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1. Preface 

 

Photochromic fragments incorpora.on into a molecule enables photo-control of its 

characteris.cs. This approach expands the possibili.es of prac.cal use of already known 

materials. The most well-known and widely used photochromes are spiropyrans, 

spironaphthoxazines, and chromenes. The examples of photo-control of viscosity and size of 

polymer materials as well as characteris.cs and cataly.c ac.vity of biological molecules 

containing photochromic moie.es are reported in literature [1-5]. Of interest is applica.on 

of photochromes to the control both intramolecular (charge and energy transfer) and 

supramolecular (host-guest coordina.on and complex forma.on) processes. The 

development of the la>er trend is of importance for crea.on of nano-scale molecular 

devices for informa.on processing and storage; design of new drugs with photo-controlled 

pharmacological ac.vity towards various diseases including cancer; and enhancement as 

well as elabora.on of environmentally safe technologies used in many branches of modern 

industry. 

Chromenes synthesized in this work have two important proper.es. When 

irradiated with light, they are able to undergo electrocycliza.on and cis-trans isomeriza.on. 

The presence of crown ether or posi.vely charged heterocyclic fragment in their structures 

defines the ability of such compounds to par.cipate to the coordina.on with metal ca.ons, 

amino acids, or DNA molecules, the process being accompanied by the change of their 

spectral characteris.cs. Thus, crown-containing chromenes may be used for crea.on of 

photo-controlled complexons, cataly.c systems, etc. The possibility of adjus.ng 

photochromic proper.es of crown-containing naphthopyrans by complex forma.on makes 

these compounds suitable for developing new photochromic materials with tunable 

characteris.cs. Chromenes containing posi.vely charged heterocyclic fragments may be 

used for crea.on of photochromic DNA tags for enhancement of cancer diagnos.cs and 

treatment methods. 

The aim of this work was development of synthe.c approaches towards benzo- and 

naphthopyrans, annelated to the crown ether fragments of various composi.on and size, 

and chromenes, containing posi.vely charged heterocyclic fragments, as well as 

comprehensive study of the proper.es of the compounds and their complexes with metal 

ca.ons, protonated amino acids, and DNA by NMR, op.cal spectroscopy, and X-ray 

structural analysis techniques. 
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2. Introduction 

 

Photochromic compounds represent a large class of compounds able to par.cipate 

in light-induced reversible electrocyclic transforma.ons. Among photochromes undergoing a 

cyclohexadiene-1,3 – hexatriene-1,3,5 type phototransforma.on, of the greatest interest are 

spiropyrans, spirooxazines, and chromenes (Scheme 2.1) [1-3]. Photochromism of these 

compounds is due to photochemical conversion of the ini.al, the so-called “closed” or spiro- 

(SP), form to the isomeric merocyanine (MC), or “open”, form. In case of chromenes, the 

reverse process is thermal; whereas in case of spiropyrans and spirooxazines, it is both 

thermal and photochemical. Such transforma.ons are accompanied by  color change as 

closed and open forms usually absorb in the UV and visible region, respec.vely. 

A number of publica.ons and reviews are devoted to the development of synthe.c 

approaches and inves.ga.on of this group of photochromes [1-5]. During the last years, the 

interest to such compounds was caused by a possibility of crea.on of molecular systems 

which proper.es may be reversibly changed by light irradia.on. This principle is the basis of 

photoswitches and op.cal sensors. 

The following literature review comprises publica.ons devoted to spiropyran-, 

spirooxazine-, and chromene-based complexons, in which photochromic transforma.ons 

and complex forma.on exhibit mutual influence on each other. Major part of reported 

works describes systems able to bind different metal ions. Yet, there are few ar.cles which 

consider photochromic molecules as complexons for organic molecules. This review covers 

the papers published since 2003 un.l present .me. 

 

Scheme 2.1. Electrocyclic cyclohexadiene-1,3 – hexatriene-1,3,5 type 

transformations. 



3 

2.1. Systems Based on Spiropyrans 

 

Spiropyrans are widely presented in modern scien.fic literature. Upon UV 

irradia.on such molecules are able to transform into the MC forms, which reverse back into 

the SP forms both thermally and photochemically (by irradia.on with visible light). The open 

forms of spiropyrans are characterized by a significant charge separa.on, which is usually 

depicted as zwi>er-ionic structure (Scheme 2.2) [1-3]. Due to this, the phenolate oxygen 

atom, having higher electron density, may readily form complexes with metal ca.ons. The 

la>er process may be modulated by irradia.ng a sample with a light of different wavelength 

(UV or visible). 

 

2.1.1. Complex Formation of Spiropyrans with Metal Cations 

The major part of the reports describing complex forma.on by spiropyrans is 

devoted to compleximg metal ca.ons. They can be classified as follows: 

• simple subs.tuted spiropyrans; 

• molecular systems containing spiropyran fragments (e.g., crown ethers and 

calixarenes); 

• spiropyran-based systems with controlled charge and energy transfer; 

• polymer composi.ons containing spiropyrans. 

 

2.1.1.1. Simple Substituted Spiropyrans 

In the presence of metal ions, spiropyrans transform into the colored open forms 

spontaneously. As a rule, monovalent alkaline cations do not affect the MC-SP equilibrium, 

whereas addition of di- or trivalent cations results in considerable red shift of the absorption 

band as well as its intensity change. Additional UV irradiation of the solution containing both 

spiropyrans and metal ions usually leads to further increase of color intensity due to 

increasing concentration of the open forms. Thermal relaxation of such compounds in the 

metal ion presence is significantly lowered [6-11]. To attain the initial colorless state, samples 

are irradiated with visible light that induces MC to SP backward transformation [11, 12]. 

Scheme 2.2. Phototransformations of spiropyrans. 
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Spiropyrans 1, 2 (Table 2.1) form complexes with metal ions in MC state due to 

coordina.on with phenolate oxygen atom (Scheme 2.3) [6]. Introducing addi.onal 

coordina.on centers (compounds 3-13, Table 2.1) generally lead to greater stability of 

complexes formed upon irradia.on (Scheme 2.4) [7, 8]. For several compounds, a specific 

and selec.ve photo-response towards certain metal ca.ons was observed. For instance, 

spiropyrans 8 and 9 were selec.ve towards copper (II) ions [9, 10]; a high selec.vity towards 

iron (III) ions was reported for compound 10 [11]. Therefore, spiropyrans may be 

successfully used as op.cal sensors for metal ca.ons. 

Spiropyrans 14-19, which contain carboxylic or ester groups, were shown to form 

complexes with ca.ons in both the ini.al SP and photoinduced MC states (Scheme 2.5) [13], 

Table 2.1. 
Spiropyrans with simple subs.tuents. 

 

No. R1 R2 R3 R4 R5 R6 R7 R8 Ref. 

1 Н CH3 CH3 H H NO2 H CH3 [6] 

2 H CH3 CH3 H OH CH=O H CH3 [7] 

3 H CH3 CH3 H H NO2 CH3O CH3 

[8] 

4 H CH3 CH3 CH3 H NO2 CH3O CH3 

5 Н 

 

H H NO2 CH3O CH3 

6 CF3 H H H CH3O CH3 

7 CF3 CH3 CH3 H H H CH3O CH3 

8 H CH3 CH3 H H C(CH3)3 

 

CH3 

[9, 10] 

9 H CH3 CH3 H H C(CH3)3 

 

CH3 

10 Н CH3 CH3 H H NO2 H 

 

[11] 

11 H CH3 CH3 H H Cl 

 

CH3 

[12] 12 H CH3 CH3 H H Cl CH2CH2CH3 

13 H CH3 CH3 H H Cl CH2CH(CH3)2 

Scheme 2.3. Coordination of spiropyrans 1 with metal ions. 
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the stability of complexes with the open isomers being greater. The advantage of such 

systems is the possibility to study their proper.es in water solu.ons and in living cells. It is 

worth to men.on that compound 17 exhibits rela.vely high affinity to calcium (II) ca.ons. 

An alterna.ve interes.ng prac.cal implementa.on of spiropyrans color changes 

upon metal ions addi.on is the use of compounds 20-23 in composi.ons with metals salts 

ON

CH3
H3C

visible light
or

ON

H3C CH3

NO2

NO2

Mn+
N

10

Mn+

N

UV

N O

H3C CH3

CH3 CH3

CH3

CH3

N

R

R

M2+

N

H3C CH3

CH3

O

H3C

CH3

CH3

N R

R
M2+

N

H3C CH3

CH3

O

H3C

CH3

CH3

N R

R

8 R = CH3

9 R = R = O

Scheme 2.4. Additional coordination sites in spiropyrans 3-10. 

ON

CH3H3C

H3C

visible light
or

ON

H3C

H3C CH3

NO2

NO2

14

N
COO-

COO-

N

-OOC

-OOC

UV

Scheme 2.5. Complex formation of spiropyran 14. 
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for color prin.ng [14]. Thus, emulsions of spiropyrans and barium naphtenate, zinc 

naphtenate, and an.mony chloride were made to reproduce pigments of CMYK color model: 

cyan, magenta, and yellow, respec.vely (Table 2.2). 

Another type of spiropyrans modifica.ons is annela.on to the heterocyclic moie.es 

(Table 2.3). It is reported that upon addi.on of solu.ons containing transi.on metal ions 

(Cd2+, Mn2+, Zn2+, Co2+, Ni2+, Cu2+) a spontaneous coloring of solu.ons of spiropyrans 24-26 

was observed [15]. Comparing to the unsubsituted analogue 24, compounds 25 and 26 were 

characterized by rela.vely high stability of complexes, which was due to the addi.onal 

coordina.on with the oxazole fragment (Scheme 2.6). Cobalt (II), nickel (II), and copper (II) 

Table 2.2. 
Using spiropyrans 20-23 for prepara.on of emulsions to reproduce CMYK pigments. 
(Absorp.on maxima, which are the closest to the required parameters, are in italics.) 

Pigment Required λmax (nm) 20 21 22 23 

Yellow (SbCl2) 456 469 469 478 475 

Magenta (naphtenate Zn) 550 521 539 548 540 

Cyan (naphtenate Ba) 660 638 672 667 658 

Table 2.3. 
Spiropyrans with fused aroma.c fragments. 

 

No. R1 R2 R3 Ref. 

24 H H -- 

[15] 25 

 

H -- 

26 OCH3 -- 

 

27 H CH3 -- 

[16] 

28 H C8H16 -- 

29 H CH(CH3)2 -- 

30 H CH2Ph -- 

31 CH3 CH3 -- 

32 NO2 CH3 -- 

 

33 H CH3 H 
[17] 

34 NO2 CH3 H 

35 H CH3 Br [18-
20] 36 H CH3 Cl 

37 H CH2Ph Br 
[19] 

38 Cl CH3 Br 

39 H CH2CH2OH Cl [20] 

40 H CH2CH2COOH Cl [19] 
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ca.ons were reported to form 2:1 (two ligand molecules per one metal ion) complexes with 

the open forms which remained colored even aVer irradia.on with visible light. Similar 

behavior was detected for the compounds containing the chromenone (27-32, [16]) and 

quinoline (33-40, [17-20]) moie.es. It should be noted however, that in case of spiropyrans 

39 and 40, 1:1 complex forma.on was favored due to the intramolecular stabiliza.on of a 

ca.on by the HO- or carboxylic group, respec.vely (Scheme 2.7). 

Also, bis(spiropyrans) 41-44 were synthesized [21]. Similarly to compounds 14-19, 

these compounds form complexes with metal ions in the ini.al SP state. However, the 

a>empts to inves.gate the complex forma.on upon irradia.on failed as the corresponding 

Scheme 2.6. Complex forma.on of spiropyrans 24-26 with metal ca.ons. 

Scheme 2.7. Intramolecular stabilization of 1:1 complexes of spiropyran 40 [19]. 
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open forms were very unstable. It seems that the structure of the MC isomers disfavors the 

photochromic transforma.ons (Scheme 2.8). 

 

2.1.1.2. Molecular Systems Containing the Spiropyran Fragments 

Macromolecules such as calixarenes and crown ethers are able to form very stable 

complexes due to their pre-organized structure. A>aching two nitrospiropyran moie.es to  

calixarene 45 resulted in selec.vity of the compound towards lanthanides ions (Scheme 2.9) 

[22-24]. In the presence of ca.ons , a blue shiV of MC form’s absorp.on band was observed 

as well as no.ceable decrease of bleaching rate. Similar effects, yet less pronounced, were 

detected in case of model compounds 46 and 47. 

A>aching a crown ether moiety to calixarenes 48-52 led to considerable 

enhancement of the complexes stability as the intramolecular cavity was formed [25]. It was 

found that charge density as well as size of ca.ons is essen.al for stable coordina.on with 

Scheme 2.8. Possible photochromic transformations of compounds 41-44. 

Scheme 2.9. Complex formation of calixarene 45 with cations. 
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both the crown and spiropyran moie.es. Thus, alkaline metal ions did not induce any 

considerable spectral changes of the calixarenes solu.on, whereas the divalent ca.ons of 

alkaline-earth and transi.on metals caused colora.on explained by ca.on-induced opening 

of the spiropyran fragments (Scheme 2.10). 

There are numerous publica.ons describing spiropyrans linked to a crown ether 

fragment. Such systems can be readily prepared providing the opportunity to design systems 

selec.ve towards ca.ons. The photochromic fragment affords compounds useful for photo-

controlled complex forma.on or op.cal recogni.on of ca.ons. The major part of the 

reported spiropyrans contains a crown ether moiety tethered by an alipha.c spacer to 8th 

posi.on of the benzopyran or 1st posi.on of the indoline fragment (Table 2.4). Such 

subs.tu.on is mainly chosen because of proximity of the ionophoric fragment to the 

phenolate oxygen atom in the MC form. 

Compounds 53-76 were found to form complexes by coordina.on of crown ether 

fragments or their analogues with metal ca.ons. Upon irradia.on, addi.onal stabiliza.on 

was provided by the phenolate oxygen atom of the open form (Scheme 2.11). Like those in 

the case of unsubs.tuted spiropyrans, the greater spectral changes were observed with 

mul.charged ca.ons. 

   
  n m     n m 

48 1 1   51 1 1 
49 1 2   52 2 2 
50 2 2         

Scheme 2.10. Complex formation of calixarene 51. 
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Table 2.4. 
Spiropyrans containing crown ether moiety. 

 

No. R1 R2 R3 R4 R5 Ref. 

53 H H NO2 

 

CH3 [26, 27] 

54 CF3 H NO2 CH3 
[26] 

55 NO2 H NO2 CH3 

56 H H NO2 C18H37 [28, 29] 

57 H H NO2 

 

C18H37 

[28, 29] 

58 H H NO2 

 

C18H37 

59 H H NO2 

 

CH3 [17] 

60 H H NO2 

 

CH3 [30, 31] 

61 NO2 H NO2 CH3 [32] 

62 H H NO2 

 

CH3 [30] 

63 H H NO2 

 

CH3 

[33] 64 H H NO2 

 

CH3 

65 H H NO2 

 
O

O

O

OO

N

O

CH3 
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66 H H H 

 

CH3 

[34] 

67 H H H 

 

CH3 

68 H H NO2 

 

CH3 

[35] 
69 H H NO2 

 

70 H H NO2 H 

 

[36] 

71 H H H H 

 

[37, 

38] 
72 H H Br H 

73 H H OCH3 H 

74 H H NO2 H 

 

[30] 

75 H H 

 

H CH3 

[40] 

76 H H 

 

H CH3 

Table 2.4 cont. 

No. R1 R2 R3 R4 R5 Ref. 

Scheme 2.11. Coordination in complexes of spiropyrans (a) 53-65, 68, 69 and (b) 70-

74 with metal cations. 
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In addi.on, spiropyran 77, which contains an azacrown moiety linked to the both 

fragments of the photochromic molecule, is described [39]. The compound is reported to 

show high selec.vity to copper (II) ca.ons. 

Another trend in crowned spiropyrans is a>aching several photochromic groups to a 

macrocycle. Generally, this leads to an increase in the complex stability upon irradia.on as 

well as greater extent of the photo-control of complexa.on. There are crowned deriva.ves 

containing two (78-84), three (85), and even four (86) spiropyran moie.es described in the 

literature (Table 2.5) [17, 28, 29, 34, 37-39, 41-44]. A>aching several chromophoric groups 

leads to the consequent intensity increase of the absorp.on band of the open forms upon 

irradia.on. This, in turn, provides greater sensi.vity of the ligands towards metal ca.ons. 

Compounds 87-93, which contain podand fragment that links two spiropyrans, are reported 

(Table 2.6) [34]. In contrast to the crown-containing analogues, these compounds formed 

stable complexes with different metal ions and did not show pronounced selec.vity towards 

any of them. 

Table 2.5. 
Crown ether deriva.ves containing two spiropyran fragments. 

 

No. R n Ref. 

78 H 1 [41-43] 

79 H 2 [17, 28, 29, 
34, 41-43] 

80 CF3 2 
[17] 

81 NO2 2 

 

82 H -- 

[37-39] 83 Br -- 

84 OCH3 -- 
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The compounds men.oned were proposed as poten.al candidates for 

implemen.ng photo-control to such processes as extrac.on [26, 42-44] and transmembrane 

transport [28, 29, 36] of metal ca.ons. However, the major part of publica.ons is 

concentrated on the use of photochromic spiropyrans to op.cal recogni.on of metal ions 

[30, 33, 34, 37-40]. In addi.on, some deriva.ves were proved useful for other applica.ons. 

For instance, complexes of compounds 60 and 61 with Gd3+ were successfully tested as 

promising contrast material for magne.c resonance imaging [31, 32]. 

 

2.1.1.3. Spiropyran-Based Systems with Controlled Charge and Energy Transfer 

Since spiropyran state may be controlled by irradia.on or addi.on of metal ca.ons, 

systems, which contain a spiropyran moiety for controlling charge or energy transfer 

between different parts of a system, were described. This phenomenon implies the 

applica.on of spiropyrans as Red-Ox switches and fluorescent sensors. 

Compounds 94-96 were found to change their oxida.on state in the presence of 

iron ca.ons (or ferrocene moiety) and upon irradia.on [45-47]. Thus, upon addi.on of the 

Fe (III) ions to spiropyran 94, the SP form does not transform into the MC isomer but 

     
 85 86 

Table 2.6. 
Spiropyrans linked by a podand fragment [34]. 

 

No. R n 
87 H 1 
88 OCH3 1 
89 C(CH3)3 1 
90 CH(CH3)2 1 
91 Cl 1 
92 Br 1 
93 H 2 
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converts into radical ca.on SP
·+ whereas Fe3+ undergoes reduc.on to Fe2+ (Scheme 2.12). 

Upon UV irradia.on and in the presence of the Fe (II) ions, SP
·+ is reduced to form the open 

isomer which forms complexes with the generated Fe (III) ions. It is reported that such 

complexes are insensible to visible light while addi.on of 2,2'-bipyridine leads to usual 

photochromic reversibility. The same results were obtained when the Fe (III) ions were 

added to a solu.on of the open form. The similar behavior was observed in case of 

compound 95 and ferrocene deriva.ve 96. 

N

CH3
H3C

CH3

O
H3C

O

NO2

ON

CH3H3C

CH3

O

NO2

H3C

N

CH3
H3C

CH3

O
H3C

O

NO2

ON

CH3H3C

CH3

O

NO2

H3C

Fe
3+

= 365 nm

> 520 nm Fe3+2,2'-bipyridine

=
365

nmFe3+

N
a
2 S

2 O
3

= 365 nm + Fe3+

2,2'-bipyridine + > 520 nm

94

Fe2+

SP+

Scheme 2.12. Interconversions of spiropyran 94 upon UV and visible light irradiation 

and in the presence of iron cations [45]. 

O OC6H13O

COOC6H13

O OC6H13O

COOC6H13

ON

CH3H3C

CH3

NO2

N

CH3
H3C

CH3

O

NO2

N

CH3
H3C

CH3

O

NO2

Fe3+

Fe2+

- e
-

+ e-Fe3+ Na2S2O3

Flu

Flu

1

visible light

N N

Fe2+

U
V

Scheme 2.13. Photochromic control of Gluorescence in system Gluorescine – 

spiropyran 1 in the presence of Fe3+ [49].  
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The red-ox pair Fe3+/Fe2+ was also used in a composi.on with photo-controlled 

fluorescence [48, 49]. Thus, addi.on of the Fe (III) ions to a solu.on of fluoreseine leads to 

considerable increase in the fluorescence intensity, the Fe (II) ions and fluoreseine radical 

ca.on Flu
·+ being formed (Scheme 2.13). In the presence of spiropyran 1, UV irradia.on of 

the la>er solu.on results in the forma.on of the MC isomer which forms a complex with 

Fe2+. Transfer of an electron from the complex to Flu
·+ was found to be thermodynamically 

favorable and led to reduc.on of the la>er to Flu and consequently to fluorescence 

quenching, the ions Fe2+ being oxidized to Fe3+ within the complex with the open form. Like 

that in the previous case, the photochromic reversibility was reached upon addi.on of a 

chela.ng agent (2,2'-bipyridine). 

Similarly, electron transfer was controlled by photochromic transforma.on of 

spiropyran 1 in the systems containing different tetrathiafulvalenes in the presence of Pb2+ 

and Sc3+ [50]. Also, tetrathiafulvalene 97 covalently bound to a spiropyran moiety was 

reported [51]. 

An a>empt to implement a spiropyran fragment for electron and energy transfer 

control in bipyridine complexes of ruthenium (II) and osmium (II) was made [52-54]. For this 

purpose, compounds 98-100 and their complexes with metal ions were synthesized (Scheme 

Scheme 2.14. Complexes of spiropyrans 98-100 with ruthenium (II) and osmium (II) 

ions. 
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2.14). The authors assumed that in the ini.al state the charge and energy transfer is 

hindered due to a nonplanar structure of the spiropyran fragment; thus photoisomeriza.on 

would resolve the problem as the MC state is planar. However, it was found that in such 

complexes the electron-withdrawing influence of the ca.ons prevent the spiropyran 

fragment to isomerize upon irradia.on. 

There are reported studies on fluorescence of spiropyrans complexes with metal 

ions [9, 10, 12, 13, 18, 22-24, 28, 29, 55]. In general, the quantum yields of fluorescence in 

such systems are rather small. An alterna.ve approach involving energy transfer (via FRET 

mechanism) between a spiropyran and a fluorophore, mixed in a solu.on or linked 

covalently, was explored. UV or visible light irradia.on was used to control the fluorescence 

intensity in spiropyran 1 – bispyrene and compound 101 – anthracene mixtures in the 

presence of double- or triple-charged ca.ons [56, 57]. Upon addi.on of ca.ons or irradia.on 

with UV light, the decrease in the  fluorescence intensity was observed since the absorp.on 

band of the complexed MC form overlaps with the fluorescence band of the fluorophore. 

Irradia.on with visible light led to the reverse effect. In the absence of ca.ons irradia.on 

does not affect the fluorescence intensity as the absorp.on band of the spiropyran open 

form is red shiVed in comparison to that of the complex. 

Covalently linked systems 69 and 102 were also reported [35, 58]. In the ground 

state, fluorescence quenching was observed due to photoinduced electron transfer (PET). 
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Upon irradia.on and in the presence of metal ions, PET is blocked due to complex forma.on 

leading thus to fluorescence dequenching. In case of compound 69 the authors reported 

that fluorescence of the MC form, origina.ng from FRET between the fragments, was 

observed (Scheme 2.15). A mixture of the separated fragments, i.e. of spiropyran 68 and 

pyrene, demonstrated the same behavior [35]. 

 

2.1.1.4. Polymer Compositions Containing Spiropyrans 

Introducing photochromic fragments into polymer composi.ons affords materials 

suitable for prac.cal use [59]. Employing the sensi.vity of spiropyrans to the presence of 

metal ca.ons, the polymers 103-105 were successfully tested for metal ion recogni.on or 

photo-reversible extrac.on [60-63]. To increase the stability of complexes, azacrown ether 

moie.es were a>ached to polymers 106 and 107 [27].  

Scheme 2.15. Fluorescence dequenching of compound 69 upon UV irradiation and in 

the presence of metal cations [35].  
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A number of studies were devoted to spiropyrans immobilized on a polymeric 

surface. Examples of spiropyran 108 fixed on polystyrene microbeads [64], 

polymethylmetacrilyc films [65-67], or silicon surface [55] were described. 

An alterna.ve to polymers are self-assembling layers of spiropyran 109, which are 

formed on the gold surface [68]. By means of UV or visible light irradia.on, it was possible to 

control the electrode poten.al in solu.ons containing zinc (II) ca.ons (Fig. 2.1). 

 

2.1.2. Coordinations of Spiropyrans with Biomolecules 

Several examples of photochromic systems sensible to a number of biological 

objects such as amino acids, proteins, and DNA were described. Spiropyrans 8, 110-112 were 

proposed for amino acids recogni.on (Table 2.7) [69-71]. In all cases, the presence of the 

amino acid in solu.on led to the no.ceable increase of the colored form stability as well as 

absorp.on maximum wavelength change. For be>er coordina.on and for selec.vity reasons 

Figure 2.1. Using of spiropyran 109 to control the gold electrode potential by UV and 

visible light irradiation in the presence of zinc (II) cations [68]. 
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as well, suitable subs.tuents were a>ached to the molecules (Scheme 2.16). In case of 

compound 8, the detec.on of cysteine and homocysteine was carried out in the presence of 

copper (II) or mercury (II) ca.ons which gave rise to the amino acids dimeriza.on followed 

by forma.on of the complexes comprising two spiropyran molecules and two ca.ons for the 

sole dimeric (diCys) molecule (Scheme 2.16) [70]. Compounds 111, 112 exhibited greater 

affinity to amino acids with rela.vely long carbon chain and also to tripep.de glutathione 

[71]. A significant disadvantage of the tested  systems was their insolubility in water. 

A selec.ve binding with an.bio.c vancomycin was demonstrated for spiropyran 

113 [72]. The compound contains a specific D-Ala-D-Ala fragment responsible for the specific 

and selec.ve interac.on with the substrate. In control experiment isomeric spiropyran 

Table 2.7. 
Tested spiropyrans and amino acids. 

Spiropyran Amino acid Ref. 

110 

his.dine (His) 

 

[69] lysine (Lys) 
 

arginine (Arg) 

 

8, 111, 112 

cysteine (Cys) 
 

[70, 71] homocysteine (Hcy) 
 

glutamine (Glu) 
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containing L-Ala-L-Ala fragment failed to bind to vancomycin. These results show the 

poten.al for developing specific photochromic tags for proteins. 

Recently, spiropyran 114 was reported to par.cipate in photo-induced DNA 

intercala.on [73]. The ini.al bulk SP form prevent the molecule to bind strongly to DNA. 

Upon UV irradia.on the planar MC isomer is formed which in turn is able to fit in between 

the base pairs of DNA. The reported stability constant (lg K ≈ 4) is within the average values 

for this type of interac.on [74]. The photo-controlled intercala.on provides development of 

new therapeu.c agents for cancer treatment. 

Scheme 2.16. Formation of complexes of spiropyrans with amino acids. 
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2.2. Systems Based on Spirooxazines 

 

The number of publica.ons devoted to complex forma.on involving spirooxazine 

molecules or fragments is approximately twice as less as that devoted to spiropyrans. 

Among them, the major part involves the naphthoxazine deriva.ves. Photo-induced forms of 

spironaphthoxazines are thermally unstable and transform back into the ini.al SP state over 

.me (Scheme 2.17) [1-4]. Like the open forms of spiropyrans, those of spirooxazines may 

par.cipate in the complex forma.on. Again, the greater number of reports describes 

complex forma.on with metal ions. 

It was shown that unsubs.tuted spirooxazine 115 is sensi.ve to the presence of 

metal salts. Like in the case of spiropyrans, the decrease of the bleaching rate and the blue 

shiV of the absorp.on maximum were observed (Scheme 2.18) [35, 75-78]. Introducing 

addi.onal subs.tuents able to coordinate with the ca.ons led to a considerable increase of 

complex stability upon irradia.on for compounds 116-125 (Table 2.8, Scheme 2.19). 

N

ON

RR

R

hv1

hv2 or ∆

R
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N

R

R R
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R

R

Scheme 2.17. Phototransformation of spirooxazines. 

Table 2.8. 
Spirooxazines with different subs.tuents 

 
No. n R1 R2 R3 Ref. 

