saturated brine (50 mL), dried over MgSO4, 

filtered, and the solvent was evaporated. The crude product was purified by column 

chromatography on neutral aluminium oxide using EtOH-toluene 1:30 mixture as an eluent to 

give 54a (88 mg, 44 %) as yellow crystals. Rf = 0.3 (EtOH-toluene 1:30); mp 63–65 °C; IR 

(KBr) νmax 3073, 3042, 2931, 2870, 2856, 1623, 1565, 1472, 1449, 1413, 1355, 1347, 1275, 

1238, 1110, 936, 753, 741, 705 cm-1; 1H-NMR (300 MHz, CDCl3) δ 3.81–3.88 (m, 4H, OCH2), 

3.92–3.98 (m, 4H, OCH2), 4.19–4.28 (m, 4H, OCH2), 4.41–4.50 (m, 4H, OCH2), 7.01 (d, J = 8 

Hz, 2H, Ar-H), 7.21 (d, J = 8 Hz, 2H, Ar-H), 7.27–7.33 (m, 2H, Ar-H), 7.37–7.44 (m, 2H, Ar-

H), 7.53–7.62 (m, 3H, Ar-H); 13C-NMR (75 MHz, CDCl3) δ 68.82, 68.84, 70.46, 71.42 (OCH2), 

107.40, 118.84, 126.03, 126.10, 126.59, 128.44, 128.52, 130.45, 136.53, 140.48, 154.41 (Ar-

C); HRMS: 446.19595 (M+H)+. 

 

5.3.21.2. Starting from acridono-crown ether 35a (Scheme 19) 

To acridono-crown ether 35a [2,5,8,11,14-pentaoxa-26-azatetracyclo 

[13.9.3.0.19,270.21,25]heptacosa-1(24),15,17,19(27),21(25),22-heptaene-20-one] [33] (100 mg, 

0.26 mmol) was added phosphoryl chloride (2 mL) and the resulting mixture was stirred at 80 

°C under Ar for 2 h. The volatile components were removed and the residue was taken up in 

water (200 mL) and the pH was adjusted to 10 by a 25 % solution of trimethylamine. The 

resulting aqueous phase was extracted with CH2Cl2 (3 × 150 mL). The combined organic phase 

was dried over MgSO4, filtered and the solvent was evaporated. The crude product (88) was 
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used for the preparation of crown ether 54a without purification. A solution of crude 88  

(90 mg, 0.22 mmol) in dry and pure toluene (40 mL) was added dropwise to a stirred suspension 

of phenylmagnesium bromide (3 M in THF, 0.5 mL, 1.5 mmol), Pd(OAc)2 (2.5 mg,  

0,0111 mmol), dilithium tetrachloro cuprate (0.1 M in THF, 0.1 mL, 0.01 mmol) and dry and 

pure toluene (15 mL) at rt under Ar. The resulting mixture was stirred for 5 h, then it was cooled 

down to 0 °C. The solvent was removed and the residue was taken up in EtOAc (50 mL) and 

water (50 mL). The phases were shaken well and separated. The aqueous phase was extracted 

with EtOAc (3 × 40 mL). The combined organic phase was dried over MgSO4, filtered and the 

solvent was evaporated. The crude product was purified by column chromatography on neutral 

aluminium oxide using EtOH-toluene 1:30 mixture as an eluent to give 54a (11 mg, 11 %), 

which was identical in every aspect to that prepared by the previous (A) procedure. 

 (6R,16R)-6,16-Dimethyl-23-phenyl-6,7,9,10,12,13,15,16-octahydro-

1,21-methenodibenzo[n,q][1,4,7,10,13,16]pentaoxazacyclooctadecine 

[(R,R)-54b] (Scheme 18) 

A mixture of 9-phenylacridine-4,5-diol (83, 130 mg, 0.45 mmol), ditosylate (S,S)-87 [25] 

(265 mg, 0.5 mmol), and finely powdered anhydrous K2CO3 (520 mg, 3.76 mmol) was stirred 

in dry and pure DMF (40 mL) vigorously under Ar at rt for 10 min and then at 50 °C for six 

days. The solvent was removed and the residue was taken up in a mixture of water (70 mL) and 

CH2Cl2 (70 mL). The phases were shaken well and separated. The aqueous phase was extracted 

with CH2Cl2 (3 × 30 mL). The combined organic phase was shaken with water (60 mL), dried 

over MgSO4, filtered, and the solvent was removed. The crude product was purified by PLC on 

neutral aluminium oxide using EtOH-toluene 1:40 mixture as an eluent to give (R,R)-54b  

(41 mg, 19 %) as brown crystals. Rf = 0.5 (EtOH-toluene 1:20); mp 105–107 °C; [α]D
25 = –15.1 

(c = 0.27 in MeOH); IR (KBr) νmax 3075, 3052, 2923, 2875, 1624, 1564, 1467, 1411, 1377, 

1340, 1274, 1259, 1231, 1097, 999, 935, 867, 831, 802, 757, 743, 708, 663 cm-1; 1H-NMR (300 

