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1. INTRODUCTION  

 

Development of sensor and selector molecules capable of selective recognition and 

separation of ionic and neutral species or the enantiomers of chiral molecules is of great 

importance for example in medical chemistry, environment protection, pharmaceutical, 

food, cosmetic and pesticide industries. Selective complexation properties of sensor 

and selector molecules are based on molecular recognition, in which case the host 

molecule selectively binds a certain type of guest molecule through noncovalent 

bonding. Molecular recognition is a generally occurring phenomenon in Nature. From 

the most known examples I would like to mention the double helix of DNA, the 

enzyme–substrate interaction and the antibody–antigen immune reaction. It was belived 

a few decades ago that molecular recognition was solely a biological phenomenon. 

However, recent successes of supramolecular chemisty have demonstrated that 

biological behaviour can be imitated using simple synthetic molecules. 

My PhD work was focused on the synthesis and complexation studies of sensor 

and selector molecules containing a phenothiazine unit. Our aim was the synthesis of 

crown ethers containing a phenothiazine unit in which the NH group of the 

phenothiazine is part of the macroring. These crown ethers are good candidates for the 

selective complexation of biologically important metal ions, thus they can be used as 

sensor molecules. Furthermore the properties of the nitrogen of phenothiazine can not 

only be modified by substitution in the aromatic rings, but also by changing the 

oxidation state of the sulfur atom making it a promising building element of new 

macrocycles with wide applications .Further goal of my work was the synthesis and 

molecular recognition studies of anion receptor molecules having a phenothiazine unit. 

We also wished to investigate the complexation properties of the synthesized sensor 

molecules with UV–vis sepctroscopy. 

 

 

2. LITERATURE BACKGROUND 

 

The first synthetic host molecules, the crown ethers were discovered in 1967 by 

Pedersen, who isolated dibenzo-18-crown-6 ether as a by-product.
1
 Research on the 

synthesis of macrocycles forming complexes with metal ions soon expanded to the 

synthesis of macrocycles capable of complex formation with organic cations, anions 

and neutral molecules.
2
 Studying molecular recognition using synthetic molecules is 

not only important, because we can understand better this phenomenon in living 

organisms, but also, because it can lead to the development of selective sensor and 

selector molecules with wide applications. 

The selectivity of crown ethers can be enhanced by making the macrocycle more 

rigid, which makes the host molecule preorganized for a certain guest molecule 

meaning that the complex formation requires a small conformational change. The 

                                                 
1
 Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 2495–2496; 7017–7036. 

2
 Steed, J. W.; Atwood, J. L. Supramolecular Chemistry 2009, Wiley, 2nd ed. 
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rigidity of the macrocycle can be achieved for example by incorporating a tricyclic 

heterocycle in the macroring.
3,4

 These derivatives can also be chromo- or fluorogenic, 

making them effective optical sensor molecules. Moreover the properties of the donor 

atoms in the heterocycle can easily be modified by substitution in the aromatic rings. In  

continuation of our research of crown ethers based on tricyclic ring systems,
4
 our 

attention turned toward phenothiazine. The coordinative properties of the nitrogen of 

phenothiazine can not only be modified by substitution in the aromatic rings, but also 

by changing the oxidation state of the sulfur atom making it a promising building 

element of new macrocycles. There are some crown ethers containing a phenothiazine 

unit reported in the literature,
 5

 but there is no example in which the heteroatom (N or S 

atom) of the phenothiazine unit is part of the macroring. 

 

Although the first synthetic anion receptors
6
  already appeared in the late ‘60s, 

simultaneously with the first crown ethers, the development of host molecules for anion 

recognition was much slower than that for cations. This can be explained by the 

properties of anions such as their large sizes compared to cations, their occurances in a 

wide range of shapes, their usually high solvation energy and that many of them are 

sensitive to pH. However, the field of anion sensors has expanded notably in the past 

decade. One of the main groups of anion receptors consists of neutral molecules having 

slightly acidic NH-groups, which bind anions via hydrogen bond formation.
7
 Electron 

withdrawing groups can enhance the polarity of the NH-groups, which can not only 

result in stronger hydrogen bonds, but can also lead to the depretonation of the sensor 

molecule by basic anions. Although in the case of deprotonation the receptor behaves 

as an acid–base indicator and selectivity is mainly based on anion basicity, the degree 

of selectivity can be enhanced by varying the number and the spatial arrangement of 

the binding sites of the host.
 8
 

 Among the numerous anion sensors reported in the literature, there are also many 

examples for enantioselective anion sensors.
9
 The most frequently used chiral building 

blocks in anion sensors are amino acids, BINOL and steroid units.
9
 Although many 

                                                 
3
 (a) Cox, B. G. et. al. J. Chem. Soc., Perkin Trans. 2 1999, 289–296. (b) Mateus, P. et. al.  Eur. J. Inorg. 