116 0 CH3 OH H 

[78, 79] 117 0 C4H9 OH H 

118 0 CH3 COOH H 

119 0 CH3 

 

H 

[80, 81] 
120 0 (CH2)3CH3 H 

121 0 (CH2)3COOCH3 H 

122 0 (CH2)3COOH H 

123 1 CH3 H 
[80] 

124 1 (CH2)3CH3 H 

125 0 CH3 

 

[82] 
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Spirooxazines 126-132 which contain fused phenantroline fragment are also 

described [83-87]. These compounds are able to form complexes with the transi.on metal 

ca.ons comprising three ligand molecules per one ca.on (Scheme 2.20). It is reported that 

the complexa.on no.ceably affected the stability of the open forms upon UV irradia.on, the 

bleaching being slowed down. At the same .me, irradia.ng with visible light led to total 

decolora.on of the solu.ons. The electron-dona.ng groups were found to exhibit a 

stabilizing effect on the complexes, while the electron-withdrawing ones had the opposite 

influence. 

Scheme 2.18. Complex formation of the open form of compound 115 with metal 

cations. 

Scheme 2.19. Additional coordination of substituents in some spirooxazines. 
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An interes.ng feature was detected in the mechanism of complex forma.on of 

compounds 126-128, 132 and 133 with Eu3+ ions [86]. It was found that europium (III) ions 

form thermodynamically stable complexes with the open forms, in which the nitrogen atom 

of the former oxazine cycle coordinate with the metal ions. 

Spironaphthoxazines linked to a crown ether moiety are described. It is reported 

that, upon addi.on of the double-charged metal ca.ons to compounds 134-137, a 

spontaneous colora.on was observed [33, 88]. The effect of different metals varied, yet 

coordina.on with both the crown ether and the oxygen atom of the open form was 

reported. Similarly to spiropyran 60, spironaphthoxazine 138 was prepared and tested in the 

presence of Gd3+ as a contrast material in MRI [89]. The corresponding open form complex 

appeared to be thermally and photochemically stable. In addi.on, crown-containing 

spirooxazines 139, 140 possessing dihydroisoquinoline fragment instead of indoline one 

were synthesized and inves.gated [90, 91]. 

Several spirooxazines were explored for their ability to control the charge and 

energy transfers processes by photochromic transforma.ons. Thus, compound 141 was 

found to transform into the MC state upon addi.on of Lewis acids (FeCl3, AlCl3, SnCl4, 

Scheme 2.21. Complex formation of the open forms of compounds 126-128 and 132 

with europium (III) cations. 
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BF3Et2O, ZnCl2) [92]. The colored isomers did not bleach even upon visible light irradia.on, 

while the addi.on of a chela.ng agent (diethanolamine) led to the recovery of reversibility . 

The authors suggest that the strong interac.on between a Lewis acid and electrons of the 

nitrogen atom of the amino group is responsible for the phenomenon. For compound 126, a 

photo-control of the red-ox pair Co2+/Co3+ oxida.on state was reported [87]. 

Similarly to spiropyrans 98-100, compounds 142-147 were shown to control charge 

and energy transfer in the complexes with rhenium [93-95]. S.ll, the results were much 

similar to those of spiropyrans showing inhibi.on of the phototransforma.on. 
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Less explored is the interac.on of spirooxazines with uncharged molecules and 

biomolecules. Compound 148 is able to form assemblies with the Pd(PPh3)2Cl2 catalyst [96]. 

These assemblies are stabilized due to π-π stacking between phenantrene and 

triphenylphosphine fragments. Another example of noncovalent interac.on with the 

uncharged par.cles is the spirooxazine 115 – γ-cyclodextrine system (Scheme 2.22) [97]. 

Also, compound 115 was tested for recogni.on of several amino acids (Scheme 

2.23) [98]. Authors report that amino acids did not considerably change the spectral 

proper.es of the open forms, yet the stability of the MC isomers was increased. 

Scheme 2.22. Noncovalent interaction of spirooxazine 115 and γ-cyclodextrine [97]. 

Scheme 2.23. Interaction of the open form of spirooxazine 115 with amino acids [98].  
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2.3. Systems Based on Chromenes 

 

In contrast with the spiropyrans and spirooxazines, chromenes (or benzopyrans) 

exhibit mostly thermal bleaching (Scheme 2.24) [1, 2, 5]. The studies of benzo- and 

naphthopyrans involved in the complex forma.on are poorly presented in literature. Most 

publica.ons are devoted to the incorpora.on of a crown ether fragment into the 

naphthopyran molecules. Very few ar.cles describe alterna.ve coordina.ng func.ons. 

Naphthopyrans 149-156, bearing different crown ether fragments, as well as model 

compounds 157-159, containing podands or morpholine moie.es, were studied (Table 2.9). 

Scheme 2.24. Phototransformations of chromenes. 

Table 2.9. 
Crown-containing naphthopyrans. 

 
No. R n Ref. 
149 

 

1 [99-102] 

150 2 [99-102] 

151 3 [99-102] 

152 

 

1 [103] 

153 2 [103] 

154 3 [103] 

155 

 

1 [33] 

156 2 [33] 

157 

 

— [103] 

158 

 

— [103] 

159 
 

— [99-101] 
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Addi.on of the ca.ons led to spontaneous colora.on of solu.ons in very rare cases. 

Upon irradia.on and in the presence of metal ions, the absorp.on band of the open form 

was usually red shiVed (up to 80 nm). In the model compounds 157-159, these changes were 

frequently insignificant. Crowned chromenes are highly responsive to the presence of 

ca.ons. In the complex, a ca.on binds to the crown ether fragment and, therefore, 

approaches to the carbonyl oxygen atom of the open form, thus stabilizing the la>er due to 

coordina.on (Scheme 2.25) [99-102]. Chromenes 155, 156 contain a bulky hydrophobic 

binaphthyl fragment that affects their ability to form complexes with the ca.ons. 

Nevertheless, in the presence of the metal ions a red shiV of the MC form absorp.on band 

was observed, confirming the carbonyl oxygen atom par.cipa.on in coordina.on (Scheme 

2.26) [33]. 

The forma.on of various structures of the open form complexes with divalent 

ca.ons was suggested for bischromene 160 (Scheme 2.27) [99-101]. Obviously, the size and 

nature of the ca.ons involved are of importance.  

Chromenes 161, 162 containing azacrown ethers in the phenyl ring, linked to the 

quaternary carbon atom of the pyran cycle, give another example of crown ether 

incorpora.on into the chromene molecule. The proper.es of these chromenes were 

compared with those of the model chromene 163, containing the dimethylamino group [104

-106]. Such structure suggests inclusion of a macrocycle into the chromophore system of the 
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Scheme 2.25. Complex formation of chromenes containing a crown ether fragment 
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MC form and affords significant spectral changes upon complex forma.on. In this case, the 

open form of chromenes possesses two coordina.ng sites which coincide with electron-

dona.ng and electron-withdrawing fragments of the chromophore system. Thus, 

coordina.on with the carbonyl oxygen atom, which is the acceptor, increases its electron-

withdrawing proper.es, leading to a red shiV of the absorp.on band. When a complex is 

formed by the azacrown ether fragment, in which nitrogen atom is the donor, the metal 

ca.on reduces the electron-dona.ng proper.es of the nitrogen atom and, as a result, a blue 

shiV is observed (Scheme 2.28). This rela.onship was proven experimentally for compounds 

Scheme 2.27. Complex formation of the open forms of chromene 160 with Ba2+ and Pb2+. 

Scheme 2.28. The effect of complex formation on spectral characteristics of the MC 

forms of chromene 161. 
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161-163. Also, analysis of the bleaching rate changes upon addi.on of ca.ons allowed 

determining the complex stability constants for the open forms which appeared to be lower 

than those for the closed ones. 

The group of A. McCurdy et al. [107] suggested an alterna.ve to a crown ether 

subs.tuent able to form stable complexes with the metal ca.ons (Scheme 2.29). Interac.on 

of chromene 164 with alkaline-earth metal ca.ons (Mg2+, Ca2+, and Sr2+) was studied in the 

aqueous medium of various pH factor. Without irradia.on, metal ca.ons formed complexes 

of chromene to metal ra.o equal to 1:1 and 2:1, the la>er of which is more stable. Changes 

of the solu.on pH had a small effect on the complex stability. Remarkable is the ability of the 

compound to form stable complexes upon irradia.on with the calcium ca.ons, which are 

important for many biological processes. 

 

Thus, by the present time, various complexons, containing spiropyran, spirooxazine, 

and chromene fragments, were synthesized and studied. Photochromic transformations 

significantly affect the complexing properties of such compounds. Comparing to the closed 

forms, the open isomers demonstrate higher stability constants of complexes with metal ions. 

In case of photochromes containing no coordinating sites, metal cations coordinate exclusively 

with the carbonyl oxygen atom of the open forms. The complex formation noticeably 

influences the photochromic properties of the ligands. Binding to various substrates causes 

considerable changes in the absorption spectra. For the thermoreversible systems, the 

transition of the MC form into the closed one in the complexes with metal ions is considerably 

slowed down. 

Systems described in literature have various designs. However, the number of 

chromene derivatives is rather limited. Unfortunately, in the majority of works little attention is 

paid to the determination of quantitative characteristics of the complex formation. The studies 

of the coordination influence on the photochemical and photophysical properties of 

photochromes are frequently qualitative that significantly limits the evaluation of practical 

importance of the reported systems. 

Scheme 2.29. Photochromic transformation of chromene 164 in the aqueous buffer. 

Deprotonated forms (pH 7.6 and 8.7) are shown. 
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3. Results and Discussion 

 

The use of the crown ether fragment as an addi.onal func.onal group in the 

structure of photochromic compounds allows design of systems, in which photochromism 

and complex forma.on significantly affect each other. This is the basis for crea.on of 

systems with the photo-controlled complex forma.on or, vice versa, photochromic systems, 

which spectral and kine.c proper.es considerably depend on the presence of the metal 

ca.ons (or other complexing agents). In the structure of the majority of crown-containing 

naphthopyrans, known in the literature, no macrocyclic fragment is included into the 

chromophore system of the photochrome, but bound to it via a bridge. However, the crown 

ether par.cipa.on in the electron density redistribu.on upon photochromic transforma.ons 

seems to be of the highest efficacy. Therefore, in this work, we chose chromenes containing 

annelated crown ether fragment as the target compounds. Since the inves.ga.on of mutual 

influence of photochromism and complex forma.on in the presence of metal ca.ons and 

amino acids was of interest, primarily, the problem of synthesis of chromenes 1-3 fused with 

the 15-crown-5 and 18-crown-6 ether moie.es was set as the target. There are no examples 

of such systems in the literature. Accordingly, the targets of the work included development 

of new synthe.c approaches to benzo- and naphthopyrans, annelated to the crown ether 

fragments of different size and heteroatomic composi.on. 
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3.1. Synthesis of Benzo- and Naphthopyrans 

 

We developed two main approaches to the prepara.on of the target compounds 

with different synthe.c direc.on (Scheme 3.1). The first, most obvious route consisted in the 

chromene fragment inclusion into the crown-containing aroma.c substrate (benzo- or 

naphtho-15(18)-crown-5(6) ethers). In addi.on, we used an alterna.ve synthe.c route, 

which concluded, vice versa, in the crown ether fragment construc.on over the 

photochromic molecule. Though the second approach involved greater number of stages, it 

afforded naphthopyrans containing the crown ether fragments of different size and 

heteroatomic composi.on. 

 

3.1.1. Synthesis of Crown-Containing Benzo- and Naphthopyrans from Phenols 

and β-Naphthol Annelated by Crown Ether 

There are many known approaches to prepara.on of chromenes [1, 5]. However, 

the synthesis of chromenes from phenols or naphthols is the most widespread and 

accessible. At the first stage of the work, we concentrated on the developing of new or 

modernizing of exis.ng methods for phenols 4-6, containing the annelated crown ether 

fragment, prepara.on. 

The approaches towards the synthesis of phenols 4, 6 are known [108-113]; 

naphthol 5 is not described. With respect to the hydroxyl group posi.on in rela.on to the 

crown ether fragment, two methods were employed. 

The first method consisted in hydroxyl group incorpora.on into the ini.al 

benzocrown ether (Scheme 3.2) [108-110]. It was applied by Dr. A.Chebunkova [114] in the 
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synthesis of phenol 4a, but for the synthesis of 4b and 5 some modifica.ons were suggested, 

which increased the products yields. The synthesis included three stages: (i) acyla.on by the 

Eaton’s reagent, (ii) Baeyer-Villiger oxida.on, and (iii) hydrolysis. The yield-defining stage for 

the whole scheme was the oxida.on, since it produced the greatest number of side products 

and was characterized by incomplete reac.on proceeding. 

Benzo-18-crown-6 (7a) and naphtho-15-crown-5 (7b) ethers were acylated by ace.c 

acid in the presence of the Eaton’s reagent. The precursor 7a is commercially available; 

crowned naphthalene 7b was provided by A.V.Bogatsky Physicochemical Ins.tute (Ukraine). 

The Eaton’s reagent represents a solu.on of phosphorus oxide (V) in methanesulfonic acid. 

In the beginning of the work, a fresh solu.on containing phosphorus oxide (V) and 

methanesulfonic acid in the molar ra.o of 1:10 (13% solu.on, approximately) was used. 

Later a commercial Eaton’s reagent containing 7.5% of the oxide was used that resulted in a 

slight increase of the yield. In this reac.on, the acyla.ng agent is mixed ace.c and 

methanesulfonic acids anhydride formed in situ [115]. The reac.on proceeds during 6 hours 

at room temperature. As a result, 4- and 6-subs.tuted deriva.ves of benzo-18-crown-6 and 

naphtho-15-crown-5 ethers, respec.vely, were prepared in good yields. On the one hand, 

the crown ether electron-dona.ng character favored the reac.on. On the other hand, the 

presence of the bulky macrocyclic fragment hindered acyla.ng agent access to posi.ons 3, 6 

in benzocrown ether and posi.ons 1, 4, 5, 8 in naphthocrown ether that provided high 

selec.vity of the reac.ons. Subs.tu.on in posi.on 6 in compound 7b was probably 

promoted by the forma.on of the corresponding σ-complex, which was more stable than 

O
O

O

O
O

CH3COOH

Eaton's reagent
(P2O5 / CH3SO3H)

O
O

O

O
O

n
m

O

CH3

O
O

O

O
O

n
m

O

TsOH
CH2Cl2

O

CH3
H2O

NaOH

7a

8a n = 2, m = 0, 90%
8b n = 1, m = 1, 90%

9a n = 2, m = 0, 70%
9b n = 1, m = 1, 40%

O

O

O

O O

O

7b

O
O

O

O
O

OH

5, 60%

4b , 50%

O

O

O

O O

O

OH

1
2

3

4 5

6

7

8

1

2

3

4

5

6

CO(O)OH

Cl

Scheme 3.2. Crowned phenol and naphthol synthesis from appropriate benzo- and 

naphthocrown ethers. 



33 

the one resulted from the acyla.ng agent a>ack into posi.on 5. The la>er structure must be 

less stable as the acyl group is sterically affected by hydrogen atom in posi.on 4, the 

influence being intensified due to close loca.on of the methylene groups of the crown ether 

(Scheme 3.3). 

The next stage of the synthesis was Baeyer-Villiger oxida.on (rearrangement) 

consis.ng in the treatment of ketones with peroxyacids in the presence of acid catalysts. 

This reac.on in widely applied to synthesis of esters and lactones by the mechanism of 

oxygen atom “inser.on” [116]. Primarily, freshly prepared peroxyace.c acid, prepared by 

mixing glacial CH3COOH with 35% H2O2 solu.on in the presence of H2SO4, was used [108, 

114]. However, since the control of the peracid concentra.on is difficult due to its instability, 

the use of commercially available m-chloroperoxybenzoic acid represen.ng a solid with 25-

30% water content was found preferable. For example, ester 9b yields were 4 and 40% when 

using CH3CO(O)OH and m-ClC6H4CO(O)OH, respec.vely. Therefore, in further work 

peroxyace.c acid was not employed. 

Scheme 3.4. Mechanism of the Baeyer-Villiger oxidation (rearrangement) of ketones 8. 

Scheme 3.3. Spatial interaction of substituents in σ-complexes formed in course of 

naphthocrown ether 7b acylation. 
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In the case of benzocrown ether deriva.ve 9a, the reac.on yields were much 

higher. Such difference may result from a be>er stabiliza.on of the posi.vely charged 

transi.on state in the benzene deriva.ve compared with the naphthalene one (Scheme 3.4). 

In this reac.on, the intermediate structure resembles the σ-complex that forms in 

electrophilic subs.tu.on of benzene or naphthalene deriva.ves. 

Nevertheless, the method using m-chloroperoxybenzoic acid has disadvantages, 

too. In all cases, product purifica.on was complicated by the presence of the ini.al ketones. 

As products and ini.al compounds are structurally similar, separa.on of their mixtures was 

rather complicated. However, it was found experimentally that the ini.al ketones are be>er 

soluble in 96% ethanol, which was used for purifica.on. 

Incomplete reac.on proceeding was apparently associated with rela.ve instability 

of peroxybenzoic acid at room temperature. To op.mize synthesis, the quan.ty of reagents 

and reac.on .me were varied. Nevertheless, a considerable improvement of yields failed. 

Moreover, increased amount of oxidant induced forma.on of larger quan.ty of yellow side 

products, specifically in the case of naphthalene deriva.ve. For instance, NMR spectra of the 

reac.on mixture indicated the presence of naphthoquinones 10 (Fig. 3.1). Conclusions about 

Figure 3.1. 1H NMR spectra of oxidation reaction reagents and products: a) product 

9b of Baeyer-Villiger rearrangement; b) ester oxidation product 9b (naphthoquinone 

10b); c) ester 9b and ketone 8b oxidation product (naphthoquinone 10a) mixture; d) 

initial ketone 8b. 
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the structure of the compounds were made on the basis of similarity in the NMR spectra for 

the ini.al ketone 8b and ester 9b, as well as specific loca.on of methylene protons signals of 

the crown ether fragment and the number of aroma.c hydrogen signals. Methyl group 

proton signals are typical for both cases. In the carbonylated structure they are 

characterized by the chemical shiV of 2.69-2.70 ppm (Fig. 3.1c, d). In the ester group, the 

methyl proton signals are shiVed upfield to 2.33-2.34 ppm (Fig. 3.1a-c). The quinone 

fragment proximity to the crown ether part promotes a no.ceable downfield shiV of the 

methylene proton signals due to the anisotropic effect of the two carbonyls (Fig. 3.1b, c). 

The resonances of the aroma.c protons are also typical. 

The final stage of the synthesis was the basic hydrolysis of the esters that produced 

phenol 4b and naphthol 5 in moderate yields. Such yields are mostly caused by the ability of 

the crown ether deriva.ves to bind the metal ca.ons in the aqueous medium with the  

forma.on of stable complexes. Free phenols were extracted by organic solvents. In the case 

of naphthol 5, washing of the aqueous solu.on with dichloromethane was sufficient. 

However, 18-crown-6-phenol 4b extrac.on by hot CH2Cl2 was carried out con.nuously 

during 24 h. 

The structure of naphthol 5 was proved by X-ray structural analysis (Fig. 3.2). The 

crystal includes water molecules, which par.cipate in hydrogen bonds forma.on. Each H2O 

molecule is located in the crown ether cavity. In addi.on, water forms a hydrogen bond with 

hydroxyl hydrogen atom. Thus, the crystal consists of several infinite spirals formed due to 

head-to-tail naphthol and water molecules disposi.on. 

The phenols with vicinal disposi.on of the hydroxyl group and the crown ether 

fragment were prepared using another synthe.c method, which included several alterna.ng 

stages of protec.ve groups incorpora.ng into and removing from star.ng pyrogallol 

(Scheme 3.5) [111-113]. 

Figure 3.2. X-ray analysis data of naphthol 5. A water molecule is located in the crown 

ether cavity. 
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At the first stage, protec.on of two vicinal hydroxyl groups of pyrogallol, 

transforming it into an acetal deriva.ve by the interac.on with ortho-formiate in the 

presence of ion-exchange resin Amberlist 15, was used. Further on, phenol 11 was 

transformed in high yield to the corresponding benzyl deriva.ve. The use of acetal (formyl) 

and benzyl groups allowed selec.ve protec.on of hydroxyl groups in pyrogallol, because 

these protec.ve groups have different stability. For example, under acidic condi.ons 

compound 12 was transformed to dihydroxy deriva.ve 13 in nearly quan.ta.ve yield, the 

benzyl group being not involved. This enabled successful incorpora.on of the crown ether 

fragment by the two free hydroxyl groups, using appropriate oligoethyleneglycol ditosylate. 

15-Crown-5 ether deriva.ve 14a was obtained employing NaOH as the base; the reac.on 

was performed in toluene-water mixture with interphase catalysis [113]. In the case of 18-

crown-6 ether (14b), the reac.on was carried out in acetonitrile in the presence of CsF [112]. 

Beside high dilu.on, for crown ether synthesis the base selec.on is of importance, 

because metal ca.on is able to form a complex with the podand (oligoethyleneglycol), 

par.cipa.ng in the reac.on, which promotes reagents pre-organiza.on for the target 

product forma.on (the so-called template effect) (Scheme 3.6). Hence, the be>er 

correspondence of the podand (and crown ether formed) size to the ca.on diameter is, the 

higher the product yield is [117]. The only nega.ve consequence of such effect is high 

stability of complexes, due to which, in some cases, difficul.es of free ligand extrac.on may 

HO

HO

OH OH

O

O

EtO

OBz

O

O

EtO

OBz

HO

HO

OBz

O
O

O

O
O

OH

O
O

O

O
O

Amberlist
benzebe

OEt

EtO OEt

11, 47%

dioxane

Bu4NI
100oC

PhCH2Cl
NaOH

H2O
TsOH

MeOH

OTs
O

O

O
OTs

n

nn

n = 1 NaOH (aq.),
toluene, Bu4NI

n = 2 CsF, CH3CN

H2, Pd/C

EtOH

12, 86% 13, 95%

14a, n = 1, 48%
14b, n = 2, 43%

6a, n = 1, 84%
6b, n = 2, 83%

Scheme 3.5. Synthesis of crowned phenols by incorporating a macrocyclic fragment 

into pyrogallol molecule. 

Scheme 3.6. The template effect in crown ether synthesis. 



37 

occur. Thus compromise condi.ons were chosen, which provided moderate yields and non-

laborious product extrac.on. 

The final stage was selec.ve removal of the benzyl protec.on by hydrogen in 

ethanol in the presence of Pd/C. Mixture exposure at room temperature for several days 

gave high yields of target phenols 6. 

 

The target chromenes were prepared by two methods. The first method consisted 

in phenols interac.on with diphenylpropargyl alcohol in the presence of an acid. This is one 

of the most frequently used approaches, which allows obtaining of chromenes in moderate 

to good yields [1, 5, 118-120]. According to the second method, photochromes were 

produced by phenols interac.on with β-phenylcinnamaldehyde in the presence of .tanium 

(IV) ethylate [119, 121-124]. Primarily, this approach was developed for the synthesis of 

chromenes containing heterocyclic (generally, nitrogen-containing) fragments and was rarely 

applied to the synthesis of carbocyclic chromenes. 

The interac.on of phenols with propargyl alcohol is catalyzed by acids and proceeds 

sequen.ally via O-alkyla.on, Claisen rearrangement ([3, 3] sigmatropic shiV), [1, 5] 

sigmatropic hydrogen shiV, and electrocycliza.on (Scheme 3.7) [119, 120]. In situ forma.on 

of arylpropargyl ether which enters the further Claisen rearrangement is the stage defining 

successful proceeding of the reac.on. 

Therefore, for phenols 4 the forma.on of two products is possible, namely: linear 

and angular chromenes (Scheme 3.8). In case of the angular isomer, however, the forma.on 

of the appropriate transi.on state is spa.ally hindered, which is associated with proximity of 

the crown ether fragment. As a result, linear isomers 1 in 4% (n = 1) (according to [114]) and 

19% (n = 2) yield were obtained exclusively. Naphthol 5 afforded angular naphthopyran 2 in 

16% yield. 
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The vicinal posi.on of hydroxyl group in phenols 6 unambiguously tes.fies about 

prac.cal impossibility of obtaining appropriate chromenes with the help of this method 

(Scheme 3.9). Close loca.on of the crown ether induces high spa.al hindrances to propargyl 

ether forma.on. Prepara.on of chromenes 3 in sa.sfactory yields by this method failed. 

This method has several essen.al disadvantages, primarily, due to side reac.ons. 

Acid presence in the reac.on mixture makes possible transforma.on of propargyl alcohol to 

β-phenylcinnamaldehyde by the Meyer-Schuster rearrangement mechanism (Scheme 3.10) 

[125]. Thus, the alcohol amount is being reduced during the reac.on that affects 

arylpropargyl ether forma.on. 

Another disadvantage of the method for the crown-containing systems was 

hydrolysis-induced par.al degrada.on of the macrocyclic fragment. This caused forma.on of 

many products containing alipha.c residues of various lengths. It seemed rather difficult to 

Scheme 3.10. Mechanism of the Meyer-Schuster rearrangement. 
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separate this mixture with the help of the column chromatography, because the Rf values 

were close, and NMR spectrum of the product was always characterized by the presence of 

alien proton peaks in the alipha.c part. 

Therefore, the chromenes were synthesized by the method using β-

phenylcinnamaldehyde in the presence of .tanium tetraethoxide. In contrast with the first 

approach, the mechanism of this reac.on includes no sequen.al pericyclic rearrangements 

and includes the stages of .tanium (IV) ethylate a>achment to hydroxyl oxygen atom, 

electrophilic subs.tu.on in the aroma.c system, hydroly.c decomposi.on of a complex of 

the phenol with .tanium, thermal dehydra.on, and electrocycliza.on leading to chromene 

forma.on (Scheme 3.11) [119, 121]. Applica.on of the method allowed to prepare all the 

target chromenes in sa.sfactory yields that exceeded corresponding yields of the first 

method (Scheme 3.12). Moreover, extrac.on and purifica.on of the products appeared less 

laborious. 

In the case of phenols 4, the linear chromenes were formed. No angular isomers 

were found in the reac.on mixture that, apparently, is due to the spa.al hindrance within 

the intermediate products (Scheme 3.12). In the reac.on with naphthol 5, the exclusive 
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Scheme 3.13. Side reactions with β-phenylcinnamaldehyde participation. 
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angular isomer 2 was formed that, apparently, was associated with the σ-complex 

stabiliza.on in course of the electrophilic subs.tu.on stage (in α and β posi.ons, Scheme 

3.12). Chromenes 3 were prepared in moderate yields. Structure 3b was also proved by X-

ray analysis (Fig. 3.3). 

We a>empted to op.mize the yields by varying the reac.on condi.ons and the 

quan.ty of reagents. However, no no.ceable improvement was achieved. The reac.on has 

some disadvantages, which are, first of all, forma.on of mul.ple side products, most 

frequently of intense yellow color. In this case, however, admixtures may be successfully 

eliminated by chromatography. More substan.al disadvantage is the possibility of aldehyde 

par.cipa.on in the Tishchenko-Claisen rearrangement and the Meerwein-Ponndorf-Verley 

reduc.on with the par.cipa.on of .tanium tetraethoxide, which was proved by alcohol 15 

separa.on from the reac.on mixture (Scheme 3.13). This, in turn, limits variability of the 

condi.ons. 

 

Thus, target chromenes 1-3 were synthesized by two alterna.ve methods. 

Alongside with less laborious procedure of products extrac.on, the yields in the second 

method were found generally higher (Table 3.1). Both methods have disadvantages; 

however, in the case of chosen chromenes, annelated by crown ether fragments, the 

method applying β-phenylcinnamaldehyde is preferable and some.mes the only effec.ve 

one (chromenes 3). Therefore, in further work this approach was used for chromene 

syntheses. 

 

Table 3.1. 
Chromene yields in two methods. 