MHz, CDCl3) δ 1.52 (d, J = 6 Hz, 6H, CH3), 3.62–3.70 (m, 2H, OCH2), 3.73–3.84 (m, 6H, 

OCH, OCH2), 3.92–4.17 (m, 6H, OCH2), 7.12 (d, J = 8 Hz, 2H, Ar-H), 7.18–7.34 (m, 4H, Ar-

H), 7.37–7.45 (m, 2H, Ar-H), 7.53–7.63 (m, 3H, Ar-H); 13C-NMR (75 MHz, CDCl3,) δ 16.36 

(CH3), 71.61, 71.62 74.93, 75.29 (OCH, OCH2), 112.21, 119.44, 125.87, 126.73, 128.27, 

128.48, 130.53, 136.93, 146.67, 153.99 (Ar-C); HRMS: 474.22722 (M+H)+. 

 

 

 



94 

 

 Procedure for the synthesis of 7-methoxy-1-(2-

methoxyphenyl)indoline-2,3-dione (93) (Scheme 20) 

To a solution of 2,2'-dimethoxydiphenylamine 91 [202] (1 g, 4.36 mmol) in toluene (80 mL) 

was added oxalyl chloride (0.6 mL, 7 mmol) dropwise under Ar at rt. The reaction mixture was 

stirred at 70 °C for 3 h. After cooling the reaction mixture to rt the solvent was removed to give 

acyl chloride 92. Crude acyl chloride was dissolved in bromobenzene (70 mL), and iodine  

(100 mg) was added to the latter solution. The reaction mixture was stirred at reflux temperature 

for 20 h, then the solvent was removed under reduced pressure (1 mmHg). The crude product 

was purified by column chromatography on silica gel using EtOAc-toluene 1:1 mixture as an 

eluent to give isatin 93. Yield: 185 mg (15 %), red crystals; Rf = 0.8 (EtOAc-toluene 1:1); mp 

177–180 °C; IR (KBr) νmax  3068, 3011, 2953, 2915, 2849, 1730, 1677, 1597, 1498, 1458, 1365, 

1264, 1239, 1022, 877, 754, 721, 692, 617, 597, 436 cm-1; 1H-NMR (300 MHz, CDCl3) δ 3.51 

(s, 3H, OCH3), 3.58 (s, 3H, OCH3), 6,91-7.15 (m, 4H, Ar-H), 7,27-7.43 (m, 3H, Ar-H); 13C-

NMR (75.5 MHz, CDCl3) δ 55.73, 56.55 (OCH3), 111.29, 117.63, 119.04, 120.34, 122.90, 

124.36, 124.54, 129.09, 129.94, 140.62, 146.51, 155.42 (Ar-C), 158.36, 183.44 (C=O); MS: 

284.1 (M+H)+; Anal Calcd for C16H13NO4: C 67.84, H 4.63, N 4.94. Found: C 68.01, H 4.88, 

N 4.85. 

 Procedure for the synthesis of 4,5-dimethoxyacridine-9-carboxylic 

acid 90 (Scheme 20) 

Isatin derivative 93 (600 mg, 2.11 mmol) was heated in 2 % aqueous tetramethylammonium 

hydroxide (80 ml) for 4 h. The reaction mixture was cooled to rt, the pH was adjusted to 7 by 

10 % aqueous hydrochloric acid and the aqueous solution was extracted with CH2Cl2 (4× 100 

mL). The combined organic phase was dried over MgSO4, filtered and the solvent was 

evaporated. The crude product was purified by PLC on silica gel using MeOH-CH2Cl2 1:2 

mixture as eluent to obtain 90. Yield: 125 mg (21 %) pale yellow crystals; Rf = 0.79 (MeOH-

CH2Cl2 1:1); mp >350 °C; IR (KBr) νmax 3425 (br), 3068, 3002, 2970, 2940, 2839, 1627, 1595, 

1499, 1462, 1390, 1326, 1271, 1210, 1159, 1086, 1019, 980, 744, 608, 513 cm-1; 1H-NMR (300 

MHz, D2O) δ 4.04 (s, 6H, OCH3), 7.17 (t, J = 4.3 Hz, 2H, Ar-H), 7.53 (d, J = 4.3 Hz, 4H, Ar-

H); 13C-NMR (75.5 MHz, D2O) δ 55.73 (OCH3), 107.75, 117.47, 121.98, 127.14, 129.48, 

140.12, 154.24, (Ar-C), 185.23 (Ar-COOH); MS: 284.1 (M+H)+; Anal Calcd for C16H13NO4: 

C 67.84, H 4.63, N 4.94. Found: C 67.58, H 4.95, N 5.03. 
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5.4. HPLC studies of the CSPs 

In all cases HPLC quality Silica Gel (Superspher® Si-60, 4 µm mean particle size, 6 nm 

mean pore size) and stainless steel HPLC columns (150×4mm geometry) were used. 

The packing of the HPLC columns [(R,R)-CSP-52a and (R,R)-CSP-52b] was performed in 

Chiroquest Chiral Technologies Development Ltd., Budapest, Hungary by Gábor Varga. 