Chem. 2011, 4700–4708. (c) Wang, T. et. al.  J. Heterocycl. Chem. 1994, 31, 1–10. (d) Aragoni, M. C. 

et. al. Inorg. Chem. 2008, 47, 8391–8404. 
4
 (a) Huszthy, P. et. al. Tetrahedron 1999, 55, 1491–1504. (b) Samu, E. et. al.  Tetrahedron: Asymmetry 

1999, 10, 2775–2795. (c) Huszthy, P. et. al.  Tetrahedron 2001, 57, 4967–4975. (d) Szalay, L. et. al.  

Tetrahedron: Asymmetry 2004, 15, 1487–1493. (e) Kertész, J. et. al.  Tetrahedron: Asymmetry 2011, 22, 

684–689.  
5
 (a) Iqbal, N.; Ueno, Y. Monatsh. Chem. 1992, 123, 199–201. (b) Iqbal, N. et. al.  Pharmazie 1992, 47, 

554–554. (c) Radutiu, A. C. et. al.  Arkivoc, 2009, (xiii), 342–362. 
6
 (a) Shriver, D. F.; Biallas, M. J. J. Am. Chem. Soc. 1967, 89, 1078–1081. (b) Park, C. H., Simmons, H. 

E. J. Am. Chem. Soc. 1968, 90, 2431–2432. 
7
 (a) Gale, P. A. In Encyclopedia of Supramolecular Chemistry; Atwood, J. L.; Steed, J. W. Eds.; Marcel 

Dekker: New York, NY, 2004; Vol. 1.; pp 31–41. (b) Li, A-F.; et. al. Chem. Soc. Rev. 2010, 39, 3729–

3745. (c) Amendola, V. et. al.  Chem. Soc. Rev. 2010, 39, 3889–3915. 
8
  (a) Amendola, V. et. al.  Acc. Chem. Res. 2006, 39, 343–353. (b) Amendola, V. et. al.  Coord. Chem. 

Rev. 2006, 250, 1451–1470. 
9
 (a) Stibor, I.; Zlatušková, P. Top. Curr. Chem. 2005, 255, 31–63. (b) Dieng, P. S.; Sirlin, C. Int. J. Mol. 

Sci. 2010, 11, 3334–3348. 
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monosaccharides are cheap sources of chirality and are used as asymmetric units in 

many host molecules,
10

  there are only a few enantioselective anion sensors 

incorporating sugar units.
11

 

 

 

3. EXPERIMENTAL METHODS 

 

During the syntheses preparative organic chemical methods were used. The 

progress of reactions was followed by thin layer chromatography. The crude products 

were purified by column chromatography, recrystallization, or trituration. Purity of the 

compounds was determined by thin layer chromatography, measuring melting points 

and optical rotations. Structure of the products was determined using IR, 
1
H- and 

13
C-

NMR and MS spectroscopies and elemental analysis. Complexation properties of the 

synthesized anion sensors were studied by UV–vis spectroscopy. Complex stability 

constants were determined by global nonlinear regression analysis using 

SPECFIT/32™ program based on the data of UV–vis spectroscopic titrations. 

 

 

4. RESULTS 

 

4.1. Synthesis of the new compounds 

 

Electrophilic aromatic substitution reactions of phenothiazine take place first in 

positions 3 and 7, so these positions were protected by tert-butyl groups to make 

possible to synthesize 1,9-disubstituted derivatives needed for the preparation of the 

appropriate crown ethers.  