  

   

  1a n = 1 1b n = 2 2 3a n = 1 3b n = 2 

Method 1 4% [114] 19% 16% ~1% ~1% 

Method 2 20% 25% 29% 30% 30% 
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3.1.2. Synthesis of Naphthopyrans Annelated to the Crown Ether Fragments of 

Various Size and Heteroatomic Composition 

For prepara.on of naphthopyrans, annelated to the crown ether fragments of 

different size and heteroatomic composi.on, we used an alterna.ve synthe.c approach 

based on introducing of a macrocyclic fragment into the naphthopyran molecule (Scheme 

3.14). Chromenes 16, containing various terminal groups in the alipha.c fragments, were 

suggested as the precursors. Deriva.ves with the hydroxy, chlorine, and iodine groups are 

necessary for the synthesis of oxa-, thia-, and azacrown ethers, respec.vely. Tosylate 

subs.tuents are rather universal and may be used for prepara.on of macrocycles of any 

heteroatomic composi.on. 

The key compounds in the synthesis of chromenes 16 are the appropriate naphthols 

17. Such compounds have not been described. Therefore, synthe.c techniques for the 

prepara.on of similar molecules and the methods used for obtaining crown-containing 

phenols were adapted from the literature [126-128]. As a result, we used a route for 

naphthols 17 synthesis from dihydroxynaphthalene by its successive O-alkyla.on, acyla.on, 

Baeyer-Villiger oxida.on and LiAlH4 reduc.on (Scheme 3.15). Similarly to the synthesis of 15-

crown-5-naphthol 5, in this case the most complicated stage was ketone 19 oxida.on to 

ester 20, which afforded 34% yield. Other stages gave high and moderate yields. Naphthol 

17a was also successfully converted to chloro subs.tuted deriva.ve 17b. 

The next stage was synthesis of chromenes from naphthols 17. Due to high polarity, 

the compound 17a was insoluble in toluene, which was usually used as a solvent in the 

reac.on with β-phenylcinnamaldehyde. This led to extremely low reac.on yield (4%). 

Accordingly, photochromic deriva.ve 16a was synthesized using the method with propargyl 

alcohol. Acetonitrile, in which compound 17a solubility was much higher than in toluene, 

was used as a solvent. In this case, the yield was found sa.sfactory (35%). Chromene 16b in 

high yield (80%), in turn, was obtained by the second method from naphthol 17b.  

Terminal subs.tuents in compounds 16a and 16b were replaced by tosylate groups 

and iodine (Scheme 3.16). Direct tosyla.on of compound 16a with the use of TsCl in the 

Scheme 3.14. The concept of crown ether fragment incorporation into chromene molecule. 
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presence of a base gave chromene 16c in 53% yield. Also, 16c was obtained from compound 

16b by the interac.on with TsOAg in acetonitrile. In this case, 4 days reflux of the reac.on 

gave a mixture of the ini.al chromene and subs.tu.on products with predominant content 

of monosubs.tuted component (mixed terminal groups). The reac.on mixture exposure to 

140°С during 20 h increased conversion of compound 16b and produced compound 16c in 

65% yield. Diiodo deriva.ve 16d was synthesized from 16b according to the standard 

technique. 

For obtaining the target crown-containing chromenes, the precursors reacted with 

oligoethyleneglycols containing various end groups. Compounds 16a and 16c were used for 

obtaining oxacrown deriva.ve 2; compounds 16b and 16d were employed for the synthesis 
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of dithia- (21) and diazacrown (22) deriva.ves, respec.vely (Scheme 3.17). It should be 

noted that obtained yields correspond to the average yields in crown ether syntheses. 

Nevertheless, naphthopyran 2 yield differs from analogous thia- and aza- deriva.ves by 2-4 

.mes, which is probably associated with lower nucleophilic character of oxygen atoms of HO

-groups in chromene 16a or diethyleneglycol in the reac.on with chromene 16c. Structure of 

compound 21b was proved by X-ray analysis (Fig. 3.4). 

In the synthesis of compound 21a, a side non-photochromic product 23, resul.ng 

from water molecule addi.on to the double bond of the pyran ring , was detected. The 

sugges.on about its structure was made on the basis of 1D and 2D 1H NMR spectra in CDCl3, 

DMSO-d6 (Figs. 3.5, 3.6). 
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The NMR spectra possess a triplet signal of alipha.c proton (6.12 ppm and 6.57 

ppm in CDCl3 and DMSO-d6 solu.ons, respec.vely) shiVed downfield. This tes.fies about 

closely located electron-withdrawing group. In addi.on, the alipha.c part of the spectrum 

demonstrates a doublet proton signal (see zoomed spectrum fragments in Fig. 3.5). The 

coupling constants of the signals coincide and are equal to 7.2 Hz. COSY spectrum proves 

mutual coupling of the signals (Fig. 3.6). An indirect proof of HO-group presence is a singlet 

proton signal (8.85 ppm) in the NMR spectrum in DMSO-d6 (Fig. 3.5b). The values of integral 

intensi.es also prove occurrence of three addi.onal protons. 

This approach to synthesis of target compounds is rather flexible and allows 

obtaining different photochromic systems. Hence, using phenols 17, spironaphthoxazines 25 

and 26 were synthesized (Scheme 3.18) [4, 129]. The key compounds in spironaphthoxazine 

synthesis are nitrosonaphthols obtained by nitrosa.on of corresponding naphthols. The low 

yield of compound 24a compared with chloro subs.tuted analogue is due to its good 
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solubility in water and poor solubility in organic solvents that significantly hindered its 

separa.on from the reac.on mixture. On the contrary, deriva.ve 24b is insoluble in water 

that considerably favored the work up. Spironaphthoxazines 25 were synthesized from 

nitrosonaphthols by interac.on with 2-methylenetrimethylindolenine in methanol in 

tradi.onally low yields (25% and 35% for НО- and Cl-deriva.ve, respec.vely). Similarly to the 

previously described procedures for chromene prepara.on, dithia-18-crown-6 ether 

deriva.ve 26 was synthesized from precursor 25b.  

Figure 3.6. COSY NMR spectrum of compound 23 in CDCl3. 
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Thus, for the first .me, an approach to synthesis of crown-annelated chromenes 

and spironaphthoxazines from available ini.al compounds was developed. By varying 

subs.tuents of terminal alkyl fragments in precursors, several chromenes with oxa-, dithia- 

and diazacrown ethers were synthesized.  

These two approaches were found effec.ve in the synthesis of target chromenes. 

Primarily, they differ by the synthesis direc.on. The first approach suggests introduc.on of 

photochromic func.on into a substrate (benzene, naphthalene, etc.), already containing a 

crown ether fragment. In the second approach, a crown ether fragment is introduced into a 

photochromic molecule. Either approach possesses some advantages, however, 

disadvantages are also observed. Based on the work performed, comparison of the methods 

is provided below. 

The accessibility of crown annelated substrates limits significantly the use of the 

first approach. Mostly, oxacrown ether containing deriva.ves of benzene or naphthalene are 

commercially available. Note also that the price of reagents may be rather high in this case. 

Moreover, similar to the case of phenols 6, a certain type of subs.tu.on on the target 

chromene may require preliminary synthesis of the crown ether. 

Another significant limita.on for the first approach is the impossibility to use 

nonoxacrown ether deriva.ves, because acyla.on and oxida.on condi.ons seem to be 

rather destruc.ve for aza- or thiacrown ethers. This makes impossible prepara.on of the 

corresponding chromenes by the first approach.  

In most cases, the second approach has no such disadvantages, because the crown 

ether is formed at the final stage of the synthesis. Therefore, various macrocyclic deriva.ves 

with different heteroatomic composi.on and size may be synthesized. The advantage of the 

second approach is its flexibility and variability that also allows using the synthe.c approach 

for other photochromic compounds, such as spironaphthoxazines which synthesis by the 

first method is rather difficult (first of all, at the nitrosa.on stage). 

Note also that the general disadvantage of the suggested approaches is low yields in 

the Baeyer-Villiger oxida.on. Hence, further development of the method requires 

op.miza.on of this stage or elabora.on of the alterna.ve routes for hydroxyl group 

incorpora.on into the molecule. 

The synthesis strategy is thus defined by the target compound. It could be 

concluded that for oxacrown ether deriva.ves, the first approach is more preferable. For the 

synthesis of chromenes, annelated by thia- and azacrown ether fragments, the best results 

can be obtained by the second approach. 
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3.1.3. Synthesis of Benzopyrans Containing Positively Charged Fragments 

Another target of the work was prepara.on of compounds able to par.cipate in the 

photo-controlled DNA intercala.on. In this case, the key requirement is the presence of 

posi.ve charge in the structure. Therefore, we suggested several quaternary salts of 

heterocyclic chromenes 27-32 as well as chromene 33 and spironaphthoxazine 34, 

possessing posi.vely charged group in the side chain. 

Heterocyclic chromenes 35-40 are described in literature [121, 123, 124]. They were 

prepared by interaction of the corresponding hydroxy-derivatives with β-

phenylcinnamaldehyde in the presence of titanium tetraethoxide (Scheme 3.19, Table 3.2). In 

some cases, in the synthesis of compounds 35-40 linear isomers were detected and sometimes 

extracted (for 36 and 38), however, their amount did not exceed 3-4%. Further alkylation of 

several chromenes led to corresponding quaternary salts (Scheme 3.19, Table 3.3). 

Methyl iodide and methyl tosylate were used as alkyla.ng agents. In the first case, 

the reac.on was carried out without solvent with excessive amount of CH3I in a closed 

ampoule heated up to 60°С. In the case of TsOCH3, the reactants were refluxed in 

acetonitrile. Although NMR spectra always indicated the alkyla.on products forma.on, not 

all products were isolated probably due to incomplete reac.ons and side products resulted 

from the redox processes with the iodide anion par.cipa.on. In the case of chromene 39, 

steric hindrance may also affect the reac.on proceeding. Structures 27а and 39 were proved 

by X-ray analysis (Fig. 3.7). 
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In addi.on, we synthesized chromene 33, containing posi.vely charged picoline 

fragment in the side chain, and spironaphthoxazine 34 with triethylammonium ca.on, 

bound by a propylene bridge to the indoline fragment. 

The star.ng compound for the synthesis of substance 33 was chromene 41 with the 

hydroxymethyl group in posi.on 5 (Scheme 3.20). The hydroxyl group was converted to the 

Scheme 3.19. Synthesis of chromenes possessing positive charge. 

Table 3.2. 
Synthesis of heterocyclic chromenes. 

  

   
Yield 65% 45% 54% 

  

 

O

Ph

Ph

O

N
H3C

38
  

Yield 27% 33% 28% 

Table 3.3. 
Synthesis of chromenes containing posi.vely charged heterocyclic fragments. 

  

 
  

  27a, X = I- 27b, X = TsO- 28, X = I- 31, X = I- 

Yield 96% 85% 87% 36% 

27а 39 

Figure 3.7. X-ray analysis data of iodide 27а and chromene 39. 
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corresponding bromo deriva.ve 42 using Br2/PPh3 [129]. The reac.on of β-picoline with 

chromene 42 gave quaternary salt 33 in high yield. 

The synthesis of spironaphthoxazine 34 was more difficult (Scheme 3.21). In this 

case, the key compound was base 44 synthesized from 2,3,3-trimethylindoline and 1,3-

dibromopropane [73]. At the first stage, quaternary salt 43a was formed. Cyclic deriva.ve 

43b was also iden.fied in the reac.on mixture. Isola.on of compound 43a was hindered by 

the presence of the star.ng indoline, which easily oxidized on air into a pink substance. 

Mul.ple rinsing of the reac.on mixture by methanol/acetone (1/100) mixture gave almost 

pure product 43a. At the next stage, indoline 44 was not purified and directly used in the 

reac.on with 1-nitrosonaphthalen-2-ol. As a result, spironaphthoxazine 45 was obtained in 

only 10% yield that was probably the consequence of low purity of 44 . At the final stage, the 

reac.on of compound 45 with triethylamine afforded the target spironaphthoxazine 34 in 

38% yield. 

Thus, several chromenes and one spironaphthoxazine poten.ally able to interact 

with DNA were synthesized. Structures of compounds were proved by NMR spectroscopy 

and X-ray analysis. Inves.ga.on on the proper.es of the synthesized chromenes is discussed 

in Chapter 3.2. 

Scheme 3.20. Chromene 33 synthesis. 

Scheme 3.21. Spironaphthoxazine 34 synthesis. 
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3.2. Study of Photochromic Properties and Complex Formation of 

Several Compounds Synthesized 

 

3.2.1. Study of Coordination Ability of Several Crown-Annelated Chromenes 

The presence of oxa-15-crown-5 ether in 1a and 3a molecules determines their 

ability to form stable complexes with “hard” ca.ons of alkaline and alkaline-earth metals. 

Thus, two metal ca.ons of the group II, magnesium and barium, were chosen for the 

inves.ga.on. In addi.on, lead (II) ca.ons were tested as they are able to form stable 

complexes with the crown ethers as well as to coordinate with the carbonyl oxygen atom 

occurring in the open form structure. 

The fragment of 18-crown-6 ether in chromenes 1b and 3b, in turn, is characterized 

by the ability to bind strongly the ammonium ca.on due to the hydrogen bonds forma.on 

[130, 131]. As a result of photochromic transforma.on, one more strong coordina.on site, 

the carbonyl oxygen atom, appears in the structure. Using the protonated amino acids NH3
+-

(CH2)i-COOH as the guest molecules, one may expect the forma.on of ditopic complexes 

with the open form of chromenes 1b and 3b, in which the ammonium group is located in the 

crown ether cavity and the carboxyl group is coordinated with the carbonyl oxygen atom via 

hydrogen bond. In this case, amino acid coordina.on will depend on the amino acid alkyl 

chain length (i, the number of methylene groups). 

The complex forma.on was studied using a combina.on of NMR and op.cal 

spectroscopy methods, enabling both the structure and stability of the complexes to be 

determined. 

 

3.2.1.1. Complex Formation of Chromenes 1a and 3a with Metal Cations 

The composi.on and stability of complexes of the SP forms were determined by 

spectrophotometric .tra.on. Absorp.on spectra of the free ligands and those of complexes 

may differ due to the electronic density redistribu.on in the molecules. Indeed, addi.on of a 

metal solu.on aliquots to a ligand solu.on changes the absorp.on spectra (Figs. 3.8, 3.9, leV 
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plots). The set of spectra obtained was used for determina.on of complex structures and 

calcula.on of their stability constants (see Experimental Part). 

Plots on the leV in Figs. 3.8 and 3.9 show .tra.on experimental data; elucidated 

spectra of the complexes are shown on the right. With respect to metal ca.on in use, the 

analysis exclusively indicated forma.on of 1:1 complexes (for magnesium) or stepwise 

forma.on of two complexes, with ligand to metal ion ra.o being 2:1 and 1:1 (for barium and 

lead). Dashed curves represent the free ligand spectrum, whereas solid lines correspond to 

1:1 and 2:1 complexes spectra. 

The presence of the metal ca.ons induced blue shiV of the longest wavelength 

absorp.on band of the ligand accompanied by a low hypochromic effect, which is more 

pronounced in case of compound 3a. This evidences the occurrence of coordina.on 

between the ca.ons and the crown ether fragment, since the oxygen atoms present in the 

chromophore system of the chromene substan.ally reduce their electron-dona.ng ability, 

thus leading to the effects observed. The presence of two chromene molecules in a 

“sandwich” complex, in turn, provides twice higher ex.nc.on values for 2:1 complex 

spectra. 

The obtained stability constants of complexes of chromenes 1a and 3a with metal 

ca.ons are presented in Table 3.4. Among factors affec.ng the stability, ca.on nature, its 

charge and diameter, and correspondence of the la>er to the crown ether cavity size should 

be noted. 

Es.mated from X-ray crystallographic data, the cavity radius of 15-crowm-5 ether is 

0.86-0.92 Å. In turn, the ionic radii of the ca.ons selected in this work vary from 0.72 Å for 

Mg2+ to 1.36 and 1.20 Å for Ba2+ and Pb2+, respec.vely [132]. Thus, forma.on of 1:1 

complexes of the inclusive type, with the ca.on located in the crown ether cavity, is typical 

for magnesium ca.ons. Having greater radius, barium and lead ca.ons are inclined to form 

1:1 complexes of the exclusive type, in which the ion is located outside the macrocyclic 

cavity, and more stable 2:1 complexes of the “sandwich” type stabilized considerably by 

stacking interac.on between the ligand molecules. 

Table 3.4. 
Determined values of stability constants for 1:1 (lg β11) and 2:1 (ligand:metal) (lg β21) complexes 
of 1а and 3а with metal ca.ons. 

  
Chromene 1a Chromene 3a 

lg β11 lg β21 lg β11 lg β21 

Mg2+ 5.26 ± 0.04 – 4.14 ± 0.02 – 

Ba2+ 5.39 ± 0.04 11.21 ± 0.06 5.53 ± 0.05 10.9 ± 0.1 

Pb2+ 6.7 ± 0.3 13.7 ± 0.1 6.3 ± 0.2 12.9 ± 0.4 



53 

Figure 3.8. Spectrophotometric titration of chromene 1a by (a) Mg(ClO4)2, (b) Ba

(ClO4)2, and (c) Pb(ClO4)2 solutions in acetonitrile (C1а = 1∙10-4 M, CM/С1а = 1 ÷ 64). 

Elucidated from spectrophotometric titration data, absorption spectra of chromene 1a 

(dashed line) and its complexes with metal cations of 1:1 and 2:1 composition (solid 

lines) are shown on the right. (ε is molar extinction coefGicient, М-1∙cm-1) 
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Figure 3.9. Spectrophotometric titration of chromene 3a by (a) Mg(ClO4)2, (b) Ba

(ClO4)2, and (c) Pb(ClO4)2 solutions in acetonitrile (C1а = 1∙10-4 M, CM/С1а = 1 ÷ 64). 

Elucidated from spectrophotometric titration data, absorption spectra of chromene 3a 

(dashed line) and its complexes with metal cations of 1:1 and 2:1 composition (solid 

lines) are shown on the right. (ε is molar extinction coefGicient, М-1∙cm-1) 
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For 1:1 complexes, stability constants were increasing in the sequence Mg2+ < Ba2+ < 

Pb2+. For linear isomer 1a, the difference in the complex stabili.es with magnesium and 

barium ca.ons is small. On the contrary, isomer 3a constants differ by more than an order of 

magnitude. Large values of the stability constants for barium and lead in 1:1 complexes may 

be caused by possible par.cipa.on of these ca.ons in addi.onal coordina.on with the 

oxygen atoms of the pyran cycle (Scheme 3.22). 

Despite the fact that lead ca.on radius is in the middle between magnesium’s and 

barium’s ones and the metal itself represents a “soVer” acid, forma.on of the most stable 

complexes is typical for it. This is maybe associated with the high polarizability of the ca.ons 

and the covalent character of the bonds they can establish [132]. 

The structure of the complexes was determined by NMR spectroscopy. Solu.ons in 

CD3CN with ligand concentra.on of 1-2·10-3 М in the presence of 0.5 and 1 molar equivalent 

of the ca.on were studied. Addi.on of metals significantly changes the NMR spectra of 

chromenes. However, under usual condi.ons (20°С) this resulted in peaks broadening (Fig. 

3.10). When the temperature was decreased to -45°С, resolu.on was successfully improved 

(Fig. 3.11). The analysis of 1D spectra allowed determina.on of the number of components 

in the mixture. Addi.onal 2D experiments made possible to determine structure of the 

complexes. 

In the presence of the magnesium ca.ons, a downfield shiV of the alipha.c and 

aroma.c protons was observed (Figs. 10b, 11b, Table 3.5), the phenyl group proton signals 

retaining their posi.on. This indicated the forma.on of inclusive 1:1 complex with Mg2+ 

ca.on (Scheme 3.23, complex A). Of importance is the fact that the spectrum had a single 

group of signals that eliminated forma.on of several forms of complexes.  

The absence of the free ligand signals also proved high stability of the complex. 

Atoms assignment was performed upon NOESY and HMBC spectra (see appendix). A peak at 

~5.4 ppm, apparently, corresponds to water molecules, which are linked to magnesium ion 

(does not occur in HMBC and HSQC spectra). 

Scheme 3.22. Formation of additional coordination between barium or lead cation 

and oxygen atoms of pyran cycle in chromene 3a. 
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With barium and lead ca.ons, two solu.ons with different ligand to metal ra.o (L/

M) were studied. In both cases, occurrence of new signals, absent in the ini.al chromene 1a 

spectrum, were observed (Fig. 3.11) 

Figure 3.11. 1H NMR spectra of chromene 1a in the presence of metal cations at -45°С 

(a, b, e – С1а = 1∙10-3 M; d, f – С1а = 2∙10-3 M). 

Figure 3.10. 1H NMR spectra of chromene 1a in the presence of metal cations at 20°С 

(a, b, e – С1а = 1∙10-3 M; d, f – С1а = 2∙10-3 M). 
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In the presence of Ba2+, analysis of NMR spectrum allowed elucida.on of three 

groups of signals (A, B and C) (Fig. 3.12). For signal assignment, the 2D experiments (COSY, 

NOESY, HSQC, HMBC) were performed. 

Intramolecular interac.ons of protons caused by nuclear Overhauser effect (NOE) 

allowed assignments of atoms in the complex (Fig. 3.13). For instance, among group B 

signals, interac.on of protons at 5.14 ppm and protons at 3.10 and 3.29 ppm are indica.ve. 

This interac.on may characterize Н5 and Н7 protons, the la>er being magne.cally 

nonequivalent (denoted as H7α and Н7β), that causes occurrence of two signals (also proved 

by HSQC). Correla.on of signals at 5.14 and 6.25 ppm confirms H5 assignment and detects 

H4. This is also proved by weak interac.on of 6.25 (Н4) and 6.47 (Н3) ppm peaks (not shown 

in the fig.). The same way, cross-peaks at 6.78 ppm with several signals in the alipha.c 

region (3.72, 4.16 and 4.30 ppm) determine H19 posi.on, which is also confirmed by peak at 

6.78 ppm interac.on with typical signals of the phenyl 2'-СН-groups at 7.42 and 7.63 ppm 

(these protons also became magne.cally nonequivalent in the complex). Similar analysis of 

NOE signals for the group C makes possible assignment of hydrogen atoms in the complex. In 

addi.on, the assignment is proved by cross-peaks of protons par.cipa.ng in chemical 

exchange. Fig. 3.13 shows interac.ons of such signals related to groups В and С, namely: 

5.14 and 6.43 ppm (Н5В-Н5С), 6.78 and 6.07 ppm (Н19В-Н19С), 6.25 and 6.57 ppm (Н4В-Н4C). 

Cross-peaks at 6.47 and 6.35 ppm, corresponding to Н3В-Н3С exchange (not shown), are also 

present. 

Scheme 3.23. Structures of chromene 1a complexes with metal cations 

Table 3.5. 
Changes of aroma.c proton signal shiVs in complexes of 1a with metal ca.ons compared with the free 
ligand (Δδ = δcomplex – δ1а). 

  
Mg2+ Ba2+ Pb2+ 

A (1:1) A (1:1) B (2:1) C (2:1) A (1:1) B (2:1) C (2:1) D (2:1) 

H-3 +0.11 +0.05 +0.19 +0.05 +0.08 +0.17 +0.08 +0.01 

H-4 +0.09 +0.06 -0.36 +0.06 +0.09 -0.34 +0.06 +0.01 

H-5 +0.29 +0.27 -1.52 -0.21 +0.34 -1.46 -0.27 +0.07 

H-19 +0.29 +0.16 +0.15 -0.58 +0.16 +0.09 -0.59 +0.05 
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Using complex stability constants determined from the UV inves.ga.ons, 

concentra.ons of complexes in solu.ons for the NMR studies were calculated (Fig. 3.14). 

The solu.on containing С1а = СBa = 1·10-3 М (СBa/С1а = 1) (Fig. 3.12a) contains 77% of 2:1 

complex and 23% of 1:1 complex; in the case of С1а = 2·10-3 М and СBa = 1·10-3 М (СBa/С1а = 

0.5) (Figs. 3.12b, 3.13) ML2 and ML concentra.ons are 96% and 2%, respec.vely. At low 

temperature, these values may vary, but the tendency will be preserved. Thus, NMR signals 

of groups B and C protons in the presence of barium ca.ons correspond to 2:1 complexes of 

Figure 3.13. NOESY spectrum of chromene 1a solution in the presence of barium 

cations at -45°С (С1а = 2∙10-3 М, СBa = 1∙10-3 М). 

Figure 3.12. 1H NMR spectra of chromene 1a in the presence of barium cations at -45°С: 

a) С1а = 1∙10-3 М, СBa = 1∙10-3 М; b) С1а = 2∙10-3 М, СBa = 1∙10-3 М; c) С1а = 1∙10-3 М. 
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various structure. Spectrophotometrically, these complexes are indis.nguishable, probably, 

because of their absorp.on spectra being similar. In the NMR spectra, signals B and C are 

present in the approximate ra.o of 2:1 in both cases. Signals A, appearing in the NMR 

spectra along with the increase of ligand/metal ra.o, correspond to 1:1 complex. This 

assignment is also supported by the fact that, in the Ba2+ presence, the group A signals are 

shiVed in the same way as those in the Mg2+ presence (Table 3.5, Scheme 3.23, complex A). 

For the 2:1 complexes, we suggested two different structures with asymmetrical (B) 

and symmetrical (C) disposi.on of 1a molecules in rela.on to ca.on, located in the crown 

ether fragment (Scheme 3.23). In case of such structure, the protons of the neighboring 

molecules will be affected by the anisotropic effects of the opposite aroma.c systems, which 

is confirmed by NMR. Protons H5 and H4 upfield shiVs by 1.52 and 0.36 ppm are observed 

for complex B. Due to the geometrical reasons, H5 is characterized by much greater shiV 

than H4. At the same .me, similarly to the 1:1 complex, protons Н3 and Н19 undergo the 

downfield shiV (by 0.19 and 0.15 ppm, respec.vely). Such disposi.on of the chromene 

molecules implies that the crown ether hydrogen atoms, closest to the chromene moiety, 

are affected by the anisotropic effect of the aroma.c system. Protons H7 are shiVed upfield 

and exhibit magne.c nonequivalence. Similarly, atoms Н2′ of phenyl groups, located in the 

space between chromenes are downfield shiVed, which is probably associated with 

deshielding effect of the benzene ring since fragments lie in the same plane. Similarly, the 

effects in the complex C are explained, only protons H5 and H19 being influenced on by 

anisotropic effect. Note also that, no other H5 and H19 signals of the same complex C were 

Figure 3.14. Calculated variations in the composition of 1a solution with Ba2+ 

concentration increase (lg β11 = 5.39, lg β21 =11.21, C ~ 10-3 М) [133]. ([L], [M], [ML], 

[ML2] correspond to equilibrium concentrations of ligand, metal, 1:1 and 2:1 

complexes, respectively.) 
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observed, although one may assume that the magne.c nonequivalence between these very 

protons in different molecules may exist. The rota.on of the molecules around the metal 

ca.on seem to level the differences. 

The structure of the chromene 1a complexes with the lead ca.ons were determined 

by the same way (Fig. 3.15). Resonances of protons signals in the complexes are much alike 

on those of barium and magnesium ca.ons (Table 3.5). The only difference is the presence 

of weak intensity signals of one more group of protons in the presence of the excess of the 

ligand (Fig. 3.15b, group D). These signals also emerge in the NOESY spectrum as the chemical 

exchange cross-peaks. Peaks shifts allow possible detection of one more conformation of the 

2:1 complex of anti-configuration, in which the ligand molecules are located in the space with 

dihedral angle 90° < θ < 180° (Scheme 3.24). In chromene rotation around the metal ion, such 

structure is an intermediate, which was frozen due to the low temperature. Determina.on 

of the precise structure of this conformer failed due to weak intensi.es of the signals. In 

addi.on, two possible configura.ons of the complex have no dis.nguishing features in the 

signal posi.ons, since the molecules cause no anisotropic impact on one another. The an#-

complex is dis.nguished from 1:1 complex by virtually unchanged H3 and H4 signals, lower 

downfield shiVs of H5 and H19, and shiVed signals of alipha.c protons; these effects being 

probably due to distribu.on of the ca.on electron-withdrawing influence on the two ligands. 

For chromene 3a, similar studies of the complex forma.on with magnesium, 

barium, and lead ca.ons were performed (Fig. 3.16). Signal assignment was also carried out 

using 2D NMR spectroscopy. As a result, 1:1 complexes for all metals and 2:1 complexes for 

barium and lead were iden.fied (Scheme 3.25, Table 3.6). In contrast with compound 1a, 

Figure 3.15. 1H NMR spectra of chromene 1a in the presence of lead cations at -45°С: 

а) С1а = 1∙10-3 М, СPb = 1∙10-3 М; b) С1а = 2∙10-3 М, СPb = 1∙10-3 М; c) С1а = 1∙10-3 М. 
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temperature of the experiments caused different influence on the spectrum shape, not 

always giving the best results. Therefore, the temperature mode varied for different cases. 

