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ORGANIC CHEMOSENSORS WITH
CROWN-ETHER GROUPS (REVIEW)

A. V. Tsukanov', A. D. Dubonosov’, V. A. Bren’, and V. I. Minkin’

Recent advances in the chemistry of organic chemosensors containing crown—ether groups are
reviewed.
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Organic chemosensors are molecules of abiotic nature capable of interacting selectively and irreversibly
with a specific substrate (ion, molecule) with corresponding changes in one or more characteristics of the
system. A series of reviews have described methods for the synthesis of chemosensors [1] and their use in the
determination of metal cations [2-8], anions, and molecules [4, 9, 10]. Some of them treat the various types of
fluorescent chemosensors [5-8] or photoswitching compounds [11-14] selectively. In this review, based
exclusively on the results of recent years, sensors containing crown-ether groups are examined. Special attention
is paid to the various mechanisms of action of crown-containing chemosensors, which are classified according to
their electronic and photochemical characteristics.

In the general case a chemosensor molecule consists of signal and receptor parts with a bridge between
them although the latter may be absent. As a rule chemosensors can be subdivided into chromogenic,
fluorescent, and photoswitchable.

During the interaction of a chromogenic sensor with the substrate (in particular with a metal ion) a
hypsochromic or bathochromic shift of the long-wave absorption band of the initial compound is observed. If the
shift of the bands is significant and takes place in the visible part of the spectrum it leads to a visually discernable
change in the color of the solution. Such signal systems are usually called colorimetric or "naked-eye" chemosensors.

The action of fluorescent chemosensors is based both on change of the fluorescence intensity and on
shift of the emission band of the initial compounds during the formation of a complex with the substrate.

Photoswitchable chemosensors are capable of reversible "switching on—switching off" of their sensor
characteristics under the influence of light.

Among ionophore—receptors capable of combining with positively charged ions, it is possible to include
chelating agents, podands, coronands (or crown ethers), cryptands, calixarenes, cyclodextrins, etc. [15].

Crown ethers, discovered by Pedersen in 1962, occupy a special position among receptors and are
widely used in the design of new chemosensors based on their unique ability to combine with the cations of
alkali metals, their fairly high selectivity, and their accessibility. In addition to alkali metals, crown ethers are
also effective complexing reagents for the cations of alkaline-earth metal, Pb*>", and TI**, and when nitrogen
and sulfur atoms are inserted into their structure they become sensitive to Ag’, Hg*", and Cd*" ions. The
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detection of these ions in biological liquids and the environment is particularly important in medicine and
biology. On the one hand, these cations are involved in various biological processes (Na“, K, Mg**, Ca®") and
are used in the treatment of various illnesses (Li", Ca®"), while on the other hand they can cause serious harm to
the environment and to human health (Ba®*, Pb*", TI", Ag", Hg*", Cd*"). Despite the large number of
chemosensors available for the determination of these groups of ions it is extremely important to obtain new
compounds that simultaneously combine such qualities as safety, accessibility, sensitivity, and selectivity.

1. CHROMOGENIC SENSORS

The fairly simple system 1a,b is capable of combining with the ions of heavy and transition metals and
leads to corresponding changes in the ultraviolet part of the spectrum: During the formation of crown ether
complexes with cations (Ni*", Pd*", Co**, Pb’") a new absorption band appears in the region of 320 nm [16]. The
sensor 2 acts in a similar way but with respect to sodium and potassium ions [17]. Interaction with these ions
leads to a hypsochromic shift of the long-wave absorption maximum of the compound (A, ~275 nm).

-/
la,b
2

an=1,bn=2

However, sensor systems absorbing in the visible region are most often employed [18]. This gives not
only higher sensitivity and accuracy in the quantitative analysis of substances but also the possibility of
detecting the ions in solution visually. An example is compounds 3a,b, which can be used for the selective
detection of Ca*" ions in human blood and plasma [19].