Adsorbents (R,R)-CSP-52a and (R,R)-CSP-52b, were packed into 150×4 mm stainless steel 

empty HPLC columns using the slurry packing method. The packing was performed by using 

a Haskel-pump at 500 bar. In the case of the continuous recirculation method the blank HPLC 

columns (SP-70) (Superspher Si-60, 4 µm mean particle size, 6 nm mean pore size, 125×4 mm 

geometry) were obtained from Merck Ltd., Budapest, Hungary. The preparation of (R,R)-CSP-

52c was performed by using a Syrris Asia 130 Flow Chemistry System by Dr. György Túrós at 

Gedeon Richter Plc.. The packing of the HPLC column [(S,S)-CSP-52d] was performed in Bio-

Sol-Dex Ltd., Budapest, Hungary by Dr. Róbert Iványi. Adsorbent (S,S)-CSP-52d was packed 

into 150×4mm stainless steel empty HPLC column using the slurry packing method. The 

packing was performed by using a Haskel-pump at 500 bar. 

Chromatography was performed in all cases on a Hitachi (Tokyo, Japan) HPLC system, 

involving an L-2450UV-detector, an L-2130 pump, an L-2200 autosampler, and an L-2300 

column oven. Isocratic elution was applied with solvent systems described in Sections 4.4.2-

4.4.4. Concentrations of solutions (MeOH) of analytes ranged between 1-5 mg/ml depending 

on their absorbances. Enantiomerically pure amino compounds (1-NEA, 2-NEA, PEA, Br-

PEA, NO2-PEA, PGME and Kynurenine) were obtained from Sigma-Aldrich Corporation, 

Budapest, Hungary. 

5.5. Measurements and calculations of pKa values (Section 4.4.5) 

The pKa measurements were carried out by Gergő Dargó and Dr. György Tibor Balogh at 

the Compound Profiling Laboratory of Gedeon Richter Plc., the quantum mechanical pKa 

calculations were made by Dr. Balázs Krámos and Dr. Zoltán Béni at the Spectroscopic 

Research Group of Gedeon Richter Plc. 

 Quantum mechanical pKa calculations 

Quantum mechanical pKa calculations were carried out within the Schrödinger program suite 

using Jaguar version 9.1 [205,206]. The applied protocol consists of five main steps; (1) a 

conformational search using Macromodel [210] (MM force field: OPLS3, GB/SA continuum 

solvent model, solvent: water) to determine the lowest energy conformers of the protonated and 
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deprotonated states; (2) gas-phase geometry optimization of the lowest energy conformers for 

both states at the DFT level using B3LYP/6-31G* functional and basis sets [211,212]; (3) gas-

phase single point energy calculation at the B3LYP/(aug)-cc-pVTZ level where augmented 

basis sets are applied for protonation and deprotonation centers; (4) solvatation energy 

calculation of the protonated and deprotonated states using implicit solvent model 

(Poisson-Boltzmann model [213,214], water); (5) raw pKa calculation and empirical correction. 

The two apparent pKa values were estimated from the calculated four equilibrium constants 

(KA, KB, KC, KD in Figure 51) using the relationship described in the literature [215]. 

 

Figure 51. Equilibrium constants and equations used during the QM pKa calculations. 

 

 Spectrophotometric pKa determination in aqueous medium 

UV-pH titrations were performed using D-PAS technique attached to a Sirius-T3 Instrument 

(Sirius Analytical Ltd., Forest Row, UK) [216,217]. The pKa values were calculated by Sirius-

T3RefineTM software (Sirius Analytical Ltd., Forest Row, UK). Spectrophotometry can be 

applied for a pKa measurement provided that the compound has a chromophore in proximity to 

the ionisation center, and the absorbance changes sufficiently as a function of pH. All 

measurements were performed in solutions of 0.15 M KCl under nitrogen atmosphere, at t = 

25.0±0.5 °C. Sample concentrations of 20-40 µM were used for UV-pH titration. The 

absorbance values in the spectral region of 250–450 nm were used in the analysis. 

 Spectrophotometric pKa determination in cosolvent (MeOH)–water 

mixtures. 

The cosolvent dissociation constants (psKa values) of the compounds were determined in 

various MeOH–water mixtures between 40 and 72 w/w %. The same titration protocol was 

performed as described above. Each sample was measured in at least three different MeOH–

water ratios and the average values have been reported. 
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 Potentiometric determination of partition coefficients 

Generally, 0.5-2.5 ml of 0.5-10 mM solutions of (S,S)-68b were titrated under the same 

conditions as in pKa determinations but in the presence of various amounts of the partitioning 

solvent, water-saturated n-octanol. The phase ratio applied was varied from 0.5 ml water – 0.5 

ml n-octanol to 1.0 ml water – 2.0 ml n-octanol. From the n-octanol containing titrations the 

poKa (the apparent ionisation constant in the presence of n-octanol) and then logP values were 

estimated and refined by a weighted non-linear least-squares procedure, where the aqueous pKa 

values (taken from aqueous titrations) were used as unrefined contributions. Nine titrations at 

different phase volume ratios were performed, and the respective average logP values were 

calculated. The ion-pair partitioning of charged species was characterized, also from the 

titrations of different phase ratios. The relevant relationships between logP, pKa, and poKa, for 

mono- and multiprotic substances, including cases of ion-pair formation, have been described 

in detail earlier [218]. 