3,7-Di-tert-butylphenothiazine (48) was prepared starting from phenothiazine (34, 

Scheme 1). The latter was nitrated using acetyl nitrate to give dinitrophenothiazine-5 

oxide 50. Dinitro derivative 50 was oxidized with hydrogen peroxide rendering 

dinitrophenothiazine-5,5 dioxide 51. The nitro groups of 50 and 51 were reduced by 

hydrogenation. In the case of dinitrophenothiazine-5 oxide 50, the sulfinyl group of the 

phenothiazine unit was also reduced. Aminophenothiazines having unoxidized sulfur 

atom are easily oxidized to phenothiazinium derivatives (methylene blue is a well 

known example for that). To avoid this unwanted side reaction, the reduction of 

sulfoxide 50 was performed in the presence of acetic anhydride to give phenothiazine 

diacetamide 52. In the case of dinitrophenothiazine-5,5 dioxide 51, the sulfonyl group 

is not reduced, and the free amine is stable. Reduction of 51 was performed in the 

presence and in the absence of acetic anhydride  rendering 5,5-dioxidophenothiazine 

diacetamide 53 and diaminophenothiazine-5,5 dioxide 54, respectively [1,2]. Reacting  

                                                 
10

 (a) Jarosz, S.; Listkowski, A. Curr. Org. Chem. 2006, 10, 643–662. (b) Bakó, P. et. al. Lett. Org. 

Chem. 2010, 7, 645–656. (c) Bakó, P. et. al. Curr. Org. Chem. 2012, 16, 297–304. 
11

 (a) Kim, Y. K.. et. al. J. Org. Chem. 2008, 73, 301–304. (b) Choi, M. K. et. al. Tetrahedron Lett. 2008, 

49, 4522–4525. (c) Dalla Cort, A. et. al. Chirality 2009, 21, 104–109. 
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Scheme 1. Synthesis of the precursors needed for the macrocyclization reactions (a: tBuCl, AlCl3, 

CH2Cl2; b: AcONO2, CH2Cl2; c: 30% aqueouss H2O2, AcOH; d: H2, Pd/C, Ac2O, AcOH; e: H2, 

Pd/C, AcOH; f: TsCl, pyridine; g: AlCl3, phenol, toluene; h: 20% hydrochloric acid; i: mCPBA, 

CH2Cl2; j: NaHCO3, water) 

 

diamine 54 with tosyl chloride in pyridine gave ditosylamide 55, which is a suitable 

precursor for the synthesis of crown ethers containing phenothiazine unit [2,3]. 

In order to be able to place substituents on the aromatic rings of phenothiazine, the 

tert-butyl groups have to be removed. The protecting groups of diacetamide 52 were 

removed using aluminium chloride in the presence of phenol in toluene rendering 
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diacetamide 56. The latter was then refluxed in 20% hydrochloric acid to give 

hydrochloride salt 57. As aminophenothiazines are readily oxidized by air to methylene 

blue type products as mentioned above, the free base was liberated only in the reaction 

medium under inert atmosphere by pyridine in the presence of tosyl chloride giving 

ditosylamide 58 in a good yield. Ditosylamide 58 was oxidized with meta-

chloroperbenzoic acid in dichlorometane to give ditosylamide 59. Ditosylamides 58 

and 59 are possible precursors of crown ethers containing phenothiazine unit. 

Ditosylamide 59 was also prepared in a different route changing the order of the 

hydrolysis, tosylation and oxidation steps. Diacetamide 56 was oxidized with meta-

chloroperbenzoic acid in dichlorometane to give diacetamide 60, which was hydrolized 

in 20% hydrochloric acid, and the free base was liberated with sodium 

hydrogencarbonate to give diamine 61. It was then reacted with tosyl chloride in 

pyridine rendering ditosylamide 59 (Scheme 1) [2,3]. 

 

Tert-butyl substituted crown ether 62 was first prepared by a usual method reacting 

ditosylamide 55 and tetraethylene glycol ditosylate 63 using potassium carbonate as a 

base and acetonitrile as a solvent (Scheme 2, Table 1). The same conditions were 

applied for the synthesis of crown ether 64, but the desired product could not be 

isolated. Formation of crown ether 64 was not observed when using other bases 

containing alkaline metal cations as templates (cesium carbonate or potassium tert-

butoxide) in different solvents (acetonitrile, DMF, DMSO). When Hünig's base was 

applied in different solvents, formation of crown ether 64 did occur. Acetonitrile 

proved to be the best solvent for the reaction with reproducible yields even in larger 

scales. Since crown ether 64 could be prepared in the presence of Hünig's base, we 

examined whether the latter base could also be used in the synthesis of tert-butyl 

substituted crown ether 62. Similar results were found as in the case of crown ether 64, 

crown ether 62 could be isolated in a good yield using acetonitrile (Scheme 2, Table 1) 

[2,3]. 