In the presence of magnesium cations, downfield shift of signals, like that in the case 

of 1a, was observed (Fig. 3.16b). However, as the stability constant of 1:1 complex of the 

angular chromene is by an order of magnitude lower than that of 1:1 complex of the linear 

chromene, the spectrum also contained the free ligand signals. Temperature decrease shall 

also be taken into consideration, as stability of complexes depends on this parameter. The 

structure of 3a complex with magnesium possesses some interesting features. For example, 

the signals of the methylene group protons 8 and 18 are significantly shifted downfield. 

Presumably, in the first case this is a consequence of the cation presence; in the second case, 

the reason is the deshielding effect of one of phenyl groups which approached the crown 

ether fragment. Thus, the second phenyl is located nearby atom H3 and, hence, shielding 

takes place resulting in the upfield shift of the signal. The rest of the aromatic protons 

affected by the electron-withdrawing effect of cation are farther shifted downfield (Table 

3.6). 

An interes.ng effect on the chromene is caused by the barium ca.ons (Fig. 3.16c, 

d). Posi.ons of group B signals are well described by the 2:1 complex structure (Scheme 

3.25). Beside the electron-withdrawing effect of barium ca.on on H4 and H5 signals loca.on, 

the deshielding effects of phenyl ring on H3 and chromene aroma.c system on H6 are 

observed. The unexpected feature in this case is the forma.on of two conforma.ons (A1 

and A2) of 1:1 complex. Signals A1 are characterized by shiVs similar to those in the 

presence of Mg2+ (Table 3.6). This allows to assume that the complexes have a similar 

structure. On the contrary, A2 group is characterized by a downfield shiV of all protons. 

Nevertheless, the observable spectral changes in the course of the experiments with varying 

temperature allowed a conclusion that A2 signals correspond to another conforma.on of 

1:1 complex (Fig. 3.17). As temperature increases, merging of A1 and A2 signals is observed 

that corresponds to rapid chemical exchange, typical for conforma.onal interconversions. 

An addi.onal proof of A2 signals assignment to the 1:1 complex is similarity with the lead 

ions, where it is the only observed conforma.on. Apparently, the reason for such 

Scheme 3.24. Possible structures of anti-conGiguration (D) of the 2:1 complexes of 

chromene 1a with lead cations. 
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intermediate posi.on of barium in the sequence of ca.ons is, on the one hand, its hardness, 

and on the other hand, its compara.vely large size. 

The “sandwich” complexes with lead ca.ons, in contrast to barium, exhibited 

upfield shiV of the aroma.c protons what, which is possibly a consequence of the 

anisotropic influence of aroma.c fragments of chromenes molecules (Fig. 3.16d, e). Such 

Figure 3.16. 1Н NMR spectra of chromene 3a solutions in the presence of metal 

cations: a) С3а = 1∙10-3 М, -45°С; b) С3а = 1∙10-3 М, СMg = 1∙10-3 М, -45°С; c) С3а = 2∙10-3 

М, СBa = 1∙10-3 М, -45°С; d) С3а = 1∙10-3 М, СBa = 1∙10-3 М, -45°С; e) С3а = 2∙10-3 М, СPb = 

1∙10-3 М, 20°С; f) С3а = 1∙10-3 М, СPb = 1∙10-3 М, 20°С. 

Scheme 3.25. Structures of 3a complexes with metal cations. 

Table 3.6. 
Changes of aroma.c proton signals shiV in complexes of 3a with metal ca.ons compared with the free 
ligand (Δδ = δcomplex – δ3а). 

  
Mg2+ Ba2+ Pb2+ 

A (1:1) A1 (1:1) А2 (1:1) В (2:1) A (1:1) B (2:1) 

H-3 -0.09 -0.05 +0.24 -0.21 +0.14 -0.23 

H-4 +0.09 +0.04 +0.07 +0.03 +0.08 -0.03 

H-5 +0.13 +0.19 +0.15 +0.09 +0.22 -0.15 

H-6 +0.14 +0.13 +0.12 -0.25 +0.17 -0.90 
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effect may result from the proximity of the ligands and high conforma.onal changes of 

phenyl group loca.ons. 

 

Upon UV-radia.on, chromenes 1а and 3а undergo structural transforma.ons, the 

two most stable isomers, the so-called TC and TT forms, being formed (Scheme 3.26). The 

pyran cycle is a [4n+2] electron system that promotes the electrocyclic ring opening and 

reverse cycliza.on. Upon irradia.on, at the first stage a spa.ally hindered CC (s-cis-cis) 

isomer is formed, which rapidly converts into a more stable TC (s-trans-cis) form. The 

consecu.ve cis-trans isomeriza.on produces a TT (s-trans-trans) configura.on. The la>er 

isomer may also be transformed into a CT (s-cis-trans) form which, similarly to the CC, is the 

spa.ally hindered one. In the experiments, however, the CC and CT isomers are not detected 

by spectrophotometric methods. 

The process of phototransforma.on may be tracked by UV-Vis spectroscopy. The 

open form is characterized by absorp.on in the visible region, which gradually disappear 

upon cessa.on of irradia.on. Linear isomer 1a exhibits two bands with λmax = 390 and 470 

nm. For the angular chromene 3a, two bands with λmax = 410 nm and ~ 520-530 nm (Fig. 

3.18) are observed, low intensity of which is due to low stability of the open form in a polar 

solvent (acetonitrile) that is generally typical of chromenes. 

Figure 3.17. 1H NMR spectra changes of 3a solution in the presence of barium cations 

(С1а = 2∙10-3 М, СBa = 1∙10-3 М) depending on the test temperature. The experiments at 

-45°, -35°, -25°, -15°, -5°, 5°, 15°, and 20°С are shown bottom-upwards. 
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The stability of the photoinduced forms is defined by kine.c characteris.cs of 

thermal bleaching (relaxa.on), namely: the reac.on rate constant (k) and half-life .me (τ½). 

For chromene 1a, op.cal density change at λ = 400 nm during irradia.on (first 180 s) and 

aVer its termina.on (bleaching of the solu.on) is shown in Fig. 3.19. The thermal bleaching 

curve is properly described by a mono-exponen.al dependence. Therefore, only a single 

photoinduced form can be detected at room temperature; however, using the UV-Vis 

spectroscopy data, it cannot be ascribed to the TT or TC form. The a>empts to determine 

the kine.c parameters of the angular chromene 3a failed because of extremely rapid 

bleaching under normal condi.ons. 

Using the NMR spectroscopy for the studying the photochrome transforma.ons can 

determine the photoinduced species formed and evaluate their stability. Irradia.on of a 

Figure 3.18. Changes in absorption spectra of chromenes 1a and 3a in acetonitrile 

upon irradiation: а) С1а = 7∙10-5М, 25°С, λirrad. = 313 nm, 2 min; b) С3а = 2.7∙10-4М,  

10°С, λirrad. = 317 nm, 2 min. 

Scheme 3.26. Chromenes phototransformation. 
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chromene solu.on causes occurrence of the open form signals in 1Н NMR spectrum; the 

intensity of the signals vary depending on the irradia.on dura.on. Since at 25°С bleaching is 

rela.vely fast, the sa.sfactory NMR spectra were recorded at low temperature. 

Chromene 1a was studied at 0°С (Fig. 3.20). The open form signals, with the 

intensity increasing during irradia.on, were observed in the spectrum. A signal that can be 

ascribed to the TC form is the signal of proton H3 at ~8.6 ppm, which resonance is caused by 

deshielding effect of carbonyl group nearby (Fig. 3.20a). Other signals were assigned on the 

basis of 2D spectroscopy (COSY, HSQC, HMBC). On cessa.on of irradia.on, the reverse 

process was observed, the closed form signals being increased and those of the open form 

being decreased (Fig. 3.20b). Monitoring the signal ra.o allowed to determine the kine.c 

parameters of the each form during bleaching (Fig. 3.21). At 0°С, bleaching is rather slow; 

the TC form has the bleaching constant of 8.25·10-5s-1, whereas the TT form signal intensity is 

virtually unchanged. Taking into account that the bleaching rate increases with temperature, 

at 25°С thermal relaxa.on of the TC form is observed. 

To observe the photoinduced products of angular chromene 3a by the NMR 

technique, it was necessary to decrease the temperature down to -45°С (Fig. 3.22). In 

contrast to chromene 1a, even aVer 20 minutes of irradia.on, the spectrum of 3a showed 

no TT species forma.on. A similar analysis of the bleaching kine.cs gave the rate constant of 

8.34·10-5 s-1. Therefore, compound 3a is characterized by a low stability of open forms, which 

was insufficient for successful spectrophotometric detec.on. 

With respect to this behavior of chromenes 1a and 3a, the experiments in the 

presence of metal ca.ons were performed. Preliminary inves.ga.ons have already shown 

Figure 3.19. Kinetic parameters determination of chromene 1a bleaching in 

acetonitrile at 25°С (С1а = 7∙10-5 М, λ = 400 nm). (A, A0 are absorbances, r2 is the 

correlation coefGicient). 
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that addi.on of ca.ons significantly accelerates the bleaching process. Unfortunately, in the 

case of 3a, even at -45°С this process was extremely fast that did not allow monitoring. 

In the case of chromene 1a, upon addi.on of the ca.ons the bleaching rate 

increases to a maximum value that is insensi.ve to further growth of the ion concentra.on 

Figure 3.20. Chromene 1a photochromism observation (С1а ~ 1∙10-3М, CD3CN, 0°С) 

by 1H NMR spectroscopy: a) irradiation at 313 nm (Giltered light), total irradiation 

time shown on the right; b) thermal relaxation of the same solution after irradiation, 

spectra were recorded every 6.3 min (380 s). 
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(Fig. 3.23). In the presence of magnesium ions the changes terminated at СMg/С1а > 2 with 

indica.ve inflec.on of the .tra.on curve at СMg/С1а = 1 (Fig. 3.23d). Prior to irradia.on, the 

solu.on with ra.o СMg/С1а< 1 contains both the free ligand and the ligand as part of the 

complex. When irradiated, both these species produce the open forms, which ra.o is to 

define the bleaching kine.cs. As the quan.ty of metal increases (СMg/С1а> 1), all the ligand 

Figure 3.21. Variations of the intensities of the chromene 1a closed and open forms 

signals in 1H NMR spectrum during irradiation and bleaching at 0°С. 

Figure 3.22. 1H NMR spectrum change of chromene 3a upon irradiation (313 nm)  

at -45°С. 
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molecules appear to be complexed both prior to and aVer irradia.on. Bleaching of the open 

form (TC) complex with magnesium becomes the main process that defines the kine.cs as 

the quan.ty of the free colored form is extremely low and makes no significant contribu.on 

into the reac.on rate. Thus, providing СMg/С1а> 2, the relaxa.on of the open form complex 

(TC) with magnesium ion is observed, the rate constant of bleaching being 0.1 s-1 that is over 

40-fold higher than the corresponding value of the free TC form. In other words, 7 and 295 s 

are required for a two-fold decrease of absorbance intensity of the complex and the free 

form, respec.vely. 

In the case of barium and lead ca.ons, two types of complexes are generated, 2:1 

and 1:1 complexes being formed in deficient and excessive content of metal ca.ons, 

respec.vely. Chromene solu.ons with Ba2+ or Mg2+ demonstrated mono-exponen.al 

bleaching kine.cs (Fig. 3.23b). In the case of Pb2+, the absorbance change aVer irradia.on 

was clearly biexponen.al (Fig. 3.23c). The thermal relaxa.on rate constants of barium and 

lead complexes varied similarly to that of magnesium complexes, namely: the gradual 

increase was followed by a plateau. At СМ/С1а > 3, the rate constant change stopped; the 

maximal value for barium and lead were ~0.06 and 0.075 s-1, respec.vely (Fig. 3.23d), being 

25- and 32-.mes higher than that for the free open form (k = 2.35·10-3s-1). Thus, destabilizing 

influence on photoinduced forms decreases in the sequence Mg2+ > Pb2+ > Ba2+. This 

dependence coincides with the ca.on size increase and, consequently, the surface charge 

density decrease, which affects the electron density distribu.on in the complex. 

All the above considera.ons are based on the assump.on that short irradia.on 

.me leads to predominant forma.on of a single photoinduced isomer (most likely the TC). 

Such sugges.on is proven experimentally. The bleaching curve is mono-exponen.al both 

without metals (Fig. 3.19) and with magnesium or barium ca.ons added (Fig. 3.23a, b). 

Moreover, the solu.on is almost completely bleached, concentra.on of nonbleaching or 

extremely slowly bleaching (k < 1·10-4) component being very low and comparable with the 

measuring inaccuracy. Such a component may be the TT form, which due to a short-term 

irradia.on is formed in negligible quan.ty or is not formed at all. 

In contrast to the magnesium and barium ca.ons, in the presence of the lead 

ca.ons, the TT species were formed in measurable amount. When metal content was low 

(СМ/С1а< 1), the quan.ty of the nonbleaching component was increasing along with the Pb2+ 

concentra.on. Star.ng from СМ/С1а = 1 the kine.c curve became biexponen.al 

simultaneously with increase of the second component concentra.on (Fig. 3.23c). Thus, 

along with lead concentra.on increasing, the ra.o of the TC and TT species formed was 
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changing so that at high Pb2+ excess (СМ/С1а = 7 – 50) the TC isomer contribu.on to the 

observed bleaching kine.cs was minimal, and the bleaching curve became mono-

exponen.al again. Note that the absorp.on spectra of the open forms demonstrated a slight 

intensity increase of the long-wavelength absorp.on band (compare Figs. 18a, 23a-c). Such 

effect may be explained by lead ca.on coordina.on with the carbonyl oxygen atom of the 

open form. For the TC isomer, such interac.on is hindered due to spa.al configura.on of the 

ligand. This, in turn, may provide an explana.on of unusual thermal conversion of the TC 

form into the TT one. Metal coordina.on with the carbonyl oxygen atom should significantly 

affect the chromophore system resul.ng in the red shiV and an intensity increase of the long

-wavelength absorp.on band (in contrast to coordina.on with the crown ether fragment). In 

this case, excessive metal may induce mutual compensa.on of all these effects in the TT 

form complex with two Pb2+ ca.ons (LM2) that results just in a small varia.on of intensi.es 

Figure 3.23. The study of chromene 1a complex formation upon irradiation (25°С): а) 

in the presence of Mg2+ (С1а = 7.33∙10-5М, СМg/С1а = 0.9); b) in the presence of Ba2+ (С1а 

= 1.17∙10-4М, СBa/С1а = 1); c) in the presence of Pb2+ (С1а = 1.17∙10-4М, СPb/С1а = 3); d) 

bleaching rate constants dependence on the metal concentration (λ = 400 nm). (A, A0, 

A1, A2 are absorbances; k, k1, k2 are bleaching rate constants for colored forms; r2 is the 

correlation coefGicient.) 
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ra.o of the long-wavelength absorp.on bands (Scheme 3.27). The increase of the ca.on 

concentra.on also led to increase in the bleaching rate constant of the complex. 

Irradiated solu.ons of chromene 1a in the presence of ca.ons were studied by 

NMR at low temperature (-45°С) that allowed slowing down the reverse transforma.on of 

the photoinduced forms. The use of more powerful radia.on source (Xe-Hg lamp, 1000W) 

also caused high conversion of the ini.al chromene to the open isomers (up to ca. 90%, see 

Fig. 3.21). Nevertheless, interpreta.on of the spectra was complicated by the presence of 

numerous overlapped, frequently broadened, signals. 

Irradia.on of a solu.on of chromene 1a in the presence of magnesium ca.ons 

induced signals corresponding to the free TC form and to that in TC-Mg2+ complex (Fig. 

3.24b). The free ligand signals were predominant and broadened. Few signals of the ini.al 

1а·Mg2+ complex were also present. Further observa.on of the thermal relaxa.on (Fig. 3.24c

-f) detected gradual elimina.on of ТС·Mg2+ complex signals to be much faster than that of 

the free TC isomer. At the same .me, gradual increase of the ini.al 1а·Mg2+ complex and the 

free TT form signals was observed. 

To explain the observed effects , we suggested a scheme that shows processes in 

the solu.on aVer irradia.on (Scheme 3.28). Prior to irradia.on, the solu.on generally 

contains 1:1 complex of 1a with magnesium. Its phototransforma.on produces ТС·Mg2+ 

complex, which has low stability constant and decomposes, resul.ng in the free TC isomer 

signals emerging. Upon cessa.on of irradia.on, the free TC species transform into the ini.al 

chromene 1a, which immediately forms a complex with magnesium. At the same .me, 

ТС·Mg2+ complex, beside equilibrium with the free TC form, may par.cipate in conversion 

into ТТ·Mg2+ complex, the la>er being unstable, too. This explains the presence of the TT 

form signals, stable at experiment temperature, in the spectrum. Note also that, in the 

absence of metal ions, thermal transforma.on of the TC form into the TT one is not 

observed. Consequently, this process may be s.mulated only by ca.ons. The described 

effect, in turn, was not observed during spectrophotometric studies at higher temperature 

Scheme 3.27. Possible complex formation of the chromene 1a TT form, in which lead 

cation coordinates with carbonyl oxygen atom. 
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(25°С). Hence, it could be concluded that at higher temperature (25°С), a thermally stable 

product (ТС·Mg2+ in this case) predominates in the solu.on, whereas at low temperature (-

45°С), forma.on of a kine.cally stable product (ТT·Mg2+) becomes possible. 

In the presence of barium or lead ca.ons, the interpreta.on of spectra aVer 

irradia.on was very complicated due to numerous broadened (especially for barium) and 

Figure 3.24. Changes in 1H NMR spectra of chromene 1a solution in the presence of 

magnesium cations during and after irradiation at -45°С (С1а = 1∙10-3 М, СМg/С1а = 1): 

a) 1a after irradiation in the absence of metal; b) 1a after irradiation in the presence 

of cations; c)-f) spectra 4, 8, 12, and 15 hours after cessation of irradiation, 

respectively; g) 1a in the presence of cations prior to irradiation. 

Scheme 3.28. Presumable behavior of chromene 1a complex with magnesium cations 

during and after irradiation. 
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overlapped peaks (Fig. 3.25). This is due to the forma.on of mul.ple, compared with 

magnesium, possible complexes that formed during irradia.on. The analysis of the signal 

intensi.es as well as 2D spectroscopy data indicated forma.on of the TC form in a complex 

with typical proton H3 resonance at 8.6 ppm. Nevertheless, our a>empts to assign signals to 

1:1 or 2:1 complexes failed. 

For both ca.ons, the forma.on of the mixed 2:1 complex, containing chromene 

molecule in the closed and open (TC) forms, was also observed (Fig. 3.25, Scheme 3.29). 

Apparently, this is a transient state of one of 2:1 complexes in course of step-wise 

transforma.on upon irradia.on. Characteris.c are the aroma.c protons signals dis.nct from 

Scheme 3.29. Structures of chromene 1a mixed 2:1 complexes with barium and lead 

cations. 

Figure 3.25. Changes in 1H NMR spectrum of chromene 1a solution in the presence of 

lead cations during and after irradiation exposure of 0, 3, 6, 9, and 20 min (С1а = 1∙10-3 

М, СPb/С1а = 0.5). The TC and CF signals correspond to the TC and closed form in the 

mixed 2:1 complex. 
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those of the free forms and other complexes described above (Table 3.7). Similar to 

magnesium, thermal relaxa.on of irradiated solu.ons demonstrated the TC-TT conversion; 

however, the accurate measurements failed because of poor spectrum resolu.on. 

Thus, the study of chromene 1a complex forma.on with metal ca.ons under 

irradia.on was impeded, on the one hand, by low stability of the open forms in the presence 

of metals, which required lowering the temperature, and, on the other hand, by numerous 

complexes of various composi.on formed under irradia.on. While magnesium ions may 

form only few complexes, barium and lead turned out to form various mixed complexes. 

As a result, photochromism and complex forma.on with metal ca.ons of 

chromenes 1а and 3а, containing the annelated 15-crown-5 ether fragment, were studied 

using UV-Vis absorp.on and NMR spectroscopies. The annela.on posi.on causes a strong 

impact on the photochromic proper.es of the compounds described. Upon irradia.on, 1a 

converts into the colored forms of various stability, namely: the TC isomer has rela.vely slow 

bleaching kine.cs (k25°С = 2.35·10-3 s-1, k0°С = 8.25·10-5 s-1) and is stable at -45°С, whereas the 

TT isomer is stable in the en.re temperature range used (-45…25°С). Angular chromene 3a 

has a poor colorability and low thermal stability of the photoinduced forms in acetonitrile 

even at -45°С (k-45°С = 8.34·10-5s-1); these proper.es impeded the study of the isomer. 

Using UV-Vis absorp.on and the NMR spectroscopy methods, the quan.ty, 

composi.on and stability of 1а and 3а complexes with magnesium, barium, and lead ca.ons 

were determined. For all metals, 1:1 complexes were detected; for barium and lead, 2:1 

sandwich complexes were also observed. In addi.on, in the case of the linear isomer, the 

forma.on of two types of 2:1 complexes with different ligand symmetry in rela.on to metal 

ca.on was observed. Complexes stability constants are similar for the metals inves.gated, 

although stability of the complexes with lead ca.ons is slightly higher. 

Studies under irradia.on indicated (on the example of compound 1a) the mutual 

influence of photochromism and complex forma.on on each other. According to the NMR 

Table 3.7. 
Changes of aroma.c proton signal shiVs in complexes of 1a with metal ca.ons compared with the free 
ligand (Δδ = δcomplex – δ1а). 

  

Mg2+ Ba2+ Pb2+ 

ТС·Mg2+ 
ТС·Ba2+or 
ТС2Ba2+ 

ТС·Ba2+·CF (2:1) ТС·Pb2+·CF (2:1) 

ТС CF TC CF 

H-3 +0.01 +0.01 +0.01 -0.36 +0.03 -0.31 

H-4 +0.30 +0.11 0.00 -0.40 -0.04 -0.38 

H-5 +0.44 -0.14 -0.03 -0.24 -0.07 -0.26 

H-19 +0.36 +0.40 +1.18 +0.19 -- -- 
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spectroscopy data, complexes of the open forms with ca.ons are less stable than those of 

the closed species. On the other hand, the destabilizing effect of the metal ions (and hence, 

the complex forma.on) onto thermal stability of the open forms, bleaching rate constant 

being increased by 1-2 orders of magnitude was demonstrated (Table 3.8). 

In addi.on, an unusual isomeriza.on of the TC form into the TT form in the 

presence of ca.ons at low temperature was observed. At 25°С, this process was only 

detected with the lead ca.ons and at high metal excess. This allows a sugges.on that a 

complex of the TT form, with coordina.on between the Pb2+ ca.ons and the carbonyl 

oxygen atom, was formed. 

 

3.2.1.2. Complex Formation of Chromenes 1b and 3b with Amino Acids 

The complex forma.on of chromenes 1b and 3b with the protonated amino acids 

NH3
+-(CH2)i-COOH of different chain length was studied. Perchlorates of four amino acids 

were used, namely those of β-alanine (С3, i = 2), γ-aminobutyric (С4, i = 3), ε-aminocaproic 

(С6, i = 5), and ω-aminocaprylic (С8, i = 7) acid. As the model compound, ammonium 

perchlorate was used, which is able to coordinate with the crown ether fragment exclusively. 

For the amino acids of interest, a monotopic coordina.on with the closed forms and, 

depending on the carbon skeleton length, ditopic coordina.on with the open forms. 

Preliminary molecular modeling using MOPAC/PM6 package [134] showed a 

poten.al possibility of such complexes to be formed (Fig. 3.26). For the linear isomer, the 

ditopic complex forma.on was possible for a number of methylene fragments i > 4 (С5 or 

higher); for the angular chromene, with a closer posi.on of the two coordina.on sites, the 

modeling showed such possibility even for i = 2 (C3, β-alanine) and higher. 

Table 3.8. 
Comparison of bleaching rate constants (k) of the chromene 1a free forms and in 
complexes with metal ca.ons (maximal experimental value) at 25°С (acetonitrile). 

  1а 1а + Mg2+ 1а + Ba2+ 1а + Pb2+ 
kTC (c-1) 2.35·10-3 1·10-1 6·10-2 7. 5·10-2 

kTT (c
-1) –* –* –* 1·10-2 

*forma.on was not detected at short-term irradia.on by Hg lamp, 120 W. 
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Similarly to the inves.ga.ons of chromenes 1a and 3a, the complex forma.on with 

metal ions, compounds 1b and 3b were studied by UV-Vis absorp.on and NMR 

spectroscopy. Protonated amino acids were prepared by the reac.on of their neutral forms 

with perchloric acid in acetonitrile. 

Coordina.on with the crown ether fragment was proved by the NMR data (Fig. 

3.27) showing that in the presence of the amino acids the major changes were alipha.c 

protons signals shape and posi.on. Proton peaks of the crown ether fragment were shiVed 

downfield that was caused by the electron-withdrawing group (ammonium ca.on) presence 

in the macrocycle cavity. Changes of the aroma.c proton signals were less significant. 

Spectrophotometric .tra.on allowed determining of the quan.ty and stability of 

complexes. The analysis of data indicated the 1:1 complex presence in solu.on. In contrast 

to the metal ions, ammonium ca.ons and amino acids caused no considerable effect on the 

long-wavelength absorp.on band, whereas in short-wavelength regions the effect of their 

presence was more no.ceable (Fig. 3.28). The spectra of the complexes showed a slight blue 

shiV. Such effects may provide evidence of the crown ether fragment coordina.on with the 

ammonium ca.on. Similar behavior was observed for angular isomer 3b. Stabili.es of 

Scheme 3.30. Scheme of chromene 1b complex formation with protonated amino 

acids prior to and after irradiation. 

Figure 3.26. MOPAC/PM6 optimized structures of ditopic 1b and 3b TC form 

complexes with amino acids (for convenience, hydrogen atoms not participating in 

hydrogen bonds are omitted). 
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complexes of the closed forms with amino acids and ammonium ca.ons were comparable 

and ranged within 4.4-4.9 logarithmic units (Table 3.9). 

Figure 3.27. 1H NMR spectra of chromenes 1b and 3b solutions in the presence of 

amino acids: а) 1b, С1b = 1∙10-3 М, СAA/С1b = 1, -45°С; б) 3b, С3b = 1∙10-3 М,  

СAA/С3b = 1, 20°С. 
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Upon irradia.on, chromenes 1b and 3b are transformed into the colored forms. At 

20°С, the linear isomer converts into the TC form predominantly, as evidenced by a mono-

exponen.al dependence of the bleaching curve (Fig. 3.29a). The angular chromene is 

characterized by fast bleaching kine.cs at 20°С. Irradia.on of solu.on of 3b in acetonitrile by 

unfiltered light (Hg-lamp, 120 W) also produced a small amount of the TT isomer. The 

Figure 3.28. Spectrophotometric titration of chromene 1b by ammonium perchlorate 

(a, b) and protonated ε-aminocaproic acid (c, d). С1b = 2∙10-5 М, СS/С1b = 0 → 8 (CS is 

NH4ClO4 or С6 concentration). (Dashed line shows the initial chromene spectrum, 

solid line shows the complex spectrum). 

Table 3.9. 
Stability constant values (lg K11) for chromene 1b and 3b complexes with ammonium ca.ons 
and amino acids (acetoni.rile, 25°С). 

  1b 3b 
NH4ClO4 4.9 ± 0.1 4.66 ± 0.06 

β-alanine (С3) 4.6 ± 0.1 4.85 ± 0.09 

γ-aminobutyric acid (С4) 4.64 ± 0.05 4.45 ± 0.06 

ε-aminocaproic acid (С6) 4.68 ± 0.08 4.75 ± 0.08 

ω-aminocaprylic acid (С8) 4.42 ± 0.04 4.66 ± 0.06 
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Figure 3.29. Changes in absorption spectra of chromenes 1b and 3b during 

irradiation and bleaching: а) 1b, С1b = 5·10-5 М, 20°С, 2-minute exposure to irradiation 

with Giltered light (Hg lamp, 120 W, λ=315 nm), kinetics at 385 nm is shown in the 

inset; b) 3b, С3b = 7·10-5 М, 20°С, 30-second exposure to irradiation with full light (Hg 

lamp, 120 W), kinetics at 410 nm is shown in the inset. (A, A0, A1, A2 are absorbances; 

k, k1, k2 are bleaching rate constants; r2 is the correlation coefGicient.) 