 

5.6. Structural characterization by X-ray diffraction 

  Study of the diastereomeric complexes of enantiopure dimethylacridino-

18-crown-6 ether (R,R)-19c and the enantiomers of 1-NEAH+ ClO4
-  

(Section 4.6) 

Crown ether (R,R)-19c [(7R,17R)-7,17-dimethyl-6,9,12,15,18-pentaoxa-25-azatetracyclo 

[21.3.1.05,26.019,24]heptacosa-1(26),2,4,19,21,23(27),24-heptaene] was prepared as described in 

the literature [22]. Perchlorate salts of (R)-1-NEA and (S)-1-NEA were prepared from the 

appropriate free amines according to the literature [15]. In the case of the heterochiral complex, 

crown ether (R,R)-19c (95 mg, 0.24 mmol) was added to the solution of (S)-1-NEAH+ ClO4
- 

(65 mg, 0.24 mmol) in EtOH (7.5 mL). The mixture was refluxed for 15 min and filtered hot. 

Suitable single crystals for X-ray crystallographic studies were obtained from the almost 

saturated solution, which was allowed to stand at room temperature in a glass ampoule. After 6 

days 40 mg (25 %) of bright brown plates were obtained. Mp 113–116 °C; [α]D
25 = −102.4 (c 

0.85, CH2Cl2); IR (KBr) νmax 3039, 2979, 2872, 2733, 2564, 2528, 1626, 1608, 1566, 1549, 

1523, 1464, 1365, 1316, 1274, 1254, 1189, 1121, 1093,  925, 877, 803, 782, 760, 737, 623 cm-

1; 1H-NMR (300 MHz, CDCl3,) δ 1.35–1.60 (broad m, 6H), 1.63 (d, J=5.4 Hz, 3H), 3.56–4.27 

(broad m, 12H), 4.95 (broad s, 3H), 6.70-7.51 (broad m, 13H), 8.18 (s, 1H), 8.89 (broad s, 3H) 

13C-NMR (75 MHz, CDCl3,) δ 14.58, 21.38, 45.25, 71.44, 71.50, 73.41, 73.45, 110.00, 120.53, 

120.57, 123.59, 125.07, 125.60, 126.18, 126.19, 126.30, 127.71, 128.58, 128.59, 129.11, 



98 

 

132.75, 133.53, 136.92, 139.59; Anal Calcd for: C35H41ClN2O9
.H2O C 59.87; H 6.03; Cl 5.05; 

N 3.99. Found: C 59.63; H 6.10; Cl 5.31; N 3.71.  

Suitable crystals of the homochiral complex were prepared in the same way as above starting 

from (R,R)-19c (80 mg, 0.20 mmol) and (R)-1-NEAH+ ClO4
- (55 mg, 0.20 mmol), using 8 mL 

of ethanol. In this case the solution was filtered while hot and it was stored at rt for 2 days and 

at 0 °C for a week. This way 21 mg (16 %) of bright brown plates were obtained. Mp 201–204 

°C; [α]D
25 = −61.9 (c 0.31, CH2Cl2); IR (KBr) νmax 3140, 3108, 3051, 2976, 2897, 2713, 2533, 

1627, 1562, 1514, 1477, 1459, 1365, 1318, 1268, 1248, 1186, 1123, 1098, 1086, 929, 806, 782, 

753, 740, 624 cm-1; 1H-NMR (CDCl3, 300 MHz) δ 1.37 (d, J=5Hz, 6H, CH3), 1.59 (d, J=7Hz, 

3H, CH3), 3.65–3.86 (m, 6H, OCH2), 3.91–4.17 (m, 6H, OCH2), 4.83 (br s, 2H, OCH), 5.07 (br 

s, 1H, CH), 6.87 (t, J=7.6 Hz, 1H), 6.94–7.07 (m, 3H), 7.13 (d, J=7 Hz, 1H), 7.22 (t, J=7.4 Hz, 

1H), 7.32-7.46 (m, 4H, Ar-H), 7.51 (d, J=8 Hz, 3H), 8.58 (s, 1H), 8.72 (broad s, 3H) 13C-NMR 

(CDCl3, 75 MHz) δ 14.87, 20.56, 45.45, 68.71, 71.05, 73.94, 74.42, 111.45, 121.07, 121.11, 

123.82, 124.59, 125.89, 126.39, 126.58, 128.03, 128.69, 129.09, 130.65, 133.09, 133.36, 

137.54, 140.40, 151.76; Anal Calcd for: C35H41ClN2O9 C 62.82; H 6.18; Cl 5.30; N 4.19. 

Found: C 62.63; H 5.93; Cl 5.60; N 3.94.  