(\o/_\o—> o 0
N N NH HN
Lo o [%ULNH

3a,b
aR=Me,b C,H,

The negatively charged oxygen atoms of the two merocyanine fragments take part in additional
coordination with the metal ion, leading to internal charge transfer (the ICT effect). This gives rise to a
bathochromic shift of the long-wave absorption band of the initial compounds from 410 to 450 nm and to the
build up of fluorescence at 575 nm. The sensors can be used for the quantitative determination of calcium at
concentrations ¢ = 1-10°-1-10> M even in the presence of a large excess of Mg®", Li", Na, and K" ions
(em=0.1 M).
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Recently the highly sensitive and highly selective nitrogen-containing naked-eye chemosensor 4 was
synthesized [20]. This made it possible to detect copper (¢ ~3:10"" M) and mercury (¢ ~7-10"" M) ions in
solution qualitatively and quantitatively in the presence of F e’’, Co*", Ni*", Zn*", Mn*", Cd**, Pb*, Ag',Na', K",
and Mg”" cations.

In most of the other chromogenic chemosensors the electron-donating azacrown ether and the accepting
chromophore are conjugated with each other and form a single n-electron system, and their action is also based
on the ICT effect. The changes occurring in the absorption spectra of the compounds are due to the different
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effects of the formation of the crown ether complex on the energy levels of the ground and excited states. Thus,
electronic excitation in the donor—acceptor chromoionophores 5a,b [21-23], 6 [24], 7 [25], 8-10 [26], 11a,b [27],
12 [28], 13a,b [29], 14a-c, and 15 [30] are as a rule accompanied by the transfer of electron density
toward the accepting substituents of the chromophore. Interaction of the receptor with the positively charged
metal ion therefore destabilizes the excited state to a greater degree than the ground state and leads to a
hypsochromic shift of the absorption band.
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The azo dyes S5a,b are effective colorimetric sensors for the selective determination of sodium or
potassium ions in blood. During complex formation the hypsochromic shift of the long-wave absorption band in
the given compounds (AA 110 nm) is accompanied by change of the color of the solution from red to yellow.

The chemosensor systems 6-15 proved sensitive to the presence of the ions of alkali metals (compounds
6, 11, 13), alkaline-earth metals (compounds 7-15), and certain transition metals (compounds 8-10) in the
solutions.
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The synthesis and spectral characteristics of the selective ambident sensor 16 [31], containing two
receptor parts that simultaneously fulfill the role of donor (azacrown ether) and acceptor (the calixarene part),
were described. The Eu’" ions react mainly with the oxygen atoms of the calixarene, whereas the Na' ion
combines with the azacrown ether, giving rise to a bathochromic or hypsochromic shift of the absorption bands
respectively.

The results from spectral investigations of the series of compounds 17, containing picrylamine
chromophores capable of additional coordination with metal cations, are presented in [32]. During the extraction
of sodium, potassium, and lithium salts from an aqueous alkaline solution into a chloroform layer it was found
that ionization of the sensor molecules occurs, and one or the other metal cation interacts with the crown ether
cavity, leading to the appearance of a new strong absorption band in the visible region.

Compound 18 is highly selective with respect to potassium ions and forms with them an intramolecular
"sandwich" structure, appearing in the spectrum as a hypsochromic shift of the long-wave absorption band [33].

A /7

17 X = (CH,),, CH,CH,0CH,CH,, CH,(CH,0CH,),CH,, R =NO,, CF;; R?=NO,, CN, CF,

Various chelate complexes 19-22 can also be used as effective sensor systems [34-36].

foﬁo_v o) B
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The chemistry of ditopic sensors capable of the recognition not only of individual ions but also of
complete ion pairs has recently been developing at high rates, and this is of great importance not only in
chemistry but also in medicine in so far as the biological activity and pharmaceutical characteristics of the
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ionized molecules often depend on the type of counterion. Thus, compounds 23a,b [37], 24a,b [38], and 25 [39]
can be used for the visual detection of toxic salts of alkali metals (NaCN, KCN, KF) in aqueous and organic
media. According to data from "H NMR spectroscopy, the metal cation is held by the crown ether cavity and the
counterion by the zinc atom of the porphyrin macrocycle or by the urea fragment respectively.