Figure 3.30. 1H NMR spectrum changes for chromenes 1b and 3b upon irradiation with 

filtered light (λ = 313 nm) during 24 min (Hg-Xe lamp, 1000 W): а) 1b, 0°С; b) 3b, -45°С. 
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corresponding relaxa.on rate constants of colored 3b forms differed by 3 orders of 

magnitude (k1 = 1.3·10-1 s-1 for the ТС and k2 = 3.2·10-4 s-1 for the ТТ). 

The NMR studies of photochromic transforma.ons at low temperature indicated 

that chromene 1b produces two forms at 0°С, the TT isomer beginning to form aVer 

prolonged irradia.on (Fig. 3.30a). The TT form was stable at 0°С while the TC form 

transformed into the ini.al closed form with k = 1.1·10-4 s-1. Due to fast bleaching kine.cs, 

photochromism of 3b was studied at -45°С. In contrast with spectrophotometric 

inves.ga.ons, aVer 24-minute irradia.on with filtered light (λ = 313 nm, Hg-Xe lamp, 1000 

W), no signals of the TT form in NMR spectrum were observed (Fig. 3.30b). The TC isomer, in 

turn, converted into the ini.al closed form with the rate constant equal to 7.5·10-5 s-1 (τ½ = 

2.57 hours). 

The presence of the amino acids in the solu.on caused a substan.al effect on the 

photochromic proper.es of the compounds. Similarly to the metal ca.ons effect, 

destabiliza.on of the colored forms was observed. 

The processes were analyzed using the following general scheme: 

where L denotes the open form; S denotes the amino acids or ammonium perchlorates; LS 

and LS2 denote 1:1 and 1:2 complexes of the open forms with one and two amino acid or 

ammonium ca.ons, respec.vely; k0, k11, and k12 denote bleaching rate constants for the free 

chromene (L), 1:1 (LS), and 2:1 (LS2) complexes, respec.vely. 
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Equa.on (3.1) describes the general case of the complex forma.on via consecu.ve 

addi.on of the ca.ons to the ligand. When 1:1 complexes are formed exclusively, expression 

(3.1) is reduced to the form (3.2): 

In the course of .tra.on, a large excess of the amino acids or ammonium 

perchlorates was used. Therefore, it may be assumed that [S] = CS: 

Thus, by analyzing dependencies of observed bleaching constant on the ca.on 

content in the solu.on, one may es.mate the stability constants of the complexes formed 

and determine the thermal relaxa.on rate constants of the open forms in these complexes. 

In the presence of the ammonium ca.ons, irradia.on of solu.on of 1b with UV light 

(λ = 313 nm, Hg lamp, 120 W) for 2 minutes led to the forma.on of a single photoinduced 

form (TC), as evidenced by a mono-exponen.al pa>ern of the bleaching curve (Fig. 3.31). 

The curve of the relaxa.on rate constant dependence on ca.on concentra.on yielded to the 

plateau. Observed changes are well described by the model of 1:1 complex forma.on 

(formula 3.2a) (Fig. 3.31b). 

Figure 3.31. The effect of ammonium cation presence on the bleaching kinetics of 

chromene 1b (acetonitrile, 20°С): a) bleaching kinetics at the ratio Сammon./С1b = 160, 

С1b = 4.2∙10-5 М; b) changes in the bleaching constant depending on ammonium 

perchlorate concentration in the solution. (A, A0 are absorbances; k, k0, k11 are 

bleaching rate constants; r2 is the correlation coefGicient; lg K11 is the stability constant 

logarithm for 1:1 complex.) 
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In the experiments with the amino acids, the observed changes were dependent on 

their carbon skeleton length. In case of a slight excess of С3, С4, and С6 acids, a mono-

exponen.al kine.cs of thermal relaxa.on (the TC complex) was observed (Fig. 3.32a), 

accompanied by gradual accumula.on of the slowly bleaching component (the TT complex) 

(Fig. 3.32b). Along with the increase of the TT form contribu.on, a further increase of the 

amino acid concentra.on induced a stepwise increase in its bleaching rate (Fig. 3.32c). Since 

in the absence of the amino acids no TT isomer was observed, it is possible to conclude that 

it existed in a form of a complex and was generated from the TC complex with amino acid. 

The rate constant of the TC isomer relaxa.on increased with the ligand concentra.on, too 

(Fig. 3.32d). This dependence is well described by the equa.on (3.1a) and corresponds to 

forma.on of two complexes. 

Figure 3.32. The inGluence of β-alanine (С3) presence on bleaching kinetics of 1b 

solution after irradiation (acetonitrile, С1b = 4.2·10-5 М, 20°С): а) λ = 385 nm, СAA/С1b = 

2; b) λ = 385 nm, СAA/С1b = 20; c) λ = 385 nm, СAA/С1b = 195; d) dependence of 

observed relaxation rate constant of TC form on amino acid concentration. (A, A0, A1, 

A2, AТТ are absorbances; k, k0, k1, k2, k11, k12 are bleaching rate constants for the free 

colored forms and those in the complex; r2 is the correlation coefGicient; lg K11, lg K12 

are logarithms of the complexes' stability constants.) 
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Thus, summarizing the results obtained, one may suggest that upon irradia.on, the 

free chromene molecules as well as 1:1 complexes, present in the solu.on, the first 

transform into the corresponding TC forms (Scheme 3.31). Then, 1:1 complex of the TC form 

may join one more amino acid molecule to form 1:2 complex. The TC complexes are less 

stable (in par.cularly, 1:2 ones) and are readily transformed into the TT species. 

In contrast with С3, С4, and С6 acids and similar to ammonium cations, ω-amino 

caprylic acid (C8) does not form 1:2 complexes with the open forms. But contrary to other 

ligands, even a small excess of C8 (СAA/С1b = 2) produces the both photoinduced forms (Fig. 

3.33a, b). The amino acid quantity increase accelerates bleaching of the both colored forms; 

however, starting from a certain moment, further addition causes no substantial change in 

the bleaching rate (Fig. 3.33c, d). Such behavior allows a suggestion that a ditopic complex 

formation is realized in this case, preventing attachment of the second amino acid to the 

complex (Scheme 3.32). Like in the presence of С3, С4, or С6 acids, the abundance of the TT 

forms in the presence of C8 is due to a more favorable spatial arrangement of the fragments 

in the complex. 

Analysis of the stability constants of the complexes and bleaching rate constants of 

the open forms also give an evidence in favor of the proposed schemes of complex formation 

(Table 3.10). The complex formation constant for C8 does not follow the general tendency to 

decrease along with the increasing number of carbon atoms, which is observed for the 1:1 

complexes of the closed forms with amino acids C3, C4, C6 with open forms (Fig. 3.34a). 

These effects correlate well with the C8 ditopic coordination. Stability of such complexes, as 

compared with the monotopic ones, should be higher accounting for the two-site interaction. 

Scheme 3.31. Processes upon irradiation of chromene 1b solution in the presence of 

amino acids С3, С4, or С6. 
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As compared with the free ligand, in the presence of ammonium ca.ons and the 

amino acids, the bleaching rate increases (Table 3.10). In the case of C8, rate constant value 

is much different from the corresponding values of other substrates (Fig. 3.34b). The 

Scheme 3.32. Formation of amino acid C8 ditopic complexes with the open forms of 

chromene 1a. 

Figure 3.33. The inGluence of ω-aminocaprylic acid (С8) on bleaching kinetics of 

chromene 1b solution after irradiation (acetonitrile, С1b = 4.2∙10-5 М, 20°С): а) λ = 385 

nm, СAA/С1b = 2; b) λ = 385 nm, СAA/С1b ≈ 300; c) and d) dependencies of observed 

relaxation rate constant of the TC and TT forms, respectively, on the amino acid 

concentration. (A, A1, A2 are absorbances; k0, k1, k2, k11 are bleaching rate constants for 

the free colored forms and those in the complex; r2 is the correlation coefGicient; lg K11 

is logarithm of the complex's stability constants.) 
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bleaching rate increase seems to be associated with high mobility of the  long alipha.c 

fragment of the amino acids and related entropy of the system. 

For the 1:2 TC complexes in the С3-С4-С6 sequence a tendency of stability constants 

and bleaching rate constants to decrease is observed. This is probably associated with the 

length of amino acids aliphatic chain, the latter also affecting the positive charge value of 

ammonium group. In the C3-C4-C6 sequence, the electron-withdrawing influence of carboxyl 

group is thus decreased, resulting to a slight decrease of stability constants of the complexes. 

Unfortunately, it is impossible to make a conclusion about the TT complex stability 

for different amino acids. Nevertheless, it appears that the presence of amino acids in the 

solution promoted the ТС→ТТ thermal transition, which was not observed for the free 

chromene. 

Table 3.10. 
Characteris.cs of ammonium and amino acid ca.on complexes formed with chromene 1b open forms 
(acetonitrile, 20°С). (k11, k12 are bleaching rate constants of 1:1 and 1:2 TC complexes; τ½ is half-life .me; lg 
K11, lg K12 are logarithms of the complexes stability constants.) 

  Complex 1:1 (TC) Complex 1:2 (TC) 
  lg K11 k11·103 (s-1) τ½ (s) lg K12 k12·103 (s-1) τ½ (s) 

1b
* – 1.2 ± 0.1* 578* – 1.2 ± 0.1* 578* 

1b + NH4
+ 3.84 ± 0.02 5.52 ± 0.05 126 – – – 

1b + C3 3.6 ± 0.2 4 ± 1 173 2.2 ± 0.2 15 ± 2 46 
1b + C4 3.41 ± 0.07 5.5 ± 0.4 126 1.6 ± 0.2 14 ± 2 50 
1b + C6 3.4 ± 0.4 6.0 ± 0.7 117 1.7 ± 0.6 10 ± 2 69 
1b + C8 3.71 ± 0.05 23.1 ± 0.5 30 – – – 

* Data for the free colored forms is presented. 

Figure 3.34. Parameters of chromene 1b complex formation with amino acids: a) 

stability of the 1:1 TC complexes as compared with complexes of the closed form; b) 

the open form stability in 1:1 complexes (thermal relaxation rate constants). (lg K11 is 

logarithm of the complex stability constant; k is the bleaching rate constant of the 1:1 

TC complexes.) 
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Using the NMR technique, solu.ons containing equimolar quan..es of chromene 

1b and the amino acids were studied. Irradia.on of the solu.ons with UV light (λ = 313 nm, 

Hg-Xe lamp, 1000 W) during 10 minutes at 20°С induced predominant forma.on of the TT 

form signals (Fig. 3.35a), the few TC form peaks being present. Temperature decrease to  

Figure 3.35. 1Н NMR spectra of chromene 1b solutions in the presence of the amino 

acids after irradiation: a) after 10 minutes irradiation (20°С); b) thermal relaxation of 

1b + C6 solution after 10 minutes irradiation (-45°С). 
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-45°С allowed to detect the TC isomer forma.on. However, during relaxa.on, the ТС→ТТ 

transi.on was observed (Fig. 3.35b). Thus, this data partly prove correctness of the previous 

conclusions made on the basis of spectrophotometric inves.ga.ons. 

The studies of the angular chromene 3b were also performed at 20°С. However, 

high conversion of the ini.al molecules to the colored forms was reached by using a short-

term (30 seconds) irradia.on with unfiltered light of Hg lamp (120 W). This provided 

occurrence of the photoinduced forms absorp.on bands, which intensity being sufficient for 

observa.on of the bleaching kine.cs. In all cases, the bleaching curve was of biexponen.al 

nature that gave evidence of material TT forms content (Fig. 3.36a). Moreover, upon high 

Figure 3.36. The inGluence of γ-aminobutyricacid (С4) on bleaching kinetics of 

chromene 3b solution after irradiation (acetonitrile, С3b = 3.0·10-5 М, 20°С): а) λ = 410 

nm, СAA/С3b = 2; b) λ = 410 nm, СAA/С3b = 400; c) and d) dependencies of observed 

relaxation rate constant of the TC and the TT forms on amino acid concentration, 

respectively. (A, A1, A2 are absorbances; k0, k1, k2, k11, k12 are bleaching rate constants 

for the free colored forms and those in the complex; r2 is the correlation coefGicient; 

lg K11, lg K12 are logarithms of the stability constant for 1:1 and 1:2 complexes.) 
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ligand excess, the TC forms contribu.on into the observed relaxa.on kine.cs was negligible 

(Fig. 3.36b). In the case of C3, C4, and C6, the overall character of the rate change agreed 

with the 1:1 and 1:2 complex forma.on for both photoinduced forms (Fig. 3.36c, d). Ca.ons 

NH4
+ did not form 1:2 complexes at all, whereas C6 formed 1:2 complexes with the TT 

isomer exclusively. 

Table 3.11. 
Logarithms of the stability constant for complexes of the chromene 3b open forms with 
ammonium and amino acid ca.ons (acetonitrile, 20°С). (lg K11, lg K12  are logarithms of the stability 
constant for 1:1 and 1:2 complexes.) 

  ТС complexes ТТ complexes 
  lg K11 lg K12 lg K11 lg K12 

3b + NH4
+ 3.29 ± 0.05 – 3.2 ± 0.4 1.4 ± 0.7 

3b + C3 3.92 ± 0.02 2.15 ± 0.06 4.8 ± 1.5 2.40 ± 0.04 
3b + C4 4.0 ± 0.1 1.5 ± 0.2 4.3 ± 0.2 1.94 ± 0.04 
3b + C6 3.63 ± 0.04 – 2.5 ± 0.1 2.5 ± 0.3 

Table 3.12. 
Bleaching rate constants of the chromene 3b open forms in the complexes with ammonium and 
amino acids ca.ons (acetonitrile, 20°С). (k11, k12 are rate constants of 1:1 and 1:2 complex 
bleaching.) 

  ТС complexes ТТ complexes 
  k11 (s-1) k12 (s-1) k11·10

3 (s-1) k12·10
3 (s-1) 

3b 0.13 ± 0.02*   0.32 ± 0.02*   
3b + NH4

+ 0.434 ± 0.006 – 3 ± 1 15 ± 13 
3b + C3 0.394 ± 0.008 1.01 ± 0.05 3.6 ± 1.3 48 ± 1 
3b + C4 0.35 ± 0.02 1.8 ± 0.5 2.4 ± 0.3 35 ± 2 
3b + C6 0.69 ± 0.01 – 80 ± 30 59 ± 6 

* Data for free colored forms are shown. 

Figure 3.37. Parameters of chromene 3b complex formation with amino acids: a) the 

1:1 TC complex stability as compared with complexes of the closed form; b) the open 

form stability in the 1:1 TC complex (thermal relaxation rate constants). (lg K11 is 

stability constant logarithm for complexes; k is the bleaching rate constant of the 1:1 

TC complexes.) 



88 

The stability constants of the complexes and rate constants of the TC and TT 

isomers bleaching varied for different ligands (Tables 3.11, 3.12). The stability of the 1:1 TC 

complexes with С3 and С4 is dis.nct from that of the complexes with the ammonium ca.ons 

and C6 (Fig. 3.37a). This correlates well with the ditopic complex forma.on model. At the 

same .me, the bleaching rate constant of the TC complex with C6 does not follow the 

general tendency to decrease. The la>er, similar to the case of 1b, is due to carbon chain 

length of the amino acid and its high mobility (Fig. 3.37b). Similar dependencies were 

observed for the TT complexes (Tables 3.11, 3.12). It should be noted, however, that in the 

case of C6, the contribu.on of the 1:1 TT complexes to general kine.cs was much lower than 

of 1:2 ones. 

Figure 3.38. Changes in chromene 3b absorption spectra upon irradiation (30 s, Hg 

lamp, 120 W, full light) in the presence of amino acid C8 (acetonitirile, 20°С): a) 

changes during initial 2 s; b) changes during further irradiation during 28 s. 

Scheme 3.33. Formation of the chromene 3b open form complexes with amino acids C3 and C4.  
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In the presence of amino acid C8, the behavior of the system was more 

complicated. When the solu.on was irradiated, the ini.al accumula.on of the TC forms 

induced rapidly a no.ceable the ТС→ТТ transforma.on (Fig. 3.38), which was observed 

neither for other substrates, nor for the free chromene. Obviously, such behavior is 

exclusively caused by the size of the amino acid, which flexible alipha.c chain destabilized 

the open isomers formed. Unfortunately, precise determina.on of the complexes stability 

constant and the bleaching rate constants of components failed because of unusual behavior 

of the system and fast process proceeding. 

Thus, the following ra.onaliza.on of the observed experimental data may be 

suggested. Irradia.on of solu.ons with amino acids С3, С4, and С6 induces the forma.on of 

the 1:1 TC complexes of higher stability than the complexes with ammonium ca.ons 

(Scheme 3.33). This may be associated with the ditopic mode of the complex forma.on. 

Nevertheless, in the case of C3 and C4, at large amino acid excess, this complex may a>ach 

one more substrate molecule giving a 1:2 complex. In both cases, for the complex forma.on, 

the TT configura.on is more spa.ally preferable. In the case of amino acid C6, the1:2 TC 

complex forma.on was not observed that is, probably, associated with fast transi.on of the 

TC isomer into the TT one, the complexes with the la>er being formed more favorable as 

evidenced by high contribu.on of this form to the observed bleaching kine.cs (Scheme 

3.34). As compared to complexes with the ammonium ca.ons, a low stability constant of the 

1:1 TT complex may mean that no ditopic interac.on occurs. This may be associated with 

fast transi.on to the 1:2 complex. Higher values of the 1:2 TT complex constants, as 

Scheme 3.34. Formation of the chromene 3b open form complexes with amino acids C6. 
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compared with NH4
+, give evidence of coordina.on between carbonyl oxygen atom of the 

open form and carboxylic hydrogen of the amino acid. Processes, similar to those involving 

C6, may also proceed with amino acid C8, which preferably may form the TT complexes 

because of the long alipha.c chain. 

The NMR studies of irradiated chromene 3b could not be made owing to high 

transforma.on rate of the open forms to the closed ones. Moreover, even at -45°С, spectra 

possessed highly broadened signals that made their interpreta.on difficult. 

Thus, depending on the carbon skeleton length, the forma.on of the ditopic 

complexes of the chromene 1b and 3b open forms with the amino acids was demonstrated. 

These complexes exhibited higher stability, as compared with other 1:1 complexes. For the 

linear isomer 1b, such coordina.on was found possible in the case of amino acid C8. On the  

contrary, angular isomer 3b forms the ditopic complexes with short amino acids (C3 and C4). 

The presence of the ammonium and amino acid ca.ons accelerated bleaching independently 

of the complex type. However, a substan.al rate increase was also associated with amino 

acid length, and C6, C8 were evaluated by a sharp increase of the bleaching rate that is, 

probably, due to nonspecific interac.on of the open forms with the amino acids in space. 

 

3.2.2. Study of Chromene 33 Intercalation into DNA 

Rela.vely small organic molecules are capable of strong binding to DNA, and this 

property is of importance for designing of new chemotherapeu.c agents and health safe 

DNA labels [74]. Three main interac.on types are dis.nguished: (1) outside-stacking, (2) 

groove-binding, and (3) intercala.on. The first type of interac.on is the weakest and is 

generally due to electrosta.c interac.ons of ligands with external phosphate skeleton of 

DNA. The other two types are based on the non-covalent binding, including π-stacking, 

hydrogen bond forma.on, van der Waals and hydrophobic interac.ons. 

а)   b)  

Figure 3.39. Types of interaction of small molecules with DNA: a) minor groove-

binding; b) intercalation [74]. 
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The DNA helix exhibits two grooves of different size, namely the minor and the 

major grooves, which may serve as binding sites for guest molecules. Whereas rela.vely 

large molecules such as proteins bind preferen.ally to the major groove, the minor groove is 

the preferred binding site for smaller ligands (Fig. 3.39a). Vital requirements to the structure 

of molecules for groove-binding are rela.ve flexibility of the skeleton and the presence of 

func.onal groups capable of forming hydrogen bonds. 

Intercala.on is realized by molecule inser.on between the neighboring pairs of 

DNA bases (Fig. 3.39b). Such binding is mostly stabilized by the hydrophobic and van der 

Waals interac.ons. Therefore, for effec.ve intercala.on the molecule should be planar, first 

of all. For small aroma.c compounds (benzene, naphthalene), of importance is the presence 

of the posi.ve charge in the molecule. 

For interac.on with DNA, various aroma.c dyes are used most oVen. In the general 

case, intercala.on provides weaker interac.on of a substance with DNA (lg K = 4 – 6), as 

compared with minor groove-binding (lg K = 5 – 9), which is associated, in the first case, with 

greater conforma.onal changes in DNA structure (distance between base pairs increases, 

small spiral unwinging). 

Owing to their ability to transform upon irradia.on into planar colored forms, 

photochromic benzo- and naphthopyrans may be used for reversible photo-control of DNA 

intercala.on. In the ini.al state, these compounds are non-planar, as a result of the 

presence of two phenyl groups in the pyran ring. One may expect that before irradia.on, 

due to spa.al hindrances, no no.ceable interac.on with DNA will occur. Upon irradia.on, 

the structure of the photochromes is substan.ally changed, it becomes planar, and, as a 

consequence, the probability that the open form gets inserted between the DNA base pairs 

increases. Thus, this property of the photochromes may be used to photo-control the 

intercala.on process. For this purpose, several compounds containing a heterocyclic 
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fragment and a posi.ve charge were synthesized. The photochromes possessed the charge 

located in the aroma.c system (27, 28, 31) or in the side chain (33, 34). However, at the 

preliminary stage, among five molecules, proposed for carrying out experiments with DNA, 

only naphthopyran 33 was selected. 

Compounds 27 and 28 are well soluble in water. Unfortunately, they were fluorescent 

and did not exhibit photochromism sufficient for detection. In contrast, benzoxazole derivative 

31 exhibit good photochromic properties (colorability and color stability upon cessation of 

radiation) in such polar solvents as acetonitrile and methanol (Fig. 3.40), which is unusual for 

Figure 3.40. Absortion spectra of compound 31 in methanol (С = 6.65∙10-5 М, 20°С) 

prior to (solid line) and after 1 min of irradiation by monochromatic light with λ = 315 

nm (dashed line). (k is the bleaching rate constant; τ½ is the half bleaching time.) 

Figure 3.41. The change in absorption spectrum of compound 33 in BPE buffer 

solution at 10°С during irradiation (Hg lamp, 120 W, full light, 2 min). The insert 

corresponds to absorbance change at 480 nm during irradiation and after its 

termination. (A, A1, A2 are absorbances; k1, k2 are bleaching rate constants.) 
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chromenes (compare to 1 and 3). Unfortunately, the chromene was insoluble in water and 

water/methanol, water/DMSO mixtures. 

Finally, chromene 33 and spironaphthoxazine 34 are well soluble in water. These 

compounds exhibited the photochromic proper.es; however, the stability of the open forms 

in aqueous solu.ons at 20°С was extremely low, especially for compound 34. Nevertheless, 

the temperature decrease down to 10°С helped in carrying out a number of experiments 

with compound 33. At this temperature, chromene produces two open forms (k1 = 2.2·10-2 s-

1, k2 = 8.8·10-4 s-1) (Fig. 3.41). 

Figure 3.42. Spectrophotometric titration of chromene 33 by DNA solution in BPE 

buffer containing 5% vol. DMSO. 

Figure 3.43. The effect of DNA on photochromic properties of chromene 33 (BPE 

buffer, 10°С, С33 = 5.2∙10-5 М, irradiation by Giltered light with λ = 313 nm during 5 

min): a) spectrum change of solution with СDNA/С33 = 7 upon irradiation, the insert 

corresponds to optical density change at 480 nm during and after irradiation; b) the 

change of observed rate constant of compound 33 solution bleaching depending on 

DNA concentration. (A, A0 are absorbances; k, k0 are bleaching rate constants; lg K is 

logarithm of stability constant for a complex with DNA. See explanation in the text.) 
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Stability constants of the DNA complexes with various ligands were determined by  

spectrophotometric .tra.on in the buffer solu.on. In these experiments BPE buffer was 

used (2 mМ NaH2PO4, 6 mМ Na2HPO4, 1 mМ Na2EDTA, pH ~ 7.0). In the case of chromene 

33, addi.on of a large DNA excess led to precipita.on. That is why, for .tra.on a solu.on 

containing 5% vol. DMSO was used. As expected the closed form of chromene 33 (prior to 

irradia.on) does not produce stable complexes. During .tra.on no considerable changes in 

the absorp.on spectrum were observed, giving evidence of the absence of any specific 

interac.ons between the molecules (Fig. 3.42). Small changes, which were observed, were 

most likely associated with the chromene and DNA absorp.on bands overlap, the degree of 

the la>er in the solu.on being increased in the course of .tra.on. 

Irradia.on of solu.ons of compound 33, containing different amount of DNA, 

produced absorp.on bands in the visible region. Thermal relaxa.on was characterized by a 

mono-exponen.al kine.c curve that gave evidence of only one photoinduced isomer 

forma.on under these condi.ons (Fig. 3.43a). Bleaching rate constants differed from 

corresponding ini.al values for the TC and TT forms. However, taking into account that 

increasing DNA amount led to stepwise decrease of the rate constant, changes in the 

spectrum were associated with the TC isomer forma.on (Fig. 3.43b). 

To interpret the obtained dependencies, the following scheme of the process was 

assumed: 

This scheme suggests that the TC isomer formed as a result of irradiation intercalates 

to DNA. Thus, the ТС→ТТ transformation inside DNA will be rather difficult. Therefore, under 

these conditions, the TT isomer is not formed. However, due to the same reasons, the open 

form conversion to the closed form will also be impossible. Thus, only the free TC forms will 

contribute into the bleaching kinetics. However, taking into account that a part of them will 

occur inside DNA, the rate decrease upon increasing DNA concentration should be detected, 
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and it is indeed the case. Even if we assume that the open form conversion to the closed form 

may proceed inside DNA, bleaching will be caused by the free TC forms, because complex of 

the closed form with DNA is extremely unstable. Finally, accounting for the large DNA excess 

used in the experiments, it may be assumed that [DNA] = CDNA. Then the expression (3.3) will 

give the following form: 

The use of dependence (3.3a) helped in determining the stability constant of the TC complex 

with DNA (Fig. 3.43b). This value correlates well with the reported stability constant value 

for a photochromic spiropyran (2·104 М-1) [73] and lies within the range of the average 

intercala.on stability constants values (104 – 106 М-1) [74]. 

Nevertheless, the calculated bleaching constant value for the free TC form 

(0.0288 s-1) is different from the one found in the experiment (0.22 s-1). The reason for such 

devia.on may be a simplified model of complex forma.on, which does not take into account 

all the details of complex forma.on with DNA. For instance, the most popular model in the 

literature is the so-called “neighbor exclusion model” [74, 135], based on the idea that an 

intercalator molecule, inserted between the base pairs, prevents another molecule from 

inser.on between the neighbor base pairs, DNA molecule being considered as one infinitely 

long 1D lawce. The exclusion number, n, is introduced, represen.ng the number of the free 

“cells” that separate two occupied intercala.on sites. The expression describing this model 

was suggested by J. McGhee and P. von Hippel in 1974 [136]: 

It can be easily seen that with n = 1 this expression is reduced to a simpler one for the 1:1 

complex forma.on constant, which, as applied to DNA, was called the Scatchard model. In 

the case of chromene 33, this model adequately describes the experimental data and 

determines the intercala.on constant, which is probably related to some general 

macroeffect, rather than the true value of the ligand interac.on constant with a single site in 

DNA molecule (microinterac.on). An indirect proof of the specific binding (intercala.on) is 

also a considerable (by 1-2 orders of magnitude) reduc.on of the rate constant of the TC 

forms bleaching. 
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4. Conclusions 

 

1. We developed two approaches to prepara.on of series of new benzo- and 

naphthopyrans, which involve annelated crown ether fragments of different size and 

heteroatomic composi.on, as well as chromenes, which contain posi.vely charged 

heterocyclic fragment. 