Suitable crystals were selected from both diastereomeric complexes and the X-ray dataset 

has been collected at room temperature in the Biostruct Laboratory (Department of Applied 

Biotechnology and Food Sciences, Budapest University of Technology and Economics, 

Budapest, Hungary) on a Rigaku Oxford Diffraction SuperNova micro-focus sealed X-ray tube 

diffractometer [219] using a monochromatic Cu-Kα radiation (λ = 1.54184 Å). Reflections were 

recorded on an Eos CCD detector. Structure solution was performed using CrysAlisPro 

1.171.38.41 software [220], structure refinement was completed using full matrix least-squares 

by Olex2 v1.2 [221], and SHELXL-2014/7 [222] software packages successively. No 

absorption corrections were applied as a result of the low absorption of X-rays by the crystals. 

Non-hydrogen atoms were refined anisotropically, the C–H hydrogen atoms were included on 

calculated positions riding on their attached atoms. The crystal data and refinement parameters 

are presented in Table 16. The data CCDC 1477375 [(R,R)-19c–(S)-1-NEAH+ ClO4
- complex] 

and CCDC 1477378 [(R,R)-19c–(R)-1-NEAH+ ClO4
- complex]) can be found at 

www.ccdc.cam.ac.uk/conts/retrieving.html. 

 

 

 

 

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Table 16. Crystallographic data-collection and structure refinement statistics for the complexes 

 (R,R)-19c–(R)-1-NEA (R,R)-19c–(S)-1-NEA 35a-Pb(II) complex 

Space group P 21 21 21 P 21 21 21 P1 21/c 1 

Moiety formula C23 H27 N O5, C12 H14 N, Cl O3, O 
 

C23H27NO5, C12H14N, ClO4 C23H25.80NO5, C12H14N, ClO4, H2O C44H51Cl2N3O21Pb 

α/° 90 90 90 

β/° 90 90 107.2497(14) 

γ/° 90 90 90 

a 12.0142(4) 12.5170(3) 16.2879(2) 

b 13.3361(5) 15.5683(3) 18.2443(3) 

c 21.2878(7) 
 

17.5437(4) 16.9689(2) 

V/Å3 3410.8(2) 3418.71(13) 4815.70(12) 

Z 4 4 4 

Calculated density/g cm−3 1.303 1.333 1.705 

F(000) 1416.0 1451.2 2480.0 

θ range/° 9.442–70.896 9.4200 – 69.0850 2.84 – 70.31 

Limiting indices -14 ≤h ≤12 −14 ≤h ≤12 −19 ≤h ≤18 

−19 ≤k ≤18 −19 ≤k ≤18 0≤k ≤22 

−21 ≤l ≤21 −21 ≤l ≤21 0 ≤l ≤20 

Reflections collected/unique 6580/3689 6590/3687 9108 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Goodness of fit on F2 1.045 1.045 0.998697 

Final R indices [I > 2sigma(I)] 0.0659 0.0641 0.0599 

wR2 indices (all data) 0.1792 0.1829 0.1769 

Largest diff. peak and hole/eÅ−3 0.161; −0.200 0.161; −0.200  

    

 Study of the complex of 35a and lead(II) perchlorate (Section 4.8) 

Crown ether 35a [2,5,8,11,14-pentaoxa-26-azatetracyclo[13.9.3.0.19,270.21,21]heptacosa-

1(24),15,17,19(27),21(25),22-heptaene-20-one] was prepared according to the literature [33]. 

Crown ether 35a (50 mg, 0.13 mmol) was added to the solution of Pb(ClO4)2
.3H2O (60 mg, 

0.13 mmol) in acetonitrile (15 mL). The mixture was refluxed for 10 min and filtered hot. 

Suitable single crystals for X-ray crystallographic studies were obtained from the almost 

saturated solution which was allowed to stand at room temperature in a glass ampoule. Mp 269–

272 °C; IR (KBr) νmax 3265(broad), 3081, 3057, 3029, 2931, 2880, 1626, 1573, 1534, 1476, 

1456, 1365, 1277, 1240, 1121, 1094, 755, 623 cm-1; 1H-NMR (CD3NO2, 500 MHz) δ 3.73–

3.78 (m, 2H, OCH2), 3.82–3.87 (m, 2H, OCH2), 3.92–4.04 (m, 4H, OCH2), 4.06–4.13 (m, 2H, 

OCH2), 4,17–4.26 (m, 2H, OCH2), 4.28–4.35 (m, 2H, OCH2), 4.52–4.60 (m, 2H, OCH2), 6.88-

7.07 (m, 3H, Ar-H), 7.13-7.19 (m, 1H, Ar-H), 7.59-7.68 (m, 2H Ar-H), 10.75 (s, 1H, OH)  
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13C-NMR (CD3NO2, 125 MHz) δ 68.52, 69.62, 70.08, 70.32, 70.46, 71.09, 72.53, 72.66, 

113.26, 114.33, 117.29, 118.03, 121.88, 121.89, 124.79, 125.66, 131.23, 140.68, 148.25, 

152.72, 181.07; Anal Calcd for C44H51Cl2N3O21Pb: C 42.76; H 4.16; N 3.40. Found: C 42.55; 

H 4.28; N 3.24. A suitable crystal was selected and the X-ray dataset has been collected at room 

temperature on a single source micro-focus Cu X-ray sealed tube SuperNova diffractometer 

(Agilent Technologies) with monochromated Cu-Kα radiation (λ = 1.5418 Å) and Eos CCD 

detector. All calculations were performed as described in Section 5.6.1. At the final stage of 

the refinement, O atoms from the disordered perchlorate group were fixed at O–Cl = 1.405 Å 

(Table 16). The data (CCDC 1063800) can be obtained at 

www.ccdc.cam.ac.uk/conts/retrieving.html. 