25 <i{) O——/>

Ar _/
24a.b
an=1,bn=2
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An original ditopic chemosensor system 26 for the selective recognition of a wide range of anions
(MeCOO, F, I', and CN") was presented in [40].
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The complexes of the compounds with Cu*, Zn*, Hg2+, Fe**, and Pb** cations can be used as "naked-
eye" reagents. During their reaction with the anions a different optical response, expressed as a change in the
color of the solution, is observed for each anion.

By analyzing this set of data it is possible to determine unambiguously the presence of one or the other
anion in the sample being investigated (with the exception of NO; , Cl', and Br anions, which show similar
spectral behavior).

2. FLUORESCENT CHEMOSENSORS

Fluorescence analysis has a number of advantages in comparison with other spectral methods; it is
highly sensitive and simple in execution and can be used over a wide range of concentrations of the investigated
material. The two main types of fluorescent chemosensors are the PET (photoinduced electron transfer) and ICT
systems, although in certain cases it is quite difficult to draw a clear boundary between them. The basic scheme
for the action of PET sensors can be represented as follows: During excitation of the molecule an electron from
the highest occupied molecular orbital (HOMO) of the receptor transfers to the HOMO of the fluorophore, and
this leads to quenching of the fluorescence of the latter. Complex formation with the metal ion leads to the result
that the energy level of the HOMO of the receptor becomes lower than the level of the HOMO of the
fluorophore, the PET effect does not arise, and the intensity of the fluorescence increases. The structures of
some crown-containing PET sensors are given in Table 1.

TABLE 1. Examples of Crown-Containing PET Sensors

Refe-
rence

1 2 3 4 5

Ne Compound M| I *

27 |/\N/> N /> Ba* | ~7 | [41]
[ g
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TABLE 1 (continued)
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TABLE 1 (continued)
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TABLE 1 (continued)
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TABLE 1 (continued)
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* /1y is the relative increase of the fluorescence intensity.

Among the PET chemosensors there are also ditopic systems such as compounds 53 [72] and 54 [73],
capable of detecting sodium phosphate and potassium fluoride respectively.

°B
O ] | I/\O
Lo b Y
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(0) + (0)
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N * O LL/O\/?
ol "
) J e
53 NH3+ n=1,2

More rarely, the so-called CHEQ (chelation enhanced fluorescence quenching) PET sensors, in which
fluorescence quenching is observed during the formation of their complexes with metal ions, have been used for
analytical purposes. The fluorescence characteristics of the CHEQ system depend not only on the structure of
the ligand but also on the electronic structure of the metal ion itself [74, 75].

The second widespread class of luminescent sensors contains the ICS systems, the molecules of which
are constructed in such a way that the fluorophore either interacts directly with the metal cation on account of
additional coordination or forms a system of conjugated bonds with the receptor. As in the case of chromogenic
sensors, the formation of a complex with a cation leads to intramolecular charge transfer and to change in the
luminescence-spectral characteristics of the molecule, appearing as a significant hypso- or bathochromic shift of
the fluorescence band and, accordingly, a change in the luminescence intensity at the emission wavelength of
the complex (Table 2).

910



TABLE 2 Examples of Crown-Containing ICT Chemosensors
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TABLE 2 (continued)

1 3 4 5 6
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TABLE 2 (continued)
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TABLE 2 (continued)
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* /Iy is the relative increase of the fluorescence intensity.
*2 The fluorescence maximum after complex formation (hypsochromic (-)
and bathochromic (+) shifts of the fluorescence band).
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Other types of fluorescent chemosensors include monomer-excimer systems such as 75 [97], 76 [98], 77
[99], and 78 [100].

In the excimers the aromatic fragments of the molecule are parallel at the optimum distance and form a
"sandwich" structure, which only exists in the excited state. The luminescence bands do not have fine structure
and are located in a more long-wave region than the emission maxima of the individual components. The action
of this type of sensor is based on the change in the ratio of the excimer and monomer emission in the solution
during complex formation with the metal ions.