2. It was shown that the metal ca.ons may effec.vely bind with crown ether moiety of the 

chromene molecule. Using NMR and UV-Vis spectroscopy, stability constants of such 

complexes were determined along with the bleaching rate constants of the open forms. 

The complex forma.on was proved to affect considerably the spectral and kine.cal 

proper.es of the chromenes; and on the contrary, photochromic transforma.on leads to 

decrease of the chromene ability to form complexes. Such effects may be employed for 

photo-control of the complex forma.on. 

3. It was demonstrated that the NMR spectroscopy may be used for inves.ga.on of the 

complex forma.on of crowned chromenes with the metal ca.ons both in the ini.al and 

photoinduced states. 

4. Depending on the carbon skeleton length, protonated amino acids were found to be able 

to form the ditopic complexes with the open forms of chromenes, in which the 

ammonium ca.on is located inside the crown ether cavity and the carboxylic hydrogen 

atom establishes a hydrogen bond with the carbonyl oxygen atom of the open form. At 

the same .me, amino acids were demonstrated to form the monotopic complexes with 

the closed forms of chromenes. Thus, by means of irradia.on it is possible to change the 

mode of complex forma.on as well as the stability of the complexes formed. 

5. A new method for the analysis of the complex stability of chromenes, which contain 

posi.ve charge, with DNA was proposed. It was demonstrated that such compounds may 

be used for photo-control of the intercala.on process. 
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5. Experimental Part 

 

NMR spectra were recorded on spectrometers «Bruker 250», «Bruker 400» using 

TMS as an internal standard. Chemical shiVs were measured with 0.01 ppm accuracy; 

coupling constants were measured with 0.1 Hz accuracy. Deuterated solvents (CDCl3, DMSO-

d6, CD3CN) were purchased from «Aldrich». 

Reac.ons were monitored by means of TLC plates DC-Alufolien Kieselgel 60 F254 and 

Silica gel 60 F-254 purchased from Merck. Silica gel 60 with par.cles size 0.063-0.200 mm, 

Silica gel 60 0.043-0.060 mm, and Siliсa gel 60 RP-18 0.040-0.063 mm, all purchased from 

Merck, were used for column chromatography. 

Elemental analysis was carried out in Universität Siegen (Siegen, Germany) and 

A.N.Nesmeyanov Ins.tute of Organoelement Compounds RAS (Moscow, Russia). 

Electronic absorp.on spectra were recorded on spectrophotometers «Specord 

M40», «Varian Cary 50», «Avantes AvaSpec-2048». Spectra of colored forms were obtained 

when samples in the spectrometer cell were simultaneously exposed to con.nuous 

irradia.on, generated by Hg high pressure lamp 120W or Xe-Hg high pressure lamp 1000W. 

Benzo[b]-15-crown-5 ether, benzo[b]-18-crown-6 ether, pyrogallol, triethyl-

orthoformate, Eaton’s reagent, phosphorous (V) oxide, ethyl bromoacetate, methalsulfonic 

acid, p-toluenesulfonic acid, p-toluenesulfonyl chloride, silver (I) p-toluenesulfonate, methyl 

p-toluenesulfonate, m-chloroperbenzoic acid, LiAlH4, triphenylphosphine, iodomethane, 1,1-

diphenylprop-2-in-1-ol, β-cinnamaldehyde, Ti(OEt)4, tetraethylene glycol, pentaethylene 

glycol, diethylene glycol, 2,2'-oxydi(ethanethiol), 2,2'-(ethane-1,2-dioxy)di(ethanethiol), 

N,N'-dimethyl-2,2'-(ethane-1,2-dioxy)di(ethylamine), 2,3,3-trimethyl-3H-indole, 1,3,3-

trimethyl-2-methyleneindoline, 1,3-dibromopropane, 1-nitroso-2-naphthol, ace.c acid, 

organic solvents (acetonitrile, ethanol, methanol, tetrahydrofuran, toluene, pyridine) were 

purchased from either Aldrich, Merck, Fluka, or Alfa Aesar and used without addi.onal 

purifica.on. In appropriate cases, solvents were purified according standard procedures. 

15-Hydroxybenzo[b]-15-crown-5 ether (4a) [108, 114], 18-hydroxybenzo[b]-18-

crown-6 ether (4b) [108], 14-Hydroxybenzo[b]-15-crown-5 ether (6a), 17-Hydroxybenzo[b]-

18-crown-6 ether (6b), 4-hydroxy-2-ethoxybenzo[d][1,3]dioxol (11), 4-(methylphenyl)oxy-2-

ethoxybenzo[d][1,3]dioxol (12), 3-(methylphenyl)oxy-1,2-dihydroxybenzene (13), 14-

(methylphenyl)oxybenzo[b]-15-crown-5 ether (14a), 17-(methylphenyl)oxybenzo[b]-18-

crown-6 ether (14b) [111-113], 18-acetylbenzo[b]-18-crown-6 ether (8a) [139], diethyl 2,2'-
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(naphthalene-2,3-diylbis(oxy))diacetate (18) [126], 3,3-diphenyl-3H-pyrano[3,2-f]quinolone 

(35), 3,3-diphenyl-3H-pyrano[2,3-h]isoquinoline (36), 3,3-diphenyl-3H-pyrano[3,2-f]

quinazoline (37), 2-methyl-7,7-diphenyl-7H-chromeno[6,5-d]oxazole (38), 2,4-dimethyl-6,6-

diphenyl-6H-chromeno[[6,7-d]oxazole (39), 2-methyl-7,7-diphenyl-7H-chromeno[5,6-d]

oxazole (40) [121, 123, 124], (3,3-diphenyl-3H-benzo[f]chromene-5-yl)methanol (41), 5-

bromomethyl-3,3-diphenyl-3H- benzo[f]chromene (42) [129], 1-(3-bromopropyl)-2,3,3-

trimethyl-3H-indolinium bromide (43a), 1-(3-bromopropyl)-3,3-dimethyl-2-

methyleneindoline (44) [73] were synthesized according to known procedures. 

Barium (II), magnesium (II), lead (II) perchlorates were purchased from Aldrich and 

used without addi.onal purifica.on. 

Protonated amino acids were prepared by dissolving neutral β-alanine, γ-

aminobutyric, ε-aminocaproic, and ω-aminocaprylic acids (all purchased from Aldrich) in 

acetonitrile solu.on of perchloric acid at ambient temperature. AVer being s.rred during 24 

h, the solu.on was filtered and the solvent was evaporated. The residue was addi.onally 

kept in a lyophilizer during 20 h. 

 

5.1. Syntheses 

 

5.1.1. Acylation Using Eaton’s Reagent 

The procedure was adopted from lit. [139]. Eaton’s reagent was prepared in argon 

atmosphere by mixing methanesulfonic acid (10 eq.) and phosphorous (V) oxide (1 eq.) un.l 

dissolved. The obtained solu.on contained ca. 13% by weight of P2O5. Also, the commercial 

reagent (7.5% P2O5, purchased from Alfa Aesar) was used. 

At ambient temperature, glacial ace.c acid (1.1 eq.) was mixed with Eaton’s reagent 

(containing 2 eq. of P2O5) and the appropriate benzene or naphthalene deriva.ve (1 eq.) was 

added. AVer 6 h of s.rring in Ar atmosphere, the mixture was poured into cooled water 

followed by extrac.on with dichloromethane. The organic layer was washed several .mes 

with water, dried over MgSO4 and the solvent was removed under diminished pressure. 

 

1-(2,3,5,6,8,9,11,12-Octahydronaphtho[2,3-b][1,4,7,10,13]pentaoxacyclopentade-

cine-16-yl)ethanone (8b) 

According to the general procedure, from 1.56 g (5.0 mmol) of naphtho-15-crown-5 

ether, 0.33 g (5.5 mmol) of acetic acid, 19 g of Eaton’s reagent (containing 10.0 mmol of P2O5) 
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and after the residue of evaporating was extracted by hot heptane, 1.62 g (90%) of 8b was 

obtained as white crystals. M.p. 126-129°С. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.69 (s, 3H, 

CH3), 3.78-3.76 (m, 8H, 4 × СH2), 3.96-4.06 (m, 4H, 2 × СH2), 4.22-4.32 (m, 4H, 2 × СH2), 7.11 

(s, 1H, H-20), 7.20 (s, 1H, H-14), 7.70 (d, J = 8.6, 1H, H-18), 7.89 (dd, J = 8.6 and 1.5, 1H, H-17), 

8.31 (s, 1H, H-15). 13C NMR (63MHz, CDCl3, δ ppm): 26.67, 68.50, 68.60, 69.32, 69.39, 70.37, 

70.40, 71.41, 107.40, 109.15, 122.79, 126.72, 128.41, 128.60, 132.27, 133.14, 149.95, 151.48, 

198.16. Calculated for C20H24O6 (%): C, 66.65; H, 6.71. Found (%): C, 66.37; H, 6.68. 

 

Diethyl 2,2'-(6-acetylnaphthalene-2,3-diylbis(oxy))diacetate (19) 

According to the general procedure, from 8.15 g (24.5 mmol) of ester 18, 1.62 g (27 

mmol) of acetic acid, 93 g of Eaton’s reagent (containing 49.0 g of P2O5) and after the residue 

of evaporating was treated with methanol, 7.70 g (84%) of 19 was obtained as beige solid. 

The sample amount for analysis was recrystallized from heptane. M.p. = 116-118°С. 1H NMR 

(250MHz, CDCl3, δ ppm, J Hz): 1.31 (t, J = 7.1, 6H, 2 × OCH2CH3), 2.69 (s, 3H, CH3CO), 4.30 (q, J 

= 7.1, 4H, 2 × OCH2CH3), 4.84 (s, 2H, OCH2CO), 4.85 (s, 2H, OCH2CO), 7.10 (s, 1H, H-1), 7.22 (s, 

1H, H-4), 7.70 (d, J = 8.6, 1H, H-8,), 7.91 (dd, J = 8.6 and 1.7, 1H, H-7), 8.30 (s, 1H, H-5). 13C 

NMR (63MHz, CDCl3, δ ppm): 14.11, 26.60, 61.53, 65.93, 66.11, 108.63, 110.59, 123.14, 

126.79, 128.34, 128.56, 132.06, 133.41, 148.25, 149.70, 168.18, 168.34, 197.92. Calculated 

for C20H22O7 (%): C, 64.16; H, 5.92. Found(%): C, 65.10; H, 6.08. 

 

5.1.2. Baeyer-Villiger Oxidation 

An appropriate ketone (1 eq.) and p-toluenesulfonic acid (0.7 eq.) was dissolved in 

dichloromethane (20 ml for 1 g of ketone) and m-chloroperbenzoic acid (2 eq.) was added to 

the solution. After being stirred at ambient temperature and in Ar atmosphere during 20 h, 

the mixture was filtered off the precipitate formed. The filtrate was consecutively washed by 

10% NaHSO3 solution (2×75 ml), saturated NaHCO3 solution (3×75 ml), and brine (2×75 ml); 

then, dried over MgSO4 and concentrated under diminished pressure. 

 

2,3,5,6,8,9,11,12,14,15-Decahydrobenzo[b][1,4,7,10,13,16]hexaoxacyclooctadecine

-18-yl acetate (9a) 

According to the general procedure, from 2.22 g (6.3 mmol) of ketone 8a, 0.84 g 

(4.41 mmol) of PTSA, and 3.10 g (12.6 mmol) of mCPBA (30% wet), after the residue of 

evaporating was treated with pentane, 1.62 g (70%) of 9a was obtained as beige solid. The 

product was used in the next stage without additional purification. 1H NMR (250MHz, CDCl3, δ 
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ppm, J Hz): 2.27 (s, 3H, СH3), 3.67-3.80 (m, 12H, 6 × СH2), 3.88-3.95 (m, 4H, 2 × СH2), 4.10-4.18 

(m, 4H, 2 × СH2), 6.62 (d, J = 9.2, 1H, H-19), 6.64 (s, 1H, H-17), 6.86 (d, J = 9.2, 1H, H-20). NMR 

data corresponds to lit. [139]. 

 

2,3,5,6,8,9,11,12-Octahydronaphtho[2,3-b][1,4,7,10,13]pentaoxacyclopentadecine-

16-yl acetate (9b) 

Procedure with the use of peracetic acid. A solution of ca. 9% peracetic acid was 

prepared by treating 10 g (0.167 mmol) of glacial acetic acid with 24.7 g of 35% H2O2 solution 

at 15-16°C and in the presence of 0.4 g of conc. H2SO4 and subsequent stirring the mixture at 

ambient temperature during 24 h. At 10-15°C, 6.3 g (ca. 7.42 mmol) of freshly-made peracetic 

acid was added dropwise to a solution of 1.53 g (4.25 mmol) of ketone 8b in 10 ml of glacial 

acetic acid. The temperature was slowly increased up to 30°C and the reaction was stirred for 

4 h. Then, the mixture was poured into a solution of sodium thiosulfate; the resulted solution 

was neutralized to pH 5-6. After extraction with dichloromethane, the organic layer was dried 

over MgSO4 and then the solvent was evaporated. The residue was purified by column 

chromatography (ethyl acetate) to give 0.05 g (4%) of 9b as white solid. 

 

According to the general procedure, from 0.54 g (1.5 mmol) of ketone 8b, 0.20 g 

(1.05 mmol) of PTSA, 0.74 g (3 mmol) of mCPBA, 0.23 g (40%) of ester 9b was obtained as 

viscous oil. The product was used in the next stage without additional purification. A sample 

for analysis was crystallized from methanol to afford the product as colorless crystals. M.p. 

133-134°С. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.33 (s, 3H, CH3), 3.76-3.80 (m, 8H, 4 × 

СH2), 3.94-4.00 (m, 4H, 2 × СH2), 4.20-4.25 (m, 4 H, 2 × СH2), 7.02-7.10 (m, 3H, H-14, H-18, H-

19), 7.36 (s, 1H, H-15), 7.65 (d, J = 8.8, 1H, H-17). 13C NMR (63MHz, CDCl3, δ ppm): 21.30, 

68.40, 68.48, 69.33, 69.37, 70.33, 71.29, 107.59, 107.91, 117.33, 118.98, 127.34, 127.72, 

129.73, 147.27, 149.15, 149.92, 169.93. Calculated for C20H24O7·H2O (%): C, 60.90; H, 6.64. 

Found (%): C, 60.96; H, 6.20. 

 

6,7-Bis(ethoxycarbonylmethoxy)naphthalene-2-yl acetate (20) 

According to the general procedure, from 1.00 g (2.67 mmol) of ketone 19, 0.36 g 

(1.87 mmol) of PTSA, 0.92 g (5.34 mmol) of mCPBA, after the residue of evaporating was 

treated with pentane, 0.35 g (34%) of 20 as yellowish solid containing traces of the initial 

ketone. The product was used in the next stage without additional purification. 1H NMR 

(250MHz, CDCl3, δ ppm, J Hz): 1.26-1.34 (m, 6H, 2 × OCH2CH3), 2.34 (s, 1H, CH3CO), 4.23-3.34 
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(m, 4H, 2 × OCH2CH3), 4.80 (s, 2H, OCH2CO), 4.81 (s, 2H, OCH2CO), 7.02-7.11 (m, 3H, H-14, H-

18, H-19), 7.38 (d, J = 2.4, 1H, H-15), 7.67 (d, J = 8.9, 1H, H-17). 

 

5.1.3. Synthesis of Naphthols 

 

2,3,5,6,8,9,11,12-Octahydronaphtho[2,3-b][1,4,7,10,13]pentaoxacyclopentadecine-

16-ol (5) 

The procedure was adopted from lit. [108]. In 40 ml of water, 0.23 g (0.6  mmol) of 

ester 9b was suspended and 20 ml of 30% NaOH solution was added. The mixture was stirred 

at 50°C for 3 h, then cooled to ambient temperature and washed once with dichloromethane. 

The aqueous phase was acidified with conc. HCl to pH 2 and extracted several times with 

dichloromethane. The combined fractions were washed with water; the organic layer was 

dried over MgSO4 and the solvent was evaporated. The residue was treated with pentane to 

afford 0.12 g (60%) of 5 as brown solid. The sample amount for analysis was recrystallized 

from dichloromethane as colorless crystals. M.p. 157-158°C. 1H NMR (250MHz, CDCl3, δ ppm, 

J Hz): 3.70-4.20 (m, 16H, 8 × СH2), 6.74 (s, 1H, H-15), 6.90 (dd, J = 8.7 и 2.3, 1H, H-17), 6.94-

7.00 (m, 2H, H-14, H-19), 7.39 (d, J = 8.7, 1H, H-18). 13C NMR (63MHz, CDCl3, δ ppm): 68.01, 

68.41, 69.37, 69.50, 70.32, 70.36, 71.03, 106.61, 108.41, 108.88, 115.76, 123.99, 127.89, 

130.60, 147.17, 149.66, 152.87. Calculated for C18H22O6 (%): C, 64.66; H, 6.63. Found (%): C, 

63.65; H, 6.55. 

 

6,7-Bis(2-hydroxyethoxy)naphthalene-2-ol (17a) 

The procedure was adopted from lit. [127]. A solution oа 3.85 g (ca. 7 mmol) of ester 

20 in 25 ml of abs. THF was added dropwise to a solution of 1.06 g (28 mmol) of LiAlH4 in 250 

ml of abs. THF. The suspension was stirred at ambient temperature for 3 h. Then, 4.48 g of 5% 

NaOH solution was added dropwise. After the resulted mixture was refluxed for 4 h, it was 

cooled, the precipitate was filtered off anв the filtrate was washed several times with water. 

The aqueous phase was acidified with H2SO4 to pH 2 and then extracted with ethyl acetate (3 

× 50 ml). The organic layer was dried over MgSO4 and the solvent was evaporated. The 

residue was treated with ethanol to give 1.11 g (60%) of naphthol 17a as beige solid. A sample 

for analysis was crystallized from methanol to afford the product as colorless crystals. M.p. 

179-181°С. 1H NMR (250MHz, DMSO-d6, δ ppm, J Hz): 3.71-3.83 (m, 4H, OCH2CH2OH), 3.99-

4.12 (m, 4H, OCH2CH2OH), 4.88 (m, 2H, OCH2CH2OH), 6.85 (dd, J = 8.7 and 2.4, 1H, H-3), 6.97 

(d, J =2.4, 1H, H-1), 7.10 (s, 1H, H-5), 7.19 (s, 1H, H-8), 7.54 (d, J = 8.7, 1H, H-4), 9.37 (s, 1H, Ar-
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OH). 13C NMR (75MHz, DMSO-d6, δ ppm): 59.47, 59.52, 69.98, 70.14, 106.51, 108.12, 108.40, 

115.93, 122.96, 127.63, 130.44, 146.34, 149.18, 153.97. Calculated for C14H16O5 (%): C, 63.63; 

H, 6.10. Found (%): C, 63.65; H, 6.35. 

 

6,7-Bis(2-chloroethoxy)naphthalene-2-ol (17b) 

The procedure was adopted from lit. [128]. To a solution of 2.35 g (8.9 mmol) of 

naphthol 17a in 125 ml of dichloromethane 9.33 g (35.6 mmol) and 17.2 ml (0.178 mol) were 

added. The mixture was refluxed for 3 h. The solvent was evaporated and the residue was 

purified by column chromatography (ethyl acetate/c-hexane = 1/4) to give 2.15 g (80%) of 

naphthol 17b as pinkish solid. M.p. 115-117°С. 1H NMR (250MHz, DMSO-d6, δ ppm, J Hz): 3.94

-4.05 (m, 4H, OCH2CH2Cl), 4.26-4.39 (m, 4H, OCH2CH2Cl), 6.90 (dd, J = 8.7 and 2.4, 1H, H-3), 

7.00 (d, J =2.4, 1H, H-1), 7.18 (s, 1H, H-5), 7.28 (s, 1H, H-8), 7.57 (d, J = 8.7, 1H, H-4), 9.47 (s, 

1H, Ar-OH). 13C NMR (75MHz, DMSO-d6, δ ppm): 42.97, 43.01, 68.72, 69.11, 107.80, 108.17, 

110.23, 116.48, 123.17, 127.87, 130.80, 145.51, 148.52, 154.34. Calculated for C14H14Cl2O3 

(%): C, 55.83; H, 4.69. Found (%): C, 55.90; H, 4.70. 

 

5.1.4. Synthesis of Chromenes from Appropriate Phenols 

Method 1 (with the use of diphenylpropargyl alcohol). The procedure was adopted 

from lit. [118]. Substituted phenol or naphthol (0.6 mmol) and 1,1-diphenylprop-2-in-1-ol (0.6 

mmol) were dissolved in 10 ml of toluene and PTSA (0.06 mmol) was added. The mixture was 

stirred at 50-60°C for 1 h and then at 70-80°C for additional 3 h. Afterwards the solvent was 

evaporated and the product was isolated by column chromatography. 

Method 2 (with the use of β-phenylcinnamaldehyde). The procedure was adopted 

from lit. [122]. Substituted phenol or naphthol (1 mmol) and β-phenylcinnamaldehyde (1 

mmol) were dissolved in 8 ml of toluene and a solution of titanium (IV) tetraethoxide (1.5 

mmol) in 2 ml of toluene was added. The mixture was stirred at 100°C in Ar atmosphere for 6 

h, then cooled to 30-40°C and 10 ml of toluene, 0.5 g of Silica gel, and 1 ml of water were 

added to it. The resulting suspension was stirred at 80°C for 30 min. After cooling to ambient 

temperature, the precipitate was filtered off, washed with dichloromethane several times and 

the organic solution was evaporated. The product was isolated by column chromatography. 

 

2,2-Diphenyl-7,8,10,11,13,14,16,17-octahydro-2H-[1,4,7,10,13]pentaoxacyclopen-

tadeca[2,3-g]chromene (1a) 

For Method 1 see lit. [114]. 
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According to the general procedure for Method 2, from 0.57 g (2 mmol) of phenol 

4a, 0.42 g (2 mmol) of β-phenylcinnamaldehyde, 0.68 g (3 mmol) of titanium (IV) ethoxide, 

after the column chromatography (MeOH/CH2Cl2 = 1/9), 0.19 g (20%) of 1a was obtained as 

orange solid. M.p. 110-113°С. 

1H NMR (300MHz, CD3CN, δ ppm, J Hz): 3.58–3.70 (m, 8H, CH2-5, CH2-6, CH2-8, CH2-

9), 3.72–3.83 (m, 4H, CH2-3, CH2-11), 3.96–4.02 (m, 2H, CH2-2), 4.04–4.12 (m, 2H, CH2-12), 

6.25 (d, J = 9.8, 1H, H-17), 6.48–6.63 (m, 2H, H-18, H-14), 6.69 (s, 1H, H-19), 7.22–7.65 (m, 

10H, H-Ar). 13C NMR (75MHz, CD3CN, δ ppm): 68.5, 68.8, 69.2, 69.7, 69.8, 70.1, 70.4, 70.5, 

82.0 (s, quat-C), 102.8, 112.9, 113.8, 123.3, 126.5, 126.8, 127.5, 128.2, 143.4, 145.3, 147.2, 

150.4. Calculated for C29H30O6 (%): C, 73.0; H, 6.4. Found (%): C, 73.2; H, 6.3. 

 

2,2-Diphenyl-7,8,10,11,13,14,16,17,19,20-decahydro-2H-[1,4,7,10,13,16]hexaoxa-

cyclooctadeca[2,3-g]chromene (1b) 

According to the general procedure for Method 1, from 0.2 g (0.6 mmol) of phenol 

4b, 0.12 g (0.6 mmol) of 1,1-diphenylprop-2-in-1-ol, 0.01 g (0.06 mmol) of PTSAб after the 

column chromatography (MeOH/CH2Cl2 = 1/9), 0.06 g (19%) of 1б was obtained as viscous oil. 

According to the general procedure for Method 2, from 0.33 g (1 mmol) of phenol 

4b, 0.21 g (1 mmol) β-phenylcinnamaldehyde, 0.34 g (1.5 mmol) of titanium (IV) ethoxide, 

after the column chromatography (MeOH/CH2Cl2 = 1/9), 0.19 g (20%) of 1а was obtained as 

orange solid. M.p. 76-78°С. 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.58-3.72 (m, 12H, CH2-5, CH2-6, CH2-8, CH2-9, 

CH2-11, CH2-12), 3.77-3.88 (m, 4H, CH2-3, CH2-14), 3.96-4.08 (m, 4H, CH2-2, CH2-15), 5.94 (d, J 

= 9.7, 1H, H-20), 6.39-6.52 (m, 3H, H-17, H-21, H-22), 7.11-7.29 (m, 6H, H-Ar), 7.30-7.38 (m, 

4H, H-Ar). 13C NMR (63MHz, CDCl3, δ ppm): 68.56, 69.34, 69.63, 69.91, 70.53, 70.59, 70.66, 

70.68, 82.43 (s, quat-C), 102.61, 113.23, 113.38, 123.01, 126.35, 126.87, 127.34, 127.97, 

142.80, 144.83, 147.33, 150.14. Calculated for C31H34O7·2H2O (%): C, 67.13; H, 6.91. Found 

(%): C, 67.68; H, 6.96. 

 

3,3-Diphenyl-9,10,12,13,15,16,18,19-octahydro-3H-[1,4,7,10,13]pentaoxacyclo-

pentadeca[2',3':4,5]benzo[f]chromene (2) 

According to the general procedure for Method 1, from 0.096 g (0.29 mmol) of 

naphthol 5, 0.06 g (0.29 mmol) of 1,1-diphenylprop-2-in-1-ol, 0.006 g (0.029 mmol) PTSA, 

after the column chromatography (MeOH/CH2Cl2 = 1/9), 0.024 g (16%) of 1b was obtained as 

viscous oil. 
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According to the general procedure for Method 2, from 0.2 g (0.6 mmol) of phenol 

4b, 0.12 g (0.6 mmol) of β-phenylcinnamaldehyde, 0.21 g (0.9 mmol) of titanium (IV) 

ethoxide, after the column chromatography (MeOH/CH2Cl2 = 1/9), 0.09 g (29%) of 2 was 

obtained as beige solid. M.p. 147-148°С. 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.74-3.78 (m, 8H, CH2-12, CH2-13, CH2-15, CH2-

16), 3.87-3.95 (m, 4H, CH2-10, CH2-18), 4.10-4.22 (m, 4H, CH2-9, CH2-19), 6.24 (d, J = 9.9, 1H, H

-2), 6.96 (s, 1H, H-21), 7.04 (d, J = 8.7, 1H, H-5), 7.14-7.34 (m, 8H, H-Ar, H-1, H-7), 7.41-7.51 

(m, 5H, H-Ar, H-6). 13C NMR (75MHz, CD3CN, δ ppm): 68.46, 68.48, 69.31, 70.24, 71.09, 82.17 

(s, quat-C), 102.56, 109.17, 113.34, 116.15, 119.69, 124.88, 125.67, 126.97, 127.43, 127.54, 

128.03, 128.11, 144.90, 147.36, 149.52, 149.96. Calculated for C33H32O6 (%): C, 75.55; H, 6.15. 

Found (%): C, 75.23; H, 6.02. 

 

2,2-Diphenyl-8,9,11,12,14,15,17,18-octahydro-2H-[1,4,7,10,13]pentaoxacyclopen-

tadeca[2,3-h]chromene (3a) 

According to the general procedure for Method 1, from 0.57 g (2 mmol) of phenol 

6a, 0.42 g (2 mmol) of 1,1-diphenylprop-2-in-1-ol, 0.04 g (0.2 mmol) of PTSA, after the column 

chromatography (ethyl acetate), < 0.01 g (< 1%) of chromene 3a was obtained as viscous oil. 

According to the general procedure for Method 2, from 1.14 g (4 mmol) of phenol 

6a, 0.84 g (4 mmol) of β-phenylcinnamaldehyde, 1.37 g (6 mmol) of titanium (IV) ethoxide, 

after the column chromatography (ethyl acetate), 0.56 g (30%) of chromene 3a was obtained 

as yellowish solid. M.p. 72-74°C (pentane). 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.70-3.79 (m, 8H, 4 × CH2), 3.83-3.94 (m, 4H, 2 

× CH2), 4.04-4.20 (m, 4H, 2 × CH2), 6.08 (d, 1H, J = 9.8, H-17), 6.36 (d, 1H, J = 8.4, H-15), 6.55 

(d, 1H, J = 9.8, H-16), 6.67 (d, 1H, J = 8.4, H-14), 7.17-7.35 (m, 6H, H-Ar), 7.41-7.50 (m, 4H, H-

Ar). 13C NMR (63MHz, CDCl3, δ ppm): 68.05, 69.31, 69.93, 70.15, 70.45, 70.50, 70.90, 73.12, 

82.49 (s, quat-C), 105.06, 116.12, 120.93, 123.27, 126.72, 126.78, 127.29, 128.02, 136.82, 

144.76, 146.16, 153.31. Calculated for C29H30O6 (%): С, 73.40; H, 6.37. Found (%): С, 73.82; H, 

6.59. 