 

 

 
Scheme 2. Synthesis of the new crown ethers (a: for conditions of the macrocyclization reactions 

see Table 1; b: Na(Hg), Na2HPO4, MeOH) 
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Table 1. Yields of the macrocyclization reactions in the presence of different bases in different 

solvents 

starting 

material 
R base solvent 

amount of the 

starting material 
yield 

55 tBu K2CO3 MeCN 0.2 g 12% 

55 tBu K2CO3 MeCN 6.0 g 15% 

59 H K2CO3 MeCN 0.2 g – 

59 H Cs2CO3 MeCN 0.2 g – 

59 H K2CO3 DMF 0.2 g – 

59 H KOtBu DMF 0.2 g – 

59 H KOtBu DMSO 0.2 g – 

59 H Hünig's base dimethoxyethane 0.2 g 14% 

59 H Hünig's base dimethoxyethane 2.0 g 5% 

59 H Hünig's base diglyme 0.2 g 6% 

59 H Hünig's base diglyme 2.0 g 2% 

59 H Hünig's base MeCN 0.2 g 42% 

59 H Hünig's base MeCN 10.0 g 45% 

55 tBu Hünig's base dimethoxyethane 0.2 g 8% 

55 tBu Hünig's base MeCN 4.0 g 52% 

 

 

The tosyl protecting groups of crown ethers 62 and 64 were removed by 

amalgamated sodium in methanol to give crown ethers 65 and 66 in good yields 

(Scheme 2) [2]. 

 

 

 

During the synthesis of the precursors of the crown ethers we obtained several 

compounds, which are potential anion sensors or precursors of anion receptors. The 

anion recognition ability of diacetamide 53 was investigated, and further derivatives 

were synthesized starting from diamine 54 [1,2,4,5]. 

Diamine 54 was acylated with benzoyl chloride to give dibenzamide 67 (Scheme 3) 

[1,2]. Reacting diamine 54 with phenyl isocyanate and phenyl isothiocyanate gave 

bis(phenylurea) 68 and bis(thiourea) 69 having more binding sites, which may enhance 

their anion recognition properties (Scheme 3) [2,4]. Optically active bis(thiourea) 70 

having tetraacetylglucose units was prepared for studies of its enantiomeric recognition 

ability toward the enantiomers of different optically active tetrabutylammonium 

carboxylates (Scheme 3) [2,5]. 
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Scheme 3. Synthesis of the anion receptors (a: benzoyl chloride, pyridine; b: Q–N=C=X, pyridine) 

 

 

4.2. Studies on the anion receptor molecules 

 

The anion recognition properties of the possible sensor molecules (53, 67–70) were 

investigated with UV–vis spectroscopy in acetonitrile. 

The anion recognition ability of receptors 53 and 67 was studied in acetonitrile 

toward the tetrabutylammonium salts of fluoride, chloride, bromide, iodide, hydrogen 

sulfate, dihydrogen phosphate and acetate (Figure 1, Table 2)
 
[1,2]. 

Diacetamide 53 formed only hydrogen bonded complex with chloride, but fluoride, 

acetate and dihydrogen phosphate caused the deprotonation of both sensor molecules. 

In the case of diacetamide 53 and fluoride, spectral shift characteristic for complexation 

also appeared beside the spectrum of the deprotonated form. In the case of acetate, we 

suppressed deprotonation by addition of acetic acid in order to promote the complex 

formation. 