5.7. Complexation studies by UV-vis and fluorescence spectroscopies (Sections 4.7 

and 4.9) 

UV-vis spectra were taken on a Multiskan Spectrum Microplate Spectrophotometer 

controlled by SkanIt Software for Multiscan version 2.1. Fluorescence spectra were recorded 

on a BMG Labtech CLARIOstar spectrophotometer. Perchlorate salts of the cations were used. 

All metal ion salts were of analytical grade and they were obtained from Sigma-Aldrich 

Corporation, Budapest, Hungary. Ammonium perchlorate and benzylammonium perchlorate 

salts were prepared by methods described in the literature [223]. Perchlorate salts of the 

enantiomers of PEA, 1-NEA, PGME and PAME were prepared by us as reported [15] 

previously. The concentrations of the solutions of sensors 35a and 53 were 100 µM for the UV-

vis titrations or 50 µM in the cases of 54a and (R,R)-54b. Regarding fluorescence spectroscopy; 

the concentrations of the solutions of the sensors were 10 µM in the case of ligand 54a or 20 

µM in the case of (R,R)-54b. For all measurements flat bottom Greiner 96 well plates were 

used. 

Spectrophotometric titrations were carried out according to the literature [42]. The 

calculation of the stability constant (Ks) values by the Benesi-Hildebrand method [207] is 

demonstrated by sensor 35a as an example. From the UV-vis titration the stoichiometry and Ks 

of the metal ion–ligand complexation can be determined. According to our measurements the 

Ks values ranged between 101 and 105 M−1. This led us to the adoption of the Benesi-Hildebrand 

method applicable for the determination of association constants of complexes with 1:1 

stoichiometry. For the Benesi-Hildebrand evaluation, first the absorbance spectrum (A0) of the 

solution containing only ligand 35a, and then the spectrum series (A) recorded in the present of 

http://www.ccdc.cam.ac.uk/conts/retrieving.html


101 

 

a considerable excess of lead(II) ions were taken. The absorbance signals corresponding to a 

given wavelength (315 nm) were transformed into A0/(A0−A) values. 

The A0/(A0−A) values were plotted against the reciprocal of lead(II) ion concentration 

followed by a linear regression analysis. If the intercept of the straight line is divided by the 

slope, the stability constant can be obtained (Figure 52). 

 

Figure 52. Benesi-Hildebrand plot for the determination of Ks. Data were taken at 315 nm. Equation obtained 

with linear regression analysis is Y = 2.10315×10−4X + 0.92397 (correlation coefficient: R2 = 0.9914) 

 

In the cases of sensor molecules 54a and (R,R)-54b the stability constants of the complexes 

were determined by global nonlinear regression analysis using the ReactLabTM Equilibria 

spectral analyses suite (Jplus Consulting, www.jplusconsulting.com). 

  



102 

 

6. SUMMARY 

The synthesis and characterization of new alkyl-substituted crown ethers (R,R)-68a, (S,S)-

68b, (S,S)-68c, (R,R)-68d and (R,R)-68e containing a 9-acridinecarboxylic acid subunit have 

been achieved. Using macrocycles (R,R)-68a, (S,S)-68b and (R,R)-68e the preparation of the 

new acridino-18-crown-6 ether-based CSPs [(R,R)-CSP-52a, (R,R)-CSP-52b and (S,S)-CSP-

52d] was accomplished by traditional batch process applying the slurry-packing technique 

(Figure 53) [175,176].  

 

Figure 53. 

Furthermore, a new and effective continuous recirculation method has been elaborated for 

the preparation of an acridino-18-crown-6 ether-based chiral stationary phase (R,R)-CSP-52c 

(Figure 53) [177]. We studied the enantiomeric separation abilities of the novel CSPs by HPLC. 

We demonstrated that chiral stationary phases (R,R)-CSP-52a, (R,R)-CSP-52b separated the 

mixtures of enantiomers of selected protonated primary aralkylamines efficiently. Both chiral 

stationary phases showed the best separation factors for the separation of the mixtures of 

enantiomers of NO2-PEAH+. We found that the bulkiness of the alkyl substituents at the chiral 

centers has an effect on the degree of enantiomeric recognition; diisobutyl-substituted (R,R)-

CSP-52a showed the highest selectivity for all analytes among all acridino-crown ether-based 

CSPs. 

In the case of (R,R)-CSP-52c, prepared by the flow method, the best results were achieved 

for the separation of the mixtures of enantiomers of Br-PEAH+. Highest resolution factors were 

achieved by this CSP among all acridino-crown ether-based CSPs. 
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Regarding (R,R)-CSP-52d homochiral preference was found for the studied analytes and the 

best separation was achieved for the enantiomers of 1-NEAH+. We concluded that the position 

of the chiral center is crucial for the degree of enantiomeric recognition; placing the methyl 

groups further away from the acridine moiety decreases the degree of enantioselectivity, by 

decreasing steric hindrance between the host and guest molecules.  