A new type of fluorescent chemosensors is the tautomeric system that we developed on the basis of
benzo-15-crown-6-containing imines of the benzo[b]furan series 79 and 80 [101-103]. Their action is based on
the displacement of the benzenoid—quinonoid equilibrium toward the benzenoid form during complex formation
with the cations of alkali and alkaline-earth metals, accompanied by a significant reduction in the intensity of the
long-wave absorption band and a substantial hypsochromic shift of the emission band.
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R R
R— R—
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79, 80 A 79,80 B

79 R =Ph; 80 R + R =—(CH,),~
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3. PHOTOSWITCHABLE CHEMOSENSORS

Photochromism is the reversible transformation of a substance from one form to another by the action of
electromagnetic radiation [104, 105]. The reversible transformation can be realized both photochemically and
thermally. The sensor system can be activated or blocked by means of a photoreaction. Most crown-containing
photoswitchable chemosensors are derivatives of spiropyrans, spirooxazines, chromenes, and styryl dyes.
(Fulgides [106], dihetarylethenes [107, 108], and triphenylmethane dyes [109, 110] are encountered less
frequently.)

Recently, spiropyrans and spirooxazines of the indoline series 81a-e, 82, and 83a,b containing various
crown ether receptors were synthesized [111-118].

83a,b 0 0
oo
n=0.59,0.16, 0.04 an=1,bn=2 n

In the presence of the cations of alkali and alkaline-earth metals the spiropyrans 81-83 are capable of
being transformed into the corresponding merocyanine form, which has absorption in the visible part of the
spectrum (An.x ~550 nm). This fact is explained by the ability of the metal ions to form an additional
coordination bond with the phenolate anion, stabilizing the merocyanine form B of the spiro compound (e.g., in
the molecules of 81a). The process is most effective if the sizes of the crown ether cavity and the metal ion are
in the optimum ratio.
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Irradiation of the compounds 81 and 82 in the region of the long-wave absorption band of the
merocyanine form leads to the formation of the initial spiro form and a released metal ion, making it possible to
control the complex formation process by irradiation.

Me Me
n+
M
LK I Vv, M
-
Me hv

81a

O/_\N
N
\J

The photochromic reaction of the chromenes 84-86 [119-121] involves cleavage of the C—O bond by the
action of light with the formation of the open form B. At room temperature the reaction is reversible.

mn Y ( )
o f 5 9 o Lol
\_F/ 84a—c [I:) Ogn

L

85a—c
84,85an=1,bn=2,cn=3

84-86

Irradiation of solutions of these compounds in the presence of the ions of alkali and alkaline-earth
metals leads to the appearance of a strong absorption maximum in the region of 450-500 nm due to the
formation of the open form but leads to a substantial decrease of the rate constant of reverse thermal cyclization
as a result of stabilization of form B resulting from additional coordination of the metal ion with the carbonyl
oxygen atom.
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The crown-containing styryl dyes 87-90, which form molecular dimers in the presence of metal ions,
were described in the cycle of papers [122-128]. During irradiation of solutions of the monomers stereospecific
photocyclization takes place with the formation of only one or two derivatives of cyclobutane (of the 11 possible
derivatives). It was shown that compounds 87-90 do not enter into photocyclization in the absence of the metal
ions even in saturated solutions. The metal ion participates in the formation of molecular dimers, fulfilling the
role of "molecular glue", thereby promoting the photoreaction. Effective chemosensors for magnesium, barium,
mercury, and lead ions have been found among these systems.
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~0 0—7 88, 89 R3 = (CH,),SO;; 0-CH,CH,S0;;

k/S \J p-CH,CH,SO;~

The acylated crown-containing keto enamines of the benzo[b]thiophene series 91 that we synthesized
are capable of switching on and switching off their sensor characteristics under the influence of light [129-131].
Irradiation of the compounds at the long-wave absorption maximum with light with Ay, 436 nm leads to Z/E-
isomerization at the C=C double bond followed by thermal N—O acyl transfer with the formation of the sensor-
active O-acyl isomers 92 with high yields.
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The reverse O—N migration of the acyl group can be realized catalytically.