 

Table 2. Equilibrium constants of complex formation (K1) and deprotonation (K2) for 53 and 67 

with different anions 

 
53 67 

log K1 log K2 log K1 log K2 

F
–
 5.13 5.28 – 6.05 

Cl
–
 3.83 – – – 

H2PO4
–
 – –1.05 – –0.52 

AcO
–
 3.52

a
 0.67 

b
 0.94 

a
Determined upon titration with AcO

–
 in the presence of AcOH 

b
The titration series of spectra obtained with AcO

–
 in the presence of AcOH could not be fitted 

satisfactorily. 
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Figure 1. UV–vis spectral changes of 63 and 67 (20 μM, A: 53, B: 67) upon addition of anions (4 

equiv of F
–
, AcO

–
, H2PO4

–
 and 100 equiv of Cl

–
, Br

–
, I

–
, HSO4

–
) and a base (4 equiv of DBU), series 

of absorption spectra upon titration of 53 (20 μM) with AcO
–
 (C: 0–3 equiv, D: 0–200 equiv in the 

presence of 5 mM AcOH) in MeCN. 

 

 

 

The anion recognition ability of receptors 68 and 69 was studied toward the 

tetrabutylammonium salts of fluoride, chloride, bromide, iodide, nitrate, hydrogen 

sulfate, sulfate, dihydrogen phosphate and acetate (Table 3) [2,4]. Both receptor 

molecules formed complexes of 1:1 stoichiometry with chloride, bromide, hydrogen 

sulfate, sulfate and dihydrogen phosphate, while complexation with nitrate took place 

only in the case of receptor 68. Iodide had no effect on the absorption spectra of any of 

the receptors. 

 

Table 3. Stability constants of complexes of 68, 69, deprotonated 68 and deprotonated 69 with 

different anions
a
 

 68 69 

 log K1 log K2 log K1 log K2 

F
–
 >8 >8 

b b 

Cl
–
 5.99 – 4.45 – 

Br
–
 4.60 – 3.28 – 

I
–
 – – – – 

NO3
–
 3.23 – – – 

HSO4
–
 4.51 – 3.26 – 

SO4
2–

 6.72 – 6.28 – 

H2PO4
–
 7.51 – 6.17 – 

AcO
–
 7.57 5.61 6.44 3.87 
a
K1=[LHX

–
]/([LH][X

–
]), K2=[LX

2–
]/([L

–
][X

–
]) 

b
The titration series of spectra could not be fitted satisfactorily 
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X-ray crystallographic analysis of a single crystal grown from a solution of 

receptor 68 and tetrabutylammonium chloride in a methanol–acetone mixture showed 

the formation of a 2:2 complex held together by urea N–H···Cl type hydrogen bonds 

(Figure 2). 

 
Figure 2. Hydrogen bonds in the crystal structure of the centrosymmetric 2:2 68–Cl

–
 complex 

(non-acidic hydrogens and tetrabutylammonium counterions are omitted for clarity, hydrogen bonds 

are indicated by dotted lines) 

 

 

Upon addition of one equivalent of fluoride or acetate to the solution of either 

receptor molecule, complexation induced changes could be observed in the absorption 

spectra. Further addition of these anions caused spectral changes characteristic to 

deprotonation, however, these spectra were different from those of the deprotonated 

receptors 68 and 69 (Figure 3). These results suggested that deprotonated receptor–

anion complexes had been formed. 

 

 

 

Figure 3. Series of absorption spectra upon titration of 68 (20 μM) with F
–
 (A: 0–1 equiv., B: 1–3 

equiv.), and absorption spectra of the deprotonated receptors (20 μM) and the endpoint spectra of 

titrations (20 μM) with F
–
 and AcO

–
 (C: 68, D: 69) in MeCN 
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X-ray crystallographic analysis of a single crystal grown from a solution of 

receptor 68 and three equivalents of tetrabutylammonium fluoride in an acetonitrile–

hexane mixture confirmed that the deprotonated receptor complexed a fluoride anion 

by urea N–H···F type hydrogen bonds (Figure 4). 

 

 
 

Figure 4. ORTEP style diagram of the asymmetric unit in the crystal of deprotonated 68–F
–
 

complex (hydrogen bonds are indicated by dotted lines). 

 

 

Since our formerly mentioned results showed that in the cases of fluoride and 

acetate, deprotonated receptor–anion complexes were formed via deprotonation of the 

neutral receptor–anion complexes by an excess of the anion, we also examined whether 

the receptors deprotonated by an excess of DBU or tetrabutylammonium hydroxide 

could form complexes with anions. As expected, fluoride was strongly complexed by 

the deprotonated receptors. The deprotonated receptors showed similar, but weaker 

complexing ability toward acetate than fluoride (Table 3) [2,4]. 