21-crown-7 ethers (S,S)-68c and (R,R)-68d are key intermediates for the synthesis of 

enantioselective sensor and selector molecules for protonated chiral primary amines, amino 

acids and their derivatives. These crown ether derivatives can easily be attached to silica gel 

with covalent bonds to produce new CSPs.  

During the preparation of the CSPs, the synthesis and characterization of seventeen new 

enantiopure 18-crown-6 and 21-crown-7 ether derivatives and of a new chiral pentaethylene 

glycol ditosylate derivative have been performed. The pKa values of the newly synthesized 

dimethyl-substituted acridino-crown ethers [(S,S)-68b, (S,S)-68c, (R,R)-68d and (R,R)-68e] and 

of their parent compound (89) have been measured by the UV-pH titration method and the 

neutral forms were identified as zwitterionic based on additional calculations and 

measurements. The most recent ones of the pKa calculation algorithms (ACD GALAS and 

Jaguar) suggest zwitterionic character for all of the investigated compounds, in good agreement 

with our measurements. We found that the zwitterionic and flexible systems still represent a 

challenge for the prediction of pKa [176].  

In order to study the non-covalent interactions affecting the enantiomeric recognition of 

sensors and selectors based on crown ethers we prepared suitable crystals for X-ray analysis 

from the dimethyl-substituted acridino-18-crown-6 ether (R,R)-19c combined with the 

enantiomers of 1-NEAH+ (Figure 53) [178]. The measurements revealed that the heterochiral 

complex (R,R)-19c–(S)-1-NEAH+ is more stable than the homochiral one (R,R)-19c– 

(R)-1-NEA H+. In the case of the heterochiral complex, the presence of a strong π–π interaction 

was found between the naphthyl unit and the acridine moiety, but in the case of the homochiral 

complex π–π interaction was not present. We suggest that the existence or absence of the π–π 

interaction and the difference in steric repulsions were responsible for the enantiomeric 

selectivity. These results may provide grounds for the interpretation of the chiral recognition 

phenomenon of acridino and related crown ethers. 

Additionally, the synthesis of the new acridono-18-crown-6 ether type sensor 53 (Figure 

53) has been carried out starting from commercially available and relatively cheap materials 

[179]. The cation recognition ability of ligand 53 and its reported analogue 35a toward various 

metal ions was studied in acetonitrile by UV-vis spectroscopy. Our studies revealed the 
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selective binding of lead(II) ions by acridono-18-crown-6 ligand 35a. Based on our calculations 

we suggest the formation of a complex with a 1:1 ligand to metal ion ratio. In order to 

comprehend better the forces behind the selective lead(II) ion complexation of 35a, suitable 

crystals for XRD measurements have been prepared [180]. The results show a π–π bonded 

heterodimer in the crystal. One part of the dimer changes to the 9-hydroxyacridine tautomeric 

form upon lead(II) complexation, in which the lead(II) ion is eight-coordinated and fits well 

into the cavity of the macrocycle. The other part of the dimer stays in the 9(10H)-acridone 

tautomeric form, which favors water complexation. The average bond distance of the two 

tricyclic units (3.5 Å) indicated a strong π–π interaction. The X-ray studies also revealed a 

cation–π interaction between lead(II) and the electron rich acridone moiety. 

Finally, we accomplished the synthesis of two new 9-phenylacridino-18-crown-6 ether type 

sensors 54a and (R,R)-54b (Figure 53) [181]. The cation recognition ability toward various 

ions of the achiral sensor 54a was studied in acetonitrile by UV-vis and fluorescence 

spectroscopies. Our studies revealed the binding of Ag+, Cd2+, Ni2+, Pb2+, Zn2+ and NH4
+ ions 

by this sensor molecule. The selectivity of the dimethyl-substituted (R,R)-54b was studied 

toward the enantiomers of the hydrogen perchlorate salts of primary amines (PEA, 1-NEA) and 

amino acid derivatives (PGME, PAME) using fluorescence spectroscopy. In the cases of PEA, 

1-NEA and PAME heterochiral preference, while in the case of PGME homochiral preference 

was observed and we suggested the formation of complexes with 1:1 ligand to guest ratio. 

 

  



105 

 

7. NOVEL SCIENTIFIC FINDINGS 

1. Three new chiral stationary phases based on dimethyl- or diisobutyl-substituted acridino-

crown ethers where the linking unit at position 9 of the acridine ring is attached through an 

amide group were prepared. We demonstrated that these CSPs separated the mixtures of 

enantiomers of primary aralkylamines efficiently. We proved that the bulkiness and the 

position of the alkyl groups at the chiral centers have significant effect on the degree of 

enantiomeric recognition. [175‒177]. 

2. We elaborated a new and effective continuous recirculation method for the preparation of a 

dimethyl-substituted acridino-18-crown-6 ether-based chiral stationary phase [177]. 