 

2,2-Diphenyl-8,9,11,12,14,15,17,18,20,21-decahydro-2H-[1,4,7,10,13,16]hexaoxa-

cyclooctadeca[2,3-h]chromene (3b) 

According to the general procedure for Method 1, from 0.33 g (1 mmol) of phenol 

6b, 0.21 g (1 mmol) of 1,1-diphenylprop-2-in-1-ol, 0.02 g (0.01 mmol) of PTSA, after the 
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column chromatography (ethyl acetate), < 0.01 g (< 1%) of chromene 3b was obtained as 

viscous oil. 

According to the general procedure for Method 2, from 0.30 g (0.91 mmol) of phenol 

6b, 0.31 g (1.37 mmol) of β-phenylcinnamaldehyde, 0.34 g (1.5 mmol) of titanium (IV) 

ethoxide, after the column chromatography (ethyl acetate), 0.14 g (30%) of chromene 3b was 

obtained as white solid. M.p. 83-84°C (pentane). 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.65-3.86 (m, 14H, 7 × CH2), 3.91-3.98 (m, 2H, 

CH2), 4.06-4.16 (m, 4H, 2 × CH2), 6.07 (d, 1H, J = 9.8, H-20), 6.39 (d, 1H, J = 8.4, H-18), 6.56 (d, 

1H, J = 9.8, H-19), 6.68 (d, 1H, J = 8.4, H-17), 7.20-7.35 (m, 6H, H-Ar), 7.42-7.49 (m, 4H, H-Ar). 

13C NMR (63MHz, CDCl3, δ ppm): 68.53, 69.69, 70.34, 70.46, 70.64, 70.78, 71.04, 71.15, 72.53, 

82.51 (s, quat-C), 105.66, 116.28, 121.06, 123.27, 126.82, 127.32, 128.04, 136.71, 144.79, 

146.16, 153.24. Calculated for C31H34O7 (%): С, 71.80; H, 6.61. Found (%): С, 71.96; H, 6.82. 

 

8,9-Bis(2-hydroxyethoxy)-3,3-diphenyl-3H-benzo[f]chromene (16a) 

According to the general procedure for Method 1, from 0.5 g (1.9 mmol) of naphthol 

17a, 0.39 g (1.9 mmol) of 1,1-diphenylprop-2-in-1-ol, 0.04 g (1.9 mmol) of PTSA, after the 

column chromatography (CH2Cl2/MeOH = 20/1), 0.31 g (35%) of chromene 16a was obtained 

as grey solid. 

According to the general procedure for Method 2, from 0.14 g (0.53 mmol) of 

naphthol 17a, 0.11 g (0.53 mmol) of β-phenylcinnamaldehyde, 0.24 g (1.06 mmol) of titanium 

(IV) ethoxide, after the column chromatography (CH2Cl2/MeOH = 10/1), 0.01 g (4%) of 

chromene 16a was obtained as grey-brown solid. 

The product was used in the next stage without additional purification. 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.88-4.27 (m, 8H, 4 × CH2), 6.27 (d, 1H, J = 9.9, 

H-2), 7.00 (s, 1H, H-10), 7.06 (d, 1H, J = 8.8, H-5), 7.15 (d, 1H, J = 9.9, H-1), 7.20-7.53 (m, 6H). 

 

8,9-Bis(2-chloroethoxy)-3,3-diphenyl-3H-benzo[f]chromene (16b) 

According to the general procedure for Method 2, from 0.30 g (1 mmol) of naphthol 

17b, 0.31 g (1.5 mmol) of β-phenylcinnamaldehyde, 0.34 g (1.5 mmol) of titanium (IV) 

ethoxide, after the column chromatography (ethyl acetate/c-hexane = 1/10), 0.39 g (80%) of 

chromene 16b was obtained as colorless crystalline solid. M.p. 124-126°C (n-heptane). 1H 

NMR (250MHz, CDCl3, δ ppm, J Hz): 3.80-3.95 (m, 4H, 2 × CH2Cl), 4.25-4.42 (m, 4H, 2 × CH2O), 

6.27 (d, 1H, J = 9.8, H-2), 7.05-7.37 (m, 10H), 7.43-7.52 (m, 5H). 13C NMR (63MHz, CDCl3, δ 

ppm): 41.97, 69.60, 82.45, 105.13, 111.76, 113.63, 117.08, 119.66, 125.37, 126.19, 127.11, 
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127.66, 128.04, 128.22, 128.42, 144.92, 146.71, 149.32, 150.06. Calculated for C29H24Cl2O3 

(%): C, 70.88; H, 4.92. Found (%): С, 71.49; H, 4.98. 

 

5.1.5. Replacement of Terminal Groups in Chromenes 16a and 16b 

 

2,2'-(3,3-Diphenyl-3H-benzo[f]chromene-8,9-diylbis(oxy))diethyl di(p-toluenesul-

fonate) (16c) 

From chromene 16a. The procedure was adopted from lit. [140]. At 0°C, to a solution, 

which contained 0.09 g (0.2 mmol) of chromene 16a, 0.08 g (0.4 mmol) of p-toluenesulfonyl 

chloride, and 10 ml of dichloromethane, 0.11 g (2 mmol) of KOH was added portion-wise and 

the mixture was stirred for 3 h. Upon efflux of the allotted time, 10 ml of dichloromethane 

and 20 ml of water were added to the mixture; the aqueous layer was separated and washed 

with dichloromethane. The organic fractions were combined, washed consecutively with 

water and brine, dried over MgSO4, and evaporated. The residue was purified by column 

chromatography (ethyl acetate/c-hexane = 1/4) to yield 0.08 g (53%) of chromene 16c as 

beige solid. 

From chromene 16b. In a thick-walled glass tube equipped with a threaded teflon 

stopper, 0.15 g (0.3 mmol) of chromene 16b and 0.84 g (3 mmol) of silver (I) p-

toluenesulfonate were mixed in 5 ml of dried acetonitrile. The mixture was heated at 140°C 

for 20 h, then cooled to ambient temperature and evaporated. The residue was washed with 

dichloromethane several times; the combined fractions were evaporated and the residue was 

purified by column chromatography (ethyl acetate/c-hexane = 1/4) to give 0.15 g (65%) of 

chromene 16c as beige solid. 

The product was used in the next stage without additional purification. 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.35 (s, 3H, СH3), 2.37 (s, 3H, СH3), 4.15-4.49 

(m, 8H, 4 × CH2), 6.30 (d, 1H, J = 9.9, H-2''), 6.92 (s, 1H, H-7''), 7.05-7.57 (m, 18H), 7.72-7.90 

(m, 4H, H-Artosylate). 

 

8,9-Bis(2-iodoethoxy)-3,3-diphenyl-3H-benzo[f]chromene (16d) 

The procedure was adopted from lit. [117]. In 10 ml of dried acetone, 0.25 g (0.5 

mmol) of chromene 16b and 0.6 g (4 mmol) NaI were mixed and the reaction was refluxed for 

120 h. The precipitate was filtered off. The product was recrystallized from the filtrate 

solution as colorless needles, yielding 0.21 g (62%) of chromene 16d. M.p. 131-134°C 

(acetone). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 3.37-3.61 (m, 4H, 2 × CH2I), 4.26-4.48 (m, 
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4H, 2 × CH2O), 6.27 (d, 1H, J = 9.9, H-2), 7.04-7.37 (m, 10H), 7.43-7.52 (m, 5H). 13C NMR 

(63MHz, CDCl3, δ ppm): 1.23, 1.32, 70.26, 82.48, 105.10, 111.75, 113.63, 117.10, 119.66, 

125.36, 126.19, 127.13, 127.66, 128.07, 128.22, 128.40, 144.94, 146.41, 149.03, 150.10. 

Calculated for C29H24I2O3 (%): C, 51.65; H, 3.59. Found (%): С, 52.33; H, 3.69. 

 

5.1.6. Synthesis of Crown-Annelated Derivatives 

General procedure for preparation of oxacrown derivatives. The procedure was 

adopted from lit. [113]. A solution of an appropriate alcohol (0.2 mmol) and TBAI (0.1 mmol) 

in 5 ml of toluene was heated up to 50°C and 0.4 ml of 50% aq. NaOH solution was added. The 

mixture was stirred for 30 min, followed by addition of 5 ml toluene solution of ditosylate 

derivative (0.2 mmol). The reaction was refluxed for 16 h, then cooled and washed with 

water. The organic layer was separated and the solvent was removed. The residue was 

purified by column chromatography (CH2Cl2/MeOH = 100/1 going to 20/1). 

General procedure for preparation of dithia- and diazacrown derivatives. The 

procedure was adopted from lit. [117]. Simultaneously, to a suspension of Cs2CO3 (2.5 mmol) 

in 100 ml of dried acetonitrile two 25 ml solutions in acetonitrile, each containing appropriate 

chromene (0.5 mmol) and thiol or amine (1.05 mmol), were added dropwise. The mixture was 

refluxed for 16 h. Upon cooling, the precipitate was filtered off and washed with acetonitrile. 

The combined organic fractions were evaporated and the residue was dissolved in 

dichloromethane. The resulted solution was washed with water and evaporated in the 

presence of slight amount of benzene. The residue was purified by column chromatography. 

 

3,3-Diphenyl-9,10,12,13,15,16,18,19-octahydro-3H-[1,4,7,10,13]pentaoxacyclo-

pentadeca[2',3':4,5]benzo[f]chromene (2) 

According to the general procedure for preparation of oxacrown derivatives, from 

0.09 g (0.2 mmol) of chromene 16a, 0.08 g (0.2 mmol) of diethylene glycol di(tosylate), 0.04 g 

(0.1 mmol) TBAI, and 0.4 ml 50% aq. NaOH solution, 0.015 g (14%) of chromene 2 was 

obtained as viscous oil. 

According to the general procedure for preparation of oxacrown derivatives, from 

0.10 g (0.131 mmol) of chromene 16c, 0.014 g (0.131 mmol) of diethylene glycol, 0.024 g 

(0.0655 mmol) TBAI, and 0.3 ml 50% aq. NaOH solution, 0.008 g (11%) of chromene 2 was 

obtained as viscous oil. 

(See paragraph 5.1.4 for characteristics.) 
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3,3-Diphenyl-9,10,12,13,15,16,18,19-octahydro-3H-[1,4,10]trioxa[7,13]dithiacyc-

lopentadeca[2',3':4,5]benzo[f]chromene (21a) 

According to the general procedure for preparation of dithia- and diazacrown 

derivatives, from 0.25 g (0.5 mmol) of chromene 16b, 0.15 g (1.05 mmol) of 2,2'-oxydi

(ethanethiol), and 0.81 g (2.5 mmol) of Cs2CO3, after eluting with ethyl acetate/c-hexane = 

1/5, 0.08 g (29%) of chromene 21a was obtained as orange solid. M.p. 138-141°С (pentane). 

1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.93-3.03 (m, 4H, 2 × SCH2), 3.07-3.18 (m, 4H, 2 × 

SCH2), 3.77-3.87 (m, 4H, CH2OCH2), 4.27-4.41 (m, 4H, 2 × OCH2), 6.26 (d, 1H, J = 9.9, H-2), 7.00 

(s, 1H, H-7), 7.06 (d, 1H, J = 8.7, H-5), 7.15-7.37 (m, 8H), 7.44-7.53 (m, 5H). 13C NMR (63MHz, 

CDCl3, δ ppm): 31.34, 31.57, 70.98, 71.03, 71.80, 71.85, 82.36, 102.55, 109.11, 113.58, 116.50, 

119.81, 124.97, 125.75, 127.14, 127.61, 127.87, 128.20, 128.27, 145.01, 147.20, 149.75, 

149.79. Calculated for C33H32O4S2 (%): C, 71.19; H, 5.79. Found (%): С, 72.95; H, 5.92. 

 

3,3-Diphenyl-9,10,12,13,15,16,18,19,21,22-decahydro-3H-[1,4,10,13]tetraoxa

[7,16]dithiacyclooctadeca[2',3':4,5]benzo[f]chromene (21b) 

According to the general procedure for preparation of dithia- and diazacrown 

derivatives, from 0.25 g (0.5 mmol) of chromene 16b, 0.19 g (1.05 mmol) of 2,2'-(ethane-1,2-

dioxy)di(ethanethiol), and 0.81 g (2.5 mmol) of Cs2CO3, after eluting with ethyl acetate/c-

hexane = 1/5, 0.12 g (40%) of chromene 21b was obtained as yellow solid. M.p. 189-192°С (n-

heptane/benzene). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.92-3.04 (m, 4H, 2 × SCH2), 3.08-

3.25 (m, 4H, 2 × SCH2), 3.54-3.83 (m, 8H, CH2OCH2CH2OCH2), 4.17-4.37 (m, 4H, 2 × OCH2), 6.26 

(d, 1H, J = 9.9, H-2), 6.97 (s, 1H, H-7), 7.05 (d, 1H, J = 8.7, H-5), 7.13-7.37 (m, 8H), 7.43-7.53 (m, 

5H). 13C NMR (63MHz, CDCl3, δ ppm): 30.99, 31.65, 70.39, 72.46, 72.61, 82.33, 101.06, 101.51, 

108.03, 113.60, 116.30, 119.90, 124.82, 125.63, 127.14, 127.59, 127.81, 128.19, 128.22, 

145.05, 146.87, 149.42, 149.69. Calculated for C35H36O5S2 (%): C, 69.97; H, 6.04. Found (%): С, 

68.23; H, .97. 

 

11,20-Dimethyl-3,3-duphenyl-9,10,12,13,15,16,18,19,21,22-decahydro-3H-

[1,4,10,13]tetraoxa[7,16]diazacyclooctadeca[2',3':4,5]benzo[f]chromene (22) 

According to the general procedure for preparation of dithia- and diazacrown 

derivatives, from 0.10 g (0.148 mmol) of chromene 16c, 0.03 g (0.163 mmol) of N,N'-dimethyl-

2,2'-(ethane-1,2-dioxy)di(ethylamine), and 0.22 g (0.668 mmol) of Cs2CO3, after eluting with 

ethyl acetate/methanol = 100/1 going to 0/1, 0.03 g (30%) of chromene 22 was obtained as 

yellow oil. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.39 (s, 3H, NCH3), 2.41 (s, 3H, NCH3), 2.75-
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2.93 (m, 4H, 2 × NCH2), 2.97-3.18 (m, 4H, 2 × NCH2), 3.53-3.77 (m, 8H, CH2OCH2CH2OCH2), 

4.07-4.32 (m, 4H, 2 × OCH2), 6.25 (d, 1H, J = 9.9, H-2), 7.00 (s, 1H, H-7), 7.05 (d, 1H, J = 8.7, H-

5), 7.13-7.37 (m, 8H), 7.43-7.53 (m, 5H). Calculated for C37H42N2O5 (%): C, 74.72; H, 7.12. 

Found (%): С, 72.08; Н, 7.32. 

 

9',10',12',13',15',16',18',19',21',22'-Decahydro-1,3,3-trimethylspiro[indoline-2,3'-

[3H][1,4,10,13]tetraoxa[7,13]dithiacyclooctadeca[2',3':6,7]naphtho[2,1-b][1,4]

oxazine] (26) 

According to the general procedure for preparation of dithia- and diazacrown 

derivatives, from 0.10 g (0.206 mmol) of spironaphthoxazine 25b, 0.08 g (0.433 mmol) of 2,2'-

(ethane-1,2-dioxy)di(ethanethiol), and 0.34 g (1.03 mmol) of Cs2CO3, after eluting with 

dichloromethane/c-hexane = 1/1 going to 1/0, 0.02 g (17%) of spironaphthoxazine 26 was 

obtained as beige solid. M.p. 184-186°С (acetonitrile). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 

1.35 (s, 6H, 2 × СH3), 2.76 (s, 3H, N-СH3), 2.95-3.07 (m, 4H, 2 × SCH2), 3.15-3.25 (m, 4H, 2 ´ 

SCH2), 3.63 (s, 4H, OCH2CH2O), 3.71-3.81 (m, 4H, СH2OCH2CH2OСH2), 4.28 (t, 2H, J = 6.7, 

OCH2), 4.43 (t, 2H, J = 6.7, OCH2), 6.57 (d, 1H, J = 7.4, H-4), 6.85 (d, 1H, J = 8.8, H-6'), 6.89 (ddd, 

1H, J = 7.4, 7.4, and 1.0, H-5), 7.01 (s, 1H, H-7'), 7.09 (dd, 1H, J = 7.6 and 1.2, H-7), 7.21 (ddd, 

1H, J = 7.6, 7.6, and 1.2, H-6), 7.47 (d, 1H, J = 8.8, H-5'), 7.72 (s, 1H, H-24'), 7.84 (s, 1H, H-2'). 

13C NMR (63MHz, CDCl3, δ ppm): 20.86, 25.48, 29.71, 30.91, 30.93, 31.57, 51.82, 69.54, 70.29, 

72.38, 72.53, 98.44, 100.83, 101.18, 107.12, 107.32, 114.40, 119.80, 121.49, 124.57, 125.21, 

126.60, 128.01, 128.58, 135.91, 143.35, 147.25, 147.61, 149.81, 150.70. Calculated for 

C32H38N2O5S2 (%): C, 64.62; H, 6.44. Found (%): С, 64.96; H, 6.51. 

 

5.1.7. Nitrosation of Naphthols 17a and 17b 

The procedure was adopted from lit. [4, 129]. A solution of an appropriate naphthol 

(1.9 mmol) in 5 ml of freshly distilled pyridine was cooled down to -10°C. Carefully, 2 g of 20% 

aq. NaNO2 solution was added to the mixture. Then, watching the temperature, 12 ml of 30% 

aq. H2SO4 solution was added dropwise during 30 min. The reaction was stirred at 0°C for 1 h 

and then poured into 50 ml of water. 

 

6,7-Bis(2-hydroxyethoxy)-1-nitrosonaphthalene-2-ol (24a) 

According to the general procedure, from 0.5 g (1.9 mmol) of naphthol 17a, after 

repeated extraction with ethyl acetate, evaporating of the organic solution, and subsequent 

treatment of the residue with diethyl ether, 0.12 g (22%) of 24a was obtained as red-brown 
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solid. The product was used in the next stage without additional purification. 1H NMR 

(250MHz, DMSO-d6, δ ppm, J Hz): 3.65-3.86 (m, 4H, 2 × CH2), 3.96-4.19 (m, 4H, 2 × CH2), 4.70-

5.15 (m, 2H, 2 × OH), 6.29 (bd, 1H, J = 9.5), 7.29 (bs, 1H, H-5), 7.64 (bd, 1H, J = 9.5), 8.64 (bs, 

1H, H-8). 

 

6,7-Bis(2-chloroethoxy)-1-nitrosonaphthalene-2-ol (24b) 

According to the general procedure, from 0.3 g (1 mmol) of naphthol 17b, after the 

precipitate was treated with diethyl ether, 0.29 g (88%) of 24b was obtained as red-brown 

solid. The product was used in the next stage without additional purification. 1H NMR 

(250MHz, DMSO-d6, δ ppm, J Hz): 3.87-4.10 (m, 4H, 2 × CH2), 4.19-4.51 (m, 4H, 2 × CH2), 6.31 

(bd, 1H, J = 9.5), 7.34 (bs, 1H, H-5), 7.63 (bd, 1H, J = 9.5), 8.61 (bs, 1H, H-8). 

 

5.1.8. Synthesis of Spironaphthoxazines 

The procedure was adopted from lit. [4, 129]. A solution of appropriate 

nitrosonaphthol (0.45 mmol) and 1,3,3-trimethyl-2-methyleneindoline in 10 ml of methanol 

was refluxed for 4 h. Upon efflux of the allotted time, the solvent was evaporated and the 

residue was purified by column chromatography. 

 

6',7'-Bis(2-hydroxyethoxy)-1,3,3-trimethylspiro[indoline-2,3'-[3H]naphtho[2,1-b]

[1,4]oxazine] (25a) 

According to the general procedure, from 0.12 g (0.45 mmol) of nitrosonaphthol 24a 

and 0.08 g (0.45 mmol) of 1,3,3-trimethyl-2-methyleneindoline, after eluting with ethyl 

acetate, 0.05 g (25%) of spironaphthoxazines 25a was obtained as white solid with a tint of 

pink. The sample amount for analysis was recrystallized from toluene as colorless needles. 

M.p. 172-174°С (toluene). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 1.36 (s, 6H, 2 × СH3), 2.75 (s, 

3H, NCH3), 3.93-4.43 (m, 8H, 4 × СH2), 6.57 (d, 1H, J = 7.6, H-4), 6.84-6.95 (m, 2H), 7.06-7.25 

(m, 3H), 7.51 (d, 1H, J = 8.9), 7.75 (s, 1H, H-10'), 8.00 (s, 1H, H-2'). Calculated for C26H26Cl2N2O3 

(%): C, 64.33; H, 5.40. Found (%): С, 65.53; H, 5.52. 

 

1,3,3-Trimethyl-6',7'-bis(2-chloroethoxy)spiro[indoline-2,3'-[3H]baphtho[2,1-b]

[1,4]oxazine] (25b) 

According to the general procedure, from 0.29 g (0.88 mmol) of nitrosonaphthol 24a 

and 0.15 g (0.88 mmol) of 1,3,3-trimethyl-2-methyleneindoline, after eluting with ethyl 

acetate/c-hexane = 1/10, 0.15 g (35%) of spironaphthoxazines 25b was obtained as white 



111 

solid with a tint of yellow. A sample for analysis was crystallized from methanol to afford the 

product as yellow needles. M.p. 126-128°С (methanol). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 

1.36 (s, 6H, 2 × СH3), 2.76 (s, 3H, NCH3), 3.90 (t, 2H, J = 6.1, CH2), 3.96 (t, 2H, J = 6.0, CH2), 4.37 

(t, 2H, J = 6.1, CH2), 4.50 (t, 2H, J = 6.0, CH2), 6.57 (d, 1H, J = 7.6, H-4), 6.89 (d, 1H, J = 8.7, H-6'), 

6.90 (ddd, 1H, J = 7.4, 7.4, and 1.0), 7.09 (dd, 1H, J = 7.4 and 1.0), 7.17 (s, 1H), 7.23 (ddd, 1H, J 

= 7.6, 7.6, and 1.3), 7.50 (d, 1H, J = 8.8), 7.73 (s, 1H), 7.93 (s, 1H). 13C NMR (63MHz, CDCl3, δ 

ppm): 20.93, 25.59, 29.82, 41.94, 52.00, 68.99, 69.93, 98.68, 103.31, 107.28, 111.68, 115.20, 

120.02, 121.62, 122.23, 124.89, 127.36, 128.17, 128.96, 135.92, 143.88, 146.87, 147.64, 

150.00, 150.98. Calculated for C26H28N2O5 (%): C, 69.63; H, 6.29. Found (%): С, 70.82; H, 6.46. 

 

1-(3-Bromopropyl)-3,3-dimethylspiro[indoline-2,3'-[3H]naphtho[2,1-b][1,4]

oxazine] (45) 

According to the general procedure, from 0.22 g (1.28 mmol) of 1-

nitrosonaphthalene-2-ol and ca. 0.30 g (1.06 mmol) of 1-(3-bromopropyl)-3,3-dimethyl-2-

methyleneindoline 44, after eluting with dichloromethane/hexane = 2/5, 0.046 g (10%) of 

spironaphthoxazine 45 was obtained as viscous oil. The product was used in the next stage 

without additional purification. 1H NMR (400MHz, CDCl3, δ ppm, J Hz): 1.25 (s, 6H, 2 × СH3), 

1.94-2.25 (m, 2H, СH2), 3.17-3.42 (m, 4H, 2 × СH2), 6.57 (d, 1H, J = 7.8), 6.80 (dd, 1H, J = 7.4 

and 7.4), 6.89 (d, 1H, J = 8.9), 6.98 (d, 1H, J = 7.4), 7.11 (dd, 1H, J = 8.4 and 8.4), 7.30 (dd, 1H, J 

= 7.0 and 7.0), 7.48 (dd, 1H, J = 7.0 and 7.0), 7.57 (d, 1H, J = 8.9), 7.62-7.67 (m, 2H), 8.46 (d, 

1H, J = 8.4). 

 

5.1.9. Synthesis of Photochromes Containing Positively Charged Fragments 

 

7-Methyl-3,3-diphenyl-3H-pyrano[3,2-f]quinolinium iodide (27a) 

In a thick-walled glass tube equipped with a threaded teflon stopper, 0.34 g (1 mmol) 

of 3,3-diphenyl-3H-pyrano[3,2-f]quinoline 35 and 3 ml of iodomethane were mixed. The 

solution obtained was stirred at 60°C for 3 h. Then, the solvent was removed; and the residue 

was treated with diethyl ether to yield 0.46 g (96%) of salt 27a as yellow solid. M.p. 210-213°С 

(ethanol). 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 4.82 (s, 1H, NСH3), 6.53 (d, 1H, J = 10.1, H-2), 

7.25-7.46 (m, 11H), 7.82 (d, 1H, J = 9.6, H-5), 8.08 (dd, 1H, J = 8.8 and 5.8, H-9), 8.17 (d, 1H, J = 

9.6, H-6), 9.17 (d, 1H, J = 8.8, H-10), 10.10 (d, 1H, J = 5.8, H-8). Calculated for C25H20INO (%): С, 

62.90; H, 4.22; N, 2.93. Found (%): С, 63.88; H, 4.35; N, 3.01. 
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7-Methyl-3,3-diphenyl-3H-pyrano[3,2-f]quinolinium p-toluenesulfonate (27b) 

A solution of 0.17 g (0.5 mmol) of 3,3-diphenyl-3H-pyrano[3,2-f]quinoline 35 and 

0.19 g (1 mmol) of methyl p-toluenesulfonate in 10 ml of dried acetonitrile was refluxed in Ar 

atmosphere for 24 h. Upon cooling, a precipitate was formed, yielding 0.22 g (85%) of salt 27b 

as yellow solid. M.p. 214-217°C. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.28 (s, 3H, H-Ts), 4.75 

(s, 3H, NCH3), 6.48 (d, 1H, J = 10.1, H-2), 7.07 (d, 2H, J = 8.0, H-Ts), 7.22-7.48 (m, 11H), 7.67-

7.81 (m, 3H), 8.00-8.17 (m, 2H), 9.04 (d, 1H, J = 8.7, H-10), 9.95 (d, 1H, J = 5.1, H-8). Calculated 

for C32H27NO4S (%): C, 73.68; H, 5.22. Found (%): С, 75.23; H, 5.35. 

 

9-Methyl-3,3-diphenyl-3H-pyrano[2,3-h]isoquinolinium iodide (28) 

In a thick-walled glass tube equipped with a threaded teflon stopper, 0.053 g (0.158 

mmol) of 3,3-diphenyl-3H-pyrano[2,3-f]isoquinoline 36 and 2 ml of iodomethane were mixed. 

The solution obtained was stirred at 60°C for 3 h. Then, the solvent was removed; and the 

residue was treated with diethyl ether to yield 0.065 g (87%) of salt 28 as yellow solid. M.p. 

218-222°С. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 4.80 (s, 3H, NCH3), 6.56 (d, 1H, J = 10.1, H-

2), 7.20-7.48 (m, 10H), 7.71 (d, 1H, J = 8.9), 7.83 (d, 1H, J = 8.9), 7.97-8.17 (m, 3H), 10.97 (s, 

1H, H-10). Calculated for C25H20INO (%): С, 62.90; H, 4.22. Found (%): С, 63.52; H, 4.28.  