The reaction of the O-acyl forms 92 with the cations of alkali and alkaline-earth metals leads to
significant changes in the electronic absorption spectra; there is an increase in the molar extinction coefficient,
accompanied by a hypsochromic effect, while the largest changes are observed for the benzo-15-crown-5-ether
derivatives in the case of Ca’" ions and for (di)benzo-18-crown-6-containing derivatives in the case of Ba®" ions.

Thus, the published data in this review demonstrate the significant advances that have been made in the
development of chemosensors, where the most significant results were obtained in the last 10-15 years.
Nevertheless, it is clear that the creation of new effective, selective, and synthetically accessible chemosensors
for the cations of metals remains as before an urgent task.

The work was carried out with financial support from the "Assistance Fund for National Science", a
grant from the Ministry of Education/CRDF (REC-004), and the Development Program of the Southern Federal
University for 2007.

REFERENCES

1. S. P. Gromov, S. N. Dmitrieva, and M. V. Churakova, Usp. Khim., 74, 503 (2005).

2. L. Prodi, F. Bolletta, M. Montalti, and N. Zaccheroni, Coord. Chem. Rev., 205, 59 (2000).
3. M. Montalti, L. Prodi, and N. Zaccheroni, in: H. S. Nalwa (editor), Handbook of Photochemistry and
Photobiology, American Scientific Publishers (2003), vol. 3, p. 271.

4, V. A. Bren, Usp. Khim., 70, 1152 (2001).

5. J. F. Callan, A. P. de Silva, and D. C. Magri, Tetrahedron, 61, 8551 (2005).

6. G. W. Gokel, W. M. Leevy, and M. E. Weber, Chem. Rev., 104, 2723 (2004).

7. K. Rurack and U. Resch-Genger, Chem. Soc. Rev., 31, 116 (2002).

8. A. P. de Silva, D. B. Fox, T. S. Moody, and S. M. Weir, Pure Appl. Chem., 73, 503 (2001).

9. P. D. Beer and E. J. Hayes, Coord. Chem. Rev., 240, 167 (2003).
10. L. Fabrizzi, M. Licchelli, G. Rabaioli, and A. Taglietti, Coord. Chem. Rev., 205, 85 (2000).
11. O. A. Fedorova, S. P. Gromov, and M. V. Alfimov, Izv. Akad. Nauk, Ser. Khim., 1882 (2001).

919



12.
13.
14.

15.
16.
17.

18.
19.

20.
21.

22.
23.
24.
25.

26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.
44,
45.
46.

47.

920

K. Kimura, H. Sakamoto, and M. Nakamura, Bull. Chem. Soc. Jpn., 76, 225 (2003).

M. V. Alfimov, O. A. Fedorova, and S. P. Gromov, J. Photochem. Photobiol., A, 158, 183 (2003).

K. Gloe (editor), Macrocyclic Chemistry: Current Trends and Future Perspectives, Springer, Berlin,
New York (2005), 450 pp.