3. We synthesized four new enantiopure dimethyl-substituted acridino-18-crown-6 and 

acridino-21-crown-7 ether type macrocycles containing a carboxyl group at position 9 of the 

acridine ring and measured their pKa values by the UV-pH titration method. We identified 

the neutral forms of these acids as zwitterionic and demonstrated that flexible and 

zwitterionic systems still pose a challenge for pKa predictor algorithms [176]. 

4. We prepared suitable crystals for X-ray analysis from a dimethyl-substituted acridino-18-

crown-6 ether, the parent compound of the selectors of the CSPs, and the enantiomers of 

protonated 1-NEA. We found that the heterochiral complex is more stable than the 

homochiral one, due to the presence of an intermolecular π–π interaction between the 

naphthyl unit of protonated 1-NEA and the acridine moiety in the former complex and the 

absence of it in the latter [178].  

5. We prepared a reported acridono-18-crown-6 ether-based sensor via a new synthetic route 

and proved by UV-vis spectroscopy that it selectively binds lead(II) ions [179]. We studied 

this complex by X-ray diffraction and proved that the host shifts to the 9-hydroxyacridine 

tautomeric form upon lead(II) complexation. The presence of π–π and cation–π interactions 

was confirmed [180]. 

6. We worked out a new synthetic method for introduction of the phenyl group into the position 

9 of the acridine unit by a C-C coupling reaction starting from acridino-derivatives 

substituted with a chlorine atom [181]. 

7. Novel 9-phenylacridino-18-crown-6 ether type sensor molecules were prepared. Studying 

the complex formation properties of these sensors with organic and metal ions, as well as 

perchlorate salts of primary amines and α-amino acid esters, we observed fluorescence 

quenching. The enantiopure acridino-crown ether-based sensor showed heterochiral 

selectivity toward the enantiomers of protonated primary organic aralkylamines [181].  
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9. SUPPLEMENTARY MATERIAL 

Preparation of the diisobutyl- or dimethyl-substituted tetra- or pentaethylene glycol 

ditosylate key intermediates used in the macrocyclization reactions is described in Schemes 21 

and 22.  

Diisobutyl-substituted enantiopure tetraethylene glycol ditosylate (S,S)-61a [25] was 

prepared starting from L-leucine [(S)-94] (Scheme 21). The latter was treated with sodium 

nitrite in dilute sulfuric acid to give leucic acid (S)-95, which was transformed to methyl ester 

(S)-96a. It was treated with an excess of dihydropyran (DHP) in the presence of pyridinium p-

toluenesulfonate (PPTS) catalyst to obtain THP-derivative (S)-97a which was reduced to THP-

protected glycol (S)-98a. Two moles of the monosodium salt of alcohol (S)-98a were reacted 

with one mole of diethylene glycol ditosylate 99a followed by the removal of THP protecting 

groups to give tetraethylene glycol (S,S)-100a. Chiral ditosylate (S,S)-61a was prepared from 

this diol using TsCl in pyridine as both a base and a solvent [25]. 

Dimethyl-substituted enantiopure tetraethylene glycol ditosylate (S,S)-87 [25] and the 

unreported dimethyl substituted pentaethylene glycol ditosylate (S,S)-61d were prepared by an 

analogous reaction starting from (S)-ethyl lactate [(S)-96b] (Scheme 21). Introduction of the 

THP protecting group and subsequent reduction gave glycol (S)-98b. Two moles of the 

monosodium salt of alcohol (S)-98b were reacted with one mole of di- or triethylene glycol 

ditosylate (99a or 99b), followed by the removal of THP protecting groups to give tetraethylene 

glycol (S,S)-100b or pentaethylene glycol (S,S)-100c. Enantiopure tetraethylene glycol (S,S)-

100b or pentaethylene glycol (S,S)-100c was treated with tosyl chloride in pyridine to obtain 

the desired oligoethylene glycol ditosylate (S,S)-87 [25] or the unreported (S,S)-61d. 

 

Scheme 21. Preparation of secondary ditosylates (S,S)-61a (S,S)-87 and (S,S)-61d 



111 

 

Preparation of primary tetra- or pentaethylene glycol ditosylates (S,S)-61b [53] and (S,S)-

61c [59] was accomplished starting from THP-protected key intermediate (S)-98b. The sodium 

salt of alcohol (S)-98b was treated with benzyl chloride. On removal of the THP protecting 

group from the diblocked glycol in the same way as above, benzyl protected glycol (S)-101 was 

obtained. Two moles of the monosodium salt of alcohol (S)-101 were reacted with one mole of 

di- or triethylene glycol ditosylate (99a or 99b) followed by the removal of benzyl protecting 

groups to give tetraethylene glycol (S,S)-102a or pentaethylene glycol (S,S)-102b. Enantiopure 

tetraethylene glycol (S,S)-102a or pentaethylene glycol (S,S)-102b was treated with tosyl 

chloride in triethylamine to obtain the desired oligoethylene glycol ditosylate (S,S)-61b [53] or 

(S,S)-61c [59] (Scheme 22). 

 

Scheme 22. Preparation of primary ditosylates (S,S)-61b and (S,S)-61c 
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