1,2,4-Trimethyl-6,6-diphenyl-6H-chromeno[6,7-d]oxazolium iodide (31) 

In a thick-walled glass tube equipped with a threaded teflon stopper, 0.24 g (0.68 

mmol) of 2,4-dimethyl-6,6-diphenyl-6H-chromeno[6,7-d]oxazole 39 and 3 ml of iodomethane 

were mixed. The solution obtained was stirred at 60°C for 3 h. Then, the solvent was 

removed; and the residue was treated with diethyl ether to yield 0.12 g (36%) of salt 31 as 

yellowish solid. M.p. 245-247°С. 1H NMR (250MHz, CDCl3, δ ppm, J Hz): 2.45 (s, 3H, 4-СH3), 

3.29 (s, 3H, 2-СH3), 4.25 (s, 3H, 1-СH3), 6.34 (d, 1H, J = 10.0, H-7), 6.82 (d, 1H, J = 10.0, H-8), 

7.24-7.47 (m, 11H). 13C NMR (63MHz, CDCl3, δ ppm): 8.88, 22.30, 36.46, 82.77, 114.02, 

114.27, 122.14, 122.89, 123.41, 126.38, 126.76, 126.81, 127.41, 127.49, 128.16, 145.30, 

151.19, 151.76, 173.22, 181.68. Calculated for C25H22INO2 (%): C, 60.62; H, 4.48. Found (%): С, 

60.92; H, 4.53. 

 

1-((3,3-Diphenyl-3H-benzo[f]chromene-5-yl)methyl)-3-methylpyridinium bromide 

(33) 

In 15 ml of dried acetonitrile, 0.12 g (0.28 mmol) of 5-bromomethyl-3,3-diphenyl-3H-

benzo[f]chromene 42 and 0.027 g (0.29 mmol) of freshly distilled m-picoline were dissolved. 

The solution was stirred in Ar atmosphere at ambient temperature for 20 h. Then, the solvent 
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was removed under diminished pressure and the residue was treated with diethyl ether to 

afford 0.18 g (90%) of salt 33 as orange solid. M.p. 166-168°С. 1H NMR (250MHz, CDCl3, δ 

ppm, J Hz): 2.35 (s, 3H, СH3), 6.15 (d, 1H, J = 10.1, H-2'), 6.37 (s, 2H, СH2), 7.11-7.61 (m, 14H), 

7.81-8.06 (m, 3H), 8.52 (s, 1H), 8.93-9.15 (m, 2H). 13C NMR (75MHz, CDCl3, δ ppm): 18.77, 

60.64, 84.40 (quat), 114.18, 118.81, 120.71, 121.19, 124.95, 126.93, 127.11, 127.46, 128.33, 

128.42, 128.65, 128.91, 129.70, 130.57, 133.69, 139.08, 142.23, 143.62, 144.65, 145.36, 

147.78. Calculated for C32H26BrNO (%): C, 73.85; H, 5.04. Found (%): С, 72.92; H, 4.98. 

 

3-(3,3-Dimethylspiro[indoline-2,3'-[3H]naphtho[2,1-b][1,4]oxazine]-1-yl)propyl-

triethylammonium bromide (34) 

In 5 ml of dried acetonitrile, 0.053 g (0.122 mmol) of spironaphthoxazines 45 and 

0.123 g (1.22 mmol) of freshly distilled triethylamine were dissolved. The solution was stirred 

at 60°С for 24 h. Then, the solvent was removed under diminished pressure and the residue 

was treated with diethyl ether to afford 0.025 g (38%) of salt 34 as creamy-beige solid. M.p. 

218-220°С. 1H NMR (600MHz, DMSO-d6, δ ppm, J Hz): 1.08 (t, 9H, J = 7.1, 3 СH2СH3), 1.26 (s, 

3H, СH3), 1.30 (s, 3H, СH3), 1.75-1.88 (m, 1H, СH2), 1.98-2.11 (m, 1H, СH2), 3.10-3.27 (m, 10H), 

6.81 (d, 1H, J = 7.8), 6.86 (dd, 1H, J = 7.4 and 7.4), 7.10-7.22 (m, 3H), 7.43 (dd, 1H, J = 7.6), 7.60 

(dd, 1H, J = 7.6), 7.82 (d, 1H, J = 8.9), 7.86 (d, 1H, J = 8.2), 7.97 (s, 1H), 8.49 (d, 1H, J = 8.4). 13C 

NMR (150MHz, DMSO-d6, δ ppm): 7.02, 20.55, 20.68, 25.12, 40.80, 51.73, 52.11, 53.72, 98.68, 

106.90, 106.92, 116.63, 119.63, 120.97, 121.72, 122.00, 124.17, 127.15, 127.78, 127.82, 

128.89, 130.12, 130.30, 135.21, 143.17, 146.14, 151.69. Calculated for C30H38BrN3O (%): C, 

67.16; H, 7.14. Found (%): С, 67.32; H, 7.20. 



114 

5.2. Determination of Complex Stability Constants by 

Spectrophotometric Titration 

 

Spectrophotometric .tra.on was employed for determining stability constants for 

complexes of chromenes 1 and 3 (their closed forms) with ca.ons of metals and protonated 

amino acids [141, 142]. The procedure was as follows: To a solu.on of the ligand in 

acetonitrile (~ 10-4 M), aliquots of the substrate solu.on (Mg(ClO4)2, Ba(ClO4)2, Pb(ClO4)2, or 

β-alanine, γ-aminobu.ryc, ε-aminocaproic, or ω-aminocaprylic acids perchlorates in 

acetonitrile, ~ 10-2-10-3 M) were added stepwise, recording an absorp.on spectrum on the 

each step. Analyzing spectral changes in course of .tra.on, a conclusion about complexes’ 

composi.on and stability may be drawn. 

Absorbance of a solu.on is addi.ve and depends on the concentra.on of 

components in the solu.on, the dependence being described by Beer–Lambert–Bouguer 

law: 

where n is the number of components in the solu.on; Ai is the absorbance of component i, i 

= 1, 2…n; l is the op.cal path, cm; εi is the molar ex.nc.on coefficient of component i, M-

1·cm-1; Ci is the concentra.on of component i, M. 

In the presence of a substrate (metal or amino acid ions), an equilibrium is 

establishes in the solu.on, the absorbance thus being determined by equilibrium 

concentra.ons of par.cles that par.cipate in complex forma.on. The following are the 

equali.es that describe the 1:1 complex forma.on: 

2:1 Complex is formed in case of addi.onal ligand molecule is bound to the complex 

LM: 

1 11
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2
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Solving equa.ons (5.1)-(5.3) simultaneously by means of numerical itera.ons 

methods gives the required parameters with desired accuracy. In this work, values of 

stability constants as well as individual absorp.on spectra (dependence of ε on λ) for each 

complex were determined using SPECFIT/32® soVware. 

Stability constants for complexes of the open forms of chromenes 3 with 

protonated amino acids were determined upon analysis of changes in bleaching rate 

constants in the presence of different amount of the acids. For each determina.on, a fresh 

solu.on of chromene and amino acid was prepared. Using spectrometer «Avantes AvaSpec-

2048», a spectrum was recorded (with 0.5 – 2 s interval between meausurements) upon 

con.nuous irradia.on of the sample solu.on. Each sample was irradiated during the same 

.me (30 s – 5 min).Upon cessa.on of the irradia.on, the spectrum was recorded un.l full 

bleaching or at least the intensity of a long-wavelength band was decreased twice. 

 

5.3. Determination of Bleaching Rate Constants  

 

Neglec.ng the forma.on of CC and CT forms upon irradia.on (see scheme 3.26), 

the kine.c scheme for bleaching of the open forms may be described as follows 

where ТТ and ТС are different open forms; CF is closed (ini.al) form of chromene; kTT and kTC 

are bleaching rate constants for the two consecu.ve stages. 

Solving these differen.al equa.ons, the following equa.ons are obtained 

Inser.ng the precedent expressions into the Beer-Lambert law formula, the 

following general expression is made 

Easy to no.ce that providing kTC >> kTT, the equa.on may be considerably simplified 
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Thus, the bleaching kine.c curve exhibits biexponen.al pa>ern. However, in some 

cases a mono-exponen.al dependence may be observed. This may happen if the rate of 

TC→CF transforma.on is high; thus, the observed kine.cs would virtually correspond to 

TT→CF process. Otherwise, mono-exponen.al dependence may occur in case of slow cis-

trans isomeriza.on TС→ТТ upon irradia.on that leads to low TT concentra.on; thus, the 

observed kine.cs would virtually correspond to TC→CF transi.on. To dis.nguish these 

processes by UV-Vis spectroscopy is prac.cally impossible. 

 

5.4. Study of Chromene 33 Intercalation into DNA 

 

Calf-.mus DNA (Sigma, St. Luois, MO, USA) (I type; polymerized sodium salt) was 

used as purchased without addi.onal purifica.on. A sample was dissolved in 1·10-2 M BPE 

buffer (6.0·10-3 M Na2HPO4, 2.0·10-3 M NaH2PO4, 1.0·10-3 M Na2EDTA; total concentra.on of 

Na+ is 16.0·10-3 M; pH = 7.0) to prepare a solu.on containing 1-2 mg ml
-1 of DNA. The 

suspension was kept at 4°C during 20 h. AVer being kept for 10 min in an ultrasonic bath, the 

solu.on was filtered through PVDF membrane filter (porous size 0.45 μm). The precise 

concentra.on of DNA was determined by measuring the absorbance of the solu.on 20 .mes 

diluted at 260 nm knowing that e260 = 12824 cm-1 M-1 of base pairs (bp) [143]. The .tra.on 

was performed with 0.5 – 2 eq. step. 

Experiments were carried out at 10°C. The aliquots of DNA solu.on were 

consecu.vely added to the solu.on of chromene 33 and each sample was irradiated for 5 

min. The irradia.on of Hg high pressure lamp 120W equipped with op.cal filter with λmax = 

313 nm was used. The bleaching was monitored un.l the total disappearance of the 

absorp.on band in visible region or at least un.l its intensity was reduced twice. 
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7. Appendixes 

7.1. X-Ray Data 

Parameter 3b 5
* 21b 

Empirical formula C20H20N2O2 C19H26Cl2O7 C35H36O5S2 

Molecular weight 320.38 437.3 600.76 

Crystal system orthorhombic monoclinic monoclinic 

Space group P bca P 21/n P 1 21/c 1 

Crystal size, mm3 0.23 × 0.2 × 0.15 0.3 × 0.3 × 0.15 0.25 × 0.2 × 0.08 

a, Å 9.6763(19) 9.1000(2) 9.1781(2) 

b, Å 17.770(4) 8.2070(2) 36.0682(8) 

c, Å 27.452(6) 28.9379(9) 9.4895(2) 

α, ° 90.00 90 90 

β, ° 90.00 90.0360(10) 96.027(2) 

γ, ° 90.00 90 90 

V, Å3 4720.2(16) 2161.19(10) 3124.02(12) 

Z 12 4 4 

dcalc, g cm-3 1.352 1.344 1.277 

μ, mm-1 0.088 0.337 0.211 

F(000) 2040 920 1272 

θ range, ° 1.48 – 29.27 1.41 - 28.24 2.44 - 28.16 

Observed reflec.ons 25581 4994 20678 

Independent reflec.ons 6426 4994 7179 

Rint 0.0741 0.071 0.084 

Reflec.ons [I > 2σ(I)] 4246 2468 3087 

Parameters 316 293 379 

GOF 0.892 1.16 1.054 

R [I > 2σ(I)]       

     R 0.0489 0.0786 0.1369 

     wR2 0.1271 0.2572 0.345 

Final R       

     R 0.0877 0.1629 0.232 

     wR2 0.1522 0.3226 0.4111 
* In a crystal, there are presents CH2Cl2 molecules disordered in space with occupancies 0.75, 0.15, and 0.15 
along the axes. 

Table 7.1. 
X-Ray data for compounds 3b, 5, 21b. 
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Parameter 27а 39 

Empirical formula C25H20INO C24H19NO2 

Molecular weight 477.32 353.4 

Crystal system triclinic monoclinic 

Space group Р-1 P 21/n 

Crystal size, mm3 0.2 × 0.1 × 0.1 0.2 × 0.15 × 0.15 

a, Å 7.845(2) 8.5061(2) 

b, Å 9.504(2) 16.8993(4) 

c, Å 14.433(3) 13.7042(3) 

α, ° 95.45(2) 90 

β, ° 102.38(2) 107.827(1) 

γ, ° 100.07(2) 90 

V, Å3 1025.0(4) 1875.35(7) 

Z 2 4 

dcalc, g cm-3 1.547 1.252 

μ, mm-1 1.577 0.079 

F(000) 476 744 

θ range, ° 2.20 - 25.01 2.79 - 28.72 

Observed reflec.ons 4208 17678 

Independent reflec.ons 3476 4679 

Rint 0.0257 0.11 

Reflec.ons [I > 2σ(I)] 2570 2424 

Parameters 255 244 

GOF 1.010 1.077 

R [I > 2σ(I)]     

     R 0.0395 0.0713 

     wR2 0.0825 0.1598 

Final R     

     R 0.0646 0.1488 

     wR2 0.0919 0.2168 

Table 7.2. 
X-Ray data for compounds 27a, 39. 
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Table 7.3 . 

Interatomic distances (d) and angles (ω) in structure of chromene 3b.  

Bond d (Å)   Bond d (Å) 
O2aa C7a 1.358(2)   C1a C17b 1.326(2) 
O2aa C18a 1.4278(19)   C1a C2aa 1.518(2) 

O1aa C3aa 1.3761(19)   C14a C3aa 1.379(2) 
O1aa C11a 1.444(2)   C14a C4aa 1.401(2) 
O3a C14a 1.3690(19)   C16a C2aa 1.520(2) 

O3a C2aa 1.454(2)   C2aa C6aa 1.522(2) 
C7a C5aa 1.383(2)   C4aa C11b 1.383(2) 
C7a C3aa 1.404(2)   C4aa C17b 1.447(2) 

O10a C16b 1.415(2)   C5aa C11b 1.385(2) 
O10a C1aa 1.417(2)   C8aa C16b 1.496(3) 

Angle ω (°)   Angle ω (°) 
C7a O2aa C18a 118.64(13)   O3a C2aa C6aa 105.30(13) 

C3aa O1aa C11a 114.90(12)   C16a C2aa C6aa 112.80(14) 
C14a O3a C2aa 116.06(12)   O3a C2aa C1a 109.78(13) 
O2aa C7a C5aa 124.75(15)   O1aa C3aa C14a 119.17(14) 
O2aa C7a C3aa 114.99(14)   O1aa C3aa C7a 121.53(15) 
C16b O10a C1aa 112.77(14)   C11b C4aa C17b 124.09(15) 
O3a C14a C3aa 118.04(14)   C14a C4aa C17b 117.33(15) 
O3a C14a C4aa 120.63(14)   O10a C16b C8aa 107.99(15) 
O3a C2aa C16a 108.06(13)           
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Table 7.4. 
Interatomic distances (d) and angles (ω) in structure of naphthol 5. 

Bond d (Å)   Bond d (Å) 

C1 C2 1.363(6)   C6 C7 1.364(6) 
C1 O6 1.373(5)   C7 C8 1.402(6) 

C1 C10 1.431(5)   C8 C9 1.419(5) 
C2 C3 1.416(5)   C9 C10 1.351(5) 
C3 C4 1.410(6)   C10 O2 1.370(5) 
C3 C8 1.423(5)   C11 O2 1.435(5) 
C4 C5 1.367(6)   C13 C14 1.487(8) 

C5 C6 1.406(6)   C14 O4 1.425(7) 
C6 O1 1.362(5)   C18 O6 1.433(5) 

Angle ω (°)   Angle ω (°) 
C2 C1 O6 126.2(3)   C9 C10 O2 125.6(3) 
C2 C1 C10 119.8(4)   C9 C10 C1 120.6(4) 
O6 C1 C10 114.0(3)   O2 C10 C1 113.8(3) 
C4 C3 C2 122.9(4)   O4 C14 C13 107.5(4) 
O1 C6 C7 123.4(4)   C10 O2 C11 117.4(3) 
O1 C6 C5 117.3(4)   C15 O4 C14 115.2(4) 
C7 C6 C5 119.3(4)   C1 O6 C18 117.9(3) 
C7 C8 C9 122.1(4)           



134 

 Table 7.5. 
Interatomic distances (d) and angles (ω) in structure of chromene 21b. 

Bond d (Å)   Bond d (Å) 

C30 C31 1.452(13)   C5 C6 1.315(8) 
C34 C35 1.395(11)   C6 C7 1.508(8) 
C34 S2 1.799(9)   C7 O1 1.455(6) 

C35 O5 1.466(8)   C7 C20 1.519(8) 
O4 C31 1.299(12)   C7 C14 1.532(7) 
O4 C32 1.393(15)   C8 O1 1.380(6) 

C1 O5 1.351(7)   C11 C12 1.415(7) 
C1 C2 1.364(8)   C12 C13 1.350(8) 

C1 C13 1.429(8)   C13 O2 1.360(7) 
C2 C3 1.415(8)   C32 C33 1.26(2) 
C3 C11 1.413(7)   C33 S2 1.77(2) 

C3 C4 1.414(7)   C8 C9 1.394(7) 
C4 C8 1.386(7)   C9 C10 1.362(7) 
C4 C5 1.454(7)   C10 C11 1.417(7) 

Angle ω (°)   Angle ω (°) 
C35 C34 S2 110.7(7)   O1 C7 C14 107.3(4) 
C34 C35 O5 108.2(7)   C6 C7 C14 112.5(5) 
C31 O4 C32 120.8(13)   C20 C7 C14 111.4(4) 
O5 C1 C2 125.6(5)   O1 C8 C9 116.4(5) 
O5 C1 C13 114.2(5)   C10 C9 C8 118.7(5) 
C2 C3 C4 122.3(5)   C12 C11 C10 121.9(5) 
C8 C4 C5 116.2(5)   C12 C13 O2 126.5(5) 
C3 C4 C5 125.2(5)   O2 C13 C1 114.3(5) 
C6 C5 C4 120.1(5)   C33 C32 O4 109.6(15) 
C5 C6 C7 120.3(5)   C32 C33 S2 114.7(12) 
O1 C7 C6 108.5(4)   C8 O1 C7 114.2(4) 
O1 C7 C20 106.4(4)   C1 O5 C35 117.7(5) 
C6 C7 C20 110.5(4)   C33 S2 C34 103.6(6) 
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Table 7.6. 
Interatomic distances (d) and angles (ω) in structure of chromene 27a. 

Bond d (Å)   Bond d (Å) 

O C4 1.363(4)   C3 C1 1.451(5) 

O C13 1.464(4)   C4 C5 1.404(5) 

N C8 1.323(5)   C6 C5 1.358(5) 

N C7 1.392(5)   C6 C7 1.385(5) 

N C12 1.472(5)   C11 C10 1.404(5) 

C13 C2 1.510(5)   C11 C7 1.420(5) 

C13 C20 1.518(5)   C1 C2 1.322(5) 

C13 C14 1.526(6)   C10 C9 1.369(6) 

C3 C4 1.375(5)   C8 C9 1.364(6) 

C3 C11 1.438(5)         

Angle ω (°)   Angle ω (°) 

C4 O C13 118.8(3)   O C4 C5 115.6(3) 

C8 N C7 121.6(4)   C3 C4 C5 121.8(3) 

C8 N C12 119.9(3)   C5 C6 C7 120.2(4) 

C7 N C12 118.5(3)   C10 C11 C3 122.5(3) 

O C13 C2 110.1(3)   C7 C11 C3 118.7(3) 

O C13 C20 104.1(3)   C2 C1 C3 119.7(3) 

C2 C13 C20 113.2(3)   C9 C10 C11 120.0(4) 

O C13 C14 109.0(3)   C6 C7 N 121.4(3) 

C2 C13 C14 107.4(3)   C6 C7 C11 120.8(3) 

C20 C13 C14 113.0(3)   N C7 C11 117.8(3) 

C4 C3 C1 117.7(3)   C1 C2 C13 122.9(3) 

C11 C3 C1 124.2(3)   N C8 C9 121.9(4) 

O C4 C3 122.5(3)   C6 C5 C4 120.5(4) 
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Table 7.7. 
Interatomic distances (d) and angles (ω) in structure of chromene 39. 

Bond d (Å)   Bond d (Å) 

C1 N1 1.282(4)   C6 C7 1.502(4) 

C1 O2 1.381(3)   C6 C19 1.525(4) 

C1 C11 1.476(4)   C6 C13 1.537(3) 

C2 C3 1.378(4)   C8 O1 1.372(3) 

C2 C10 1.382(4)   C8 C9 1.393(4) 

C2 N1 1.408(4)   C9 C10 1.375(4) 

C3 C4 1.395(4)   C9 C12 1.495(4) 

C4 C8 1.405(3)   C10 O2 1.383(3) 

C4 C5 1.458(4)   C13 C14 1.377(4) 

C5 C7 1.325(4)   C13 C18 1.378(4) 

C6 O1 1.455(3)   C9 C10 1.375(4) 

Angle ω (°)   Angle ω (°) 

N1 C1 O2 115.0(3)   C7 C6 C13 113.2(2) 

N1 C1 C11 128.8(3)   C19 C6 C13 110.3(2) 

O2 C1 C11 116.2(3)   C5 C7 C6 120.1(3) 

C3 C2 C10 119.9(3)   O1 C8 C9 116.3(2) 

C3 C2 N1 131.6(3)   O1 C8 C4 120.0(2) 

C10 C2 N1 108.5(2)   C9 C8 C4 123.5(2) 

C2 C3 C4 117.6(2)   C10 C9 C12 124.2(3) 

C3 C4 C8 120.0(3)   C8 C9 C12 122.7(2) 

C3 C4 C5 123.4(2)   C9 C10 C2 125.8(3) 

C7 C5 C4 120.3(2)   C9 C10 O2 126.7(2) 

O1 C6 C7 108.9(2)   C2 C10 O2 107.5(2) 

O1 C6 C19 105.6(2)   C1 N1 C2 104.9(2) 

C7 C6 C19 111.0(2)   C8 O1 C6 116.41(18) 
O1 C6 C13 107.5(2)   C1 O2 C10 104.0(2) 
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7.2. NMR Spectra 
 

 
Figure 7.1. NOESY 1D NMR spectrum of a solution of 1а in the presence of equimolar quantity of 

magnesium (II) cations (20°С). From top downward are shown spectra upon excitation of frequencies at δ 

6.41 ppm, 6.92 ppm, and the 1H NMR spectrum of the same solution. 

 

 
Figure 7.2. Low Gield part of HMBC spectrum of a solution of 1a in CD3CN in the presence of equimolar 

quantity of magnesium (II) cations (20°С). Some cross-peaks are marked. 
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Figure 7.3. COSY spectrum of a solution of 1a in CD3CN in the presence of barium (II) cations (СM/C1a = 

0.5) at -45°С. 

 

 
Figure 7.4. Low Gield part of HSQC spectrum of a solution of 1а in CD3CN in the presence of barium (II) 

cations (СM/C1a = 0.5) at -45°С. Some cross-peaks are marked. 
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Figure 7.5. High Gield part of HSQC spectrum of a solution of 1а in CD3CN in the presence of barium (II) 

cations (СM/C1a = 0.5) at -45°С. Some cross-peaks are marked. 

 

 

 
Figure 7.6. Low Gield part of HMBC spectrum of a solution of 1а in CD3CN in the presence of barium (II) 

cations (СM/C1a = 0.5) at -45°С. Some cross-peaks are marked. 
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Figure 7.7. COSY spectrum of a solution of 1а in CD3CN in the presence of lead (II) cations (СM/C1a = 0.5) 

at -45°С. 

 

 
Figure 7.8. NOESY spectrum of a solution of 1а in CD3CN in the presence of lead (II) cations (СM/C1a = 0.5) 

at -45°С. Some cross-peaks are marked. 
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Figure 7.9. HSQC spectrum of a solution of 1а in CD3CN in the presence of lead (II) cations (СM/C1a = 1) at 

-45°С. Some cross-peaks are marked.  

 

 
Figure 7.10. HMBC spectrum of a solution of 1а in CD3CN in the presence of barium (II) cations (СM/C1a = 

1) at -45°С. Some cross-peaks are marked.  
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Figure 7.11. COSY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of 

magnesium (II) cations at -45°С. 

 

 
Figure 7.12. NOESY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of 

magnesium (II) cations at -45°С.  
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Figure 7.13. HSQC spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of 

magnesium (II) cations at -45°С. 

 

 

 

 
Figure 7.14. Low Gield part of HSQC spectrum of a solution of 3а in CD3CN in the presence of equimolar 

quantity of magnesium (II) cations at -45°С.  
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Figure 7.15. COSY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of barium 

(II) cations at -45°С.  

 

 
Figure 7.16. NOESY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of 

barium (II) cations at -45°С.  
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Figure 7.17. COSY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of lead (II) 

cations at 20°С.  

 

 
Figure 7.18. NOESY spectrum of a solution of 3а in CD3CN in the presence of equimolar quantity of lead 

(II) cations at 20°С.  
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Figure 7.19. COSY spectrum of a solution of 1а in CD3CN in the presence of equimolar quantity of 

magnesium (II) cations at -45°С after 5 min of irradiation. 

 

 

 
Figure 7.20. NOESY spectrum of a solution of 1а in CD3CN in the presence of equimolar quantity of 

magnesium (II) cations at -45°С after 5 min of irradiation. 
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RESUME 

Les chromènes photochromiques sont largement u.lisés dans les technologies 
modernes en raison de leur capacité à changer les propriétés sous irradia.on UV. Les 
chromènes présentés dans ce travail possèdent en outre des fragments pouvant par.ciper à 
la coordina.on avec des ca.ons métalliques, acides aminés, ou de l'ADN. Pour ce type de 
molécule, l'interdépendance éventuelle entre les propriétés photochromiques et 
complexantes permet d'envisager soit le photo-contrôle de la complexa.on, soit la 
modula.on du photochromisme par le biais de coordina.on. 

Ce travail est divisé en deux par.es : la première est consacrée à la prépara.on des 
molécules cibles et la seconde à l'étude de la complexa.on. Les approches synthé.ques 
élaborées ont permis d'obtenir une série de nouveaux chromènes annelés par des éthers 
couronnes de taille et de composi.on hétéroatomique différentes. Le processus de 
complexa.on de certains dérivés a été étudié en détail par spectroscopie RMN et absorp.on 
UV-Visible. Il a été établi que la nature des ca.ons métalliques détermine la stœchiométrie 
du complexe formé ainsi que la structure spa.ale. Pour tous les composés étudiés, la 
complexa.on affecte les paramètres photochromiques notamment la vitesse de 
décolora.on. En ce qui concerne la complexa.on des chromènes synthé.sés avec les acides 
aminés protonés, il a été établi qu'en fonc.on de la longueur de chaine de ces acides, la 
forma.on de complexe mono- ou ditopique est favorisée. 

De plus, l'interac.on d'un nouveau chromène ca.onique avec l'ADN a été étudiée. Il a 
été constaté que contrairement à la forme ini.ale, la forme colorée de ce composé générée 
sous irradia.on UV permet l'intercala.on au sein de l'ADN. 

MOTS CLES 

Chromènes, photochromisme, éthers couronnes, complexa.on, acides aminés, ca.ons 
métalliques. 
 

SUMMARY 

Photochromic chromenes are widely used in modern technologies due to their ability 
to change their proper.es upon UV irradia.on. The chromenes presented in this work also 
possess fragments able to par.cipate to the coordina.on with metal ca.ons, amino acids, or 
DNA. These proper.es may sustain mutual influence on each other resul.ng in either photo-
control of complexing ability or photochromism tunable by complex forma.on. 

This work is divided in two parts, one devoted to the synthesis of the target 
compounds and the second to study on the complexing ability of the substances, 
respec.vely. Thus, the synthe.c approaches to photochromic benzo- and naphthopyrans, 
annelated to the crown ether moie.es of different size and heteroatomic composi.on, were 
developed. The complex forma.on of several chromenes with metal ca.ons was 
inves.gated by means of UV-Vis absorp.on and NMR spectroscopies. The metal ca.on 
nature was found to determine the stoichiometry of the complexes as well as their spa.al 
structure. The complex forma.on was found to affect the photochromic proper.es of the 
compounds, especially the bleaching rate. Inves.ga.on of complexa.on of the chromenes 
with protonated amino acids revealed that, depending on the length of the carbon chain of 
the acid used, mono- or ditopic complexes may be formed. 

The interac.on of the new chromene, possessing a posi.vely charged group, with DNA 
was also studied. In contrast to the ini.al form, the photo-induced colored form was found 
to intercalate with DNA. 
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