I. H. Hartley, T. D. James, and C J. Ward, J. Chem. Soc., Perkin Trans. 1, 3155 (2000).

N. Uehara, H. Honzawa, and T. Shimizu, Anal. Sci., 17, 199 (2001).

M. Nakamura, H. Yokono, K. Tomita, M. Ouchi, M. Miki, and R. Dohno, J. Org. Chem., 67, 3533
(2002).

I. Nemcova, S. Cihelnik, P. Rychlovsky, and L. Antalova, Anal. Lett., 37,2721 (2004).

D. Citterio, M. Omagari, T. Kawada, S. Sasaki, Y. Suzuki, and K. Suzuki, 4Anal. Chim. Acta, 504, 227
(2004).

H. Mu, R. Gong, Q. Ma, Y. Sun, and E. Fu, Tetrahedron Lett., 48, 5525 (2007).

T. Gunnlaugsson, M. Nieuwenhuyzen, L. Richard, and V. Thoss, J. Chem. Soc., Perkin Trans. 2, 141
(2002).

T. Gunnlaugsson and J. P. Leonard, J. Chem. Soc, Perkin Trans. 2, 1980 (2002).

T. Gunnlaugsson, M. Nieuwenhuyzen, L. Richard, and V. Thoss, Tetrahedron Lett., 42,4725 (2001).

D. Citterio, S. Sasaki, and K. Suzuki, Chem. Lett., 30, 552 (2001).

N. Marcotte, P. Plaza, D. Lavabre, S. Fery-Forgues, and M. Martin, J. Phys. Chem. A., 107, 2394
(2003).

E. Yamamoto, K. Kubo, and A. Mori, Bull. Chem. Soc. Jpn., 76, 627 (2003).

J. D. Lewis and J. N. Moore, Dalton Trans., 1376 (2004).

S. H. Mashraqui, S. Sundaram, and A. C. Bhasikuttan, Tetrahedron, 63, 1680 (2007).

X. Poteau, G. Saroja, C. Spies, and R. G. Brown, J. Photochem. Photobiol., A, 162, 431 (2004).

M.-T. Alonso, E. Brunet, O. Juanes, and J.-C. Rodrigues-Ubis, J. Photochem. Photobiol., A, 147, 113
(2002).

D. Ataman and E. U. Akkaya, Tetrahedron Lett., 43, 3981 (2002).

G. G. Talanova, H.-S. Hwang, V. S. Talanov, and R. Bartsch, Anal. Chem., 73, 5260 (2001).

T. Hayashita, A. Murakami, and N. Teramae, Chem. Lett., 33, 568 (2004).

V. W.-W. Yam, Y.-L. Pui, and K.-K. Cheung, Inorg. Chim. Acta, 335, 77 (2002).

X.-X. Lu, S.-Y. Qin, Z.-Y. Zhou, and V. W.-W. Yam, Inorg. Chim. Acta, 346, 49 (2003).

C. Sousa, P. Gameiro, C. Freire, and B. de Castro, Polyhedron, 23, 1401 (2004).

Y.-H. Kim and J.-I. Hong, Chem. Commun., 512 (2002).

H. Liu, X.-B. Shao, M.-X. Jia, X.-K. Jiang, Z.-T. Li, and G.-J. Chen, Tetrahedron, 61, 8095 (2005).

H. Miyaji, S. R. Collinson, 1. Prokes, and J. H. R. Tucker, Chem. Commun., 64 (2003).

B. Garcia-Acosta, R. Martinez-Manez, F. Sancenon, J. Soto, K. Rurack, M. Spieles, E. Garcia-Breijo,
and L. Gil, Inorg. Chem., 46, 3123 (2007).

S. Kondo, T. Kinjo, and Y. Yano, Tetrahedron Lett., 46, 3183 (2005).

S. A. McFarland and N. S. Finney, J. Am. Chem. Soc., 123, 1260 (2001).

W. Liu, J.-H. Lu, Y. Ji, J.-L. Zuo, and X.-Z. You, Tetrahedron Lett., 47, 3431 (2006).

L. Prodi, F. Boletta, M. Montalti, N. Zaccheroni, P. B. Savage, J. S. Bradshaw, and R. M. Izatt,
Tetrahedron Lett., 39, 5451 (1998).

L. Prodi, C. Bargossi, M. Montalti, N. Zaccheroni, N. Su, J. S. Bradshaw, R. M. Izatt, and P. B. Savage,
J. Am. Chem. Soc., 122, 6769 (2000).

R. T. Bronson, M. Montalti, L. Prodi, N. Zaccheroni, R. D. Lamb, N. K. Dalley, R. M. Izatt,
J. S. Bradshaw, and P. B. Savage, Tetrahedron., 60, 11139 (2004).