 

 

The enantiomeric recognition ability of receptor 70 was studied toward the 

enantiomers of tetrabutylammonium salts of mandelic acid (Man), tert-butoxycarbonyl-

protected phenylglycine (Boc-Phg), tert-butoxycarbonyl-protected phenylalanine (Boc-

Phe) and tert-butoxycarbonyl-protected alanine (Boc-Ala) (Table 4). The effect of size 

of the protecting group on enantioselectivity was also examined in the case of 

phenylglycine with the enantiomers of tetrabutylammonium salts of formyl- (Form-

Phg), acetyl- (Ac-Phg) and pivaloyl- (Piv-Phg) protected phenylglycine (Table 4) [2,5]. 

The size of the protecting group (formyl, acetyl, pivaloyl or tert-butoxycarbonyl) of 

phenylglycine influenced the enantiomeric discrimination. 
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Table 4. Stability constants of complexes of 70 with the enantiomers of optically active 

tetrabutylammonium carboxylates and the degrees of enantiomeric differentiation 

 log K  log K 

(R)-Man 4.92 
0.19 

(S)-Man 4.73 

(R)-Boc-Phg 5.43 
0.22 

(S)-Boc-Phg 5.21 

(R)-Boc-Phe 5.88 
0.09 

(S)-Boc-Phe 5.79 

(R)-Boc-Ala 5.94 
0.04 

(S)-Boc-Ala 5.90 

(R)-Form-Phg 5.16 
0.05 

(S)-Form-Phg 5.11 

(R)-Ac-Phg 5.45 
0.18 

(S)-Ac-Phg 5.27 

(R)-Piv-Phg 5.27 
0.22 

(S)-Piv-Phg 5.05 
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5. THESES 

 

 

1. We worked out a new pathway for the synthesis of 1,9-disubstituted 

phenothiazines by nitration of 3,7-di-tert-butylphenothiazine followed by the 

transformation of the nitro groups. This way we synthesized 20 new 1,9-

disubstituted phenothiazines, among them crown ethers and anion sensors 

containing a phenothiazine unit [1–5]. 

 

2. We developed an effective method for the macrocyclization of phenothiazine-1,9 

ditosylamides using Hünig's base in acetonitrile. By removing the tosyl groups of 

the crown ethers we obtained suitable precursors of sensor and selector molecules 

with wide applications [2,3]. 

 

3. We demonstrated that the synthesized diacetamide and dibenzamide derivatives 

didn't form complexes with most of the anions. In the cases of fluoride, acetate and 

dihydrogen phosphate we observed the deprotonation of both sensor molecules. 

Formation of a simple hydrogen bonded complex could only be observed in the 

case of diacetamide in the presence of chloride. The acetate induced deprotonation 

could be suppressed by acetic acid with promoting the complex formation [1,2]. 

 

4. We proved that the bis(phenylurea) and bis(phenylthiourea) type sensor molecules 

with more binding sites have better complexation properties. Both sensor 

molecules formed hydrogen bonded complexes with most of the studied anions 

[2,4]. 

 

5. In the cases of the bis(phenylurea) and bis(phenylthiourea), after the formation of 

complexes of 1:1 stoichiometry with fluoride and acetate, further addition of these 

anions caused deprotonation of the receptors and deprotonated receptor–anion 

complexes were formed. In the case of the bis(phenylurea) and fluoride this 

phenomenon was also proved by NMR titration and X-ray crystallography [2,4]. 

 

6. We demonstrated that the bis(thiourea) contaning tetraacetylglucopyranosyl units 

had moderate enantioselectivity toward the enantiomers of the 

tetrabutylammonium salts of mandelic acid and some N-protected amino acids 

[2,5]. 
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6. POSSIBLE APPLICATIONS 

 

By alkylating or acylating the secondary amino groups of crown ethers 65 and 66 

new sensor and selector molecules can be synthesized with diverse applications. 

The results obtained by the investigation of bis(phenylurea) 68 and 

bis(phenylthiourea) 69 suggest that anion receptors of similar structures with more 

acidic properties could provide an opportunity for the development of selective sensor 

molecules toward fluoride in basic media. 
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