R. T. Bronson, J. S. Bradshaw, P. B. Savage, S. Fuangswasdi, S. C. Lee, K. E. Krakowiak, and
R. M. Izatt, J. Org. Chem., 66,4752 (2001).



48.

49.

50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.
62.

63.

64.

65.
66.
67.

68.

69.
70.

71.

72.
73.
74.
75.
76.

T7.
78.
79.
80.
81.

82.

L. Prodi, M. Montalti, J. S. Bradshaw, R. M. Izatt, and P. B. Savage, J. Incl. Phen. Macrocyclic Chem.,
41, 123 (2001).
H. He, M. A. Mortellaro, M. J. P. Leiner, S. T. Young, R. J. Fraatz, and J. K. Tusa, Anal. Chem., 75, 549
(2003).
M. B. Roy, S. Samanta, G. Chattopadhyay, and S. Ghosh, J. Lumin., 106, 141 (2004).
S. Samanta, P. S. Sardar, S. S. Maity, A. Pal, M. B. Roy, and S. Ghosh, J. Chem. Sci., 119, 175 (2007).
T. Gunnlaugsson, B. Bichell, and C. Nolan, Tetrahedron Lett., 43, 4989 (2002).
A. J. Pearson and W. Xiao, J. Org. Chem., 68, 5361 (2003).
A.J. Pearson and W. Xiao, J. Org. Chem., 68, 5369 (2003).
L. H. Jia, X. F. Guo, Y. Y. Liu, and X. H. Qian, Chin. Chem. Lett., 15, 118 (2004).
J. Hua and Y.-G. Wang, Chem. Lett., 34, 98 (2005).
I. A. Rivero, T. Gonzalez, G. Pinma-Luis, and M. E. Diaz-Garcia, J. Comb. Chem., 7, 46 (2005).
L. J. Charbonniere, R. F. Ziessel, C. A. Sams, and A. Harriman, /norg. Chem., 42, 3466 (2003).
M. Chiba, K. Ogawa, K. Tsuge, M. Abe, H.-B. Kim, Y. Sasaki, and N. Kitamura, Chem. Lett., 30, 692
(2001).
H.-F. Ji, R. Dabestani, and G. M. Brown, J. Am. Chem. Soc., 122, 9306 (2000).
S. Charles, S. Yunus, F. Dubois, and E. V. Donckt, Anal. Chim. Acta, 440, 37 (2001).
S. Yunus, S. Charles, F. Dubois, and E. V. Donckt, J. Fluoresc., DOI 10.1007/s10895-007-
0291-0(2007).
S. Encinas, K. L. Bushell, S. M. Couchman, J. C. Jeffery, M. D. Ward, L. Flamigni, and F. Barigelletti,
J. Chem. Soc., Dalton Trans., 1783 (2000).
J. S. Benco, H. A. Nienaber, K. Dennen, and W. G. McGimpsey, J. Photochem. Photobiol., A, 152, 33
(2002).
S. Yoon, A. Albers, A. P. Wong, and C. J. Chang, J. Am. Chem. Soc., 127, 16030 (2005).
S. Yoon, E. W. Miller, Q. He, P. H. Do, and C. J. Chang, Angew. Chem., Int. Ed., 46, 6658 (2007).
S. Kenmoku, Y. Urano, K. Kanda, H. Kojima, K. Kikuchi, and T. Nagano, Tetrahedron, 60, 11067
(2004).
S. A. de Silva, B. Amorelli, D. C. Isidor, K. C. Loo, K. E. Crooker, and Y. E. Pena, Chem. Commun.,
1360 (2002).
N. C. Lim, L. Yao, H. C. Freake, and C. Briickner, Bioorg. Med. Chem. Lett., 13, 2251 (2003).
S. H. Mashraqui, S. Sundaram, A. C. Bhasikuttan, S. Kapoor, and A. V. Sapre, Sens. Actuators, B, 122,
347 (2007).
K. S. Kim, E. J. Jun, S. K. Kim, H. J. Choi, J. Yoo, C.-H. Lee, M. H. Hyun, and J. Yoon, Tetrahedron
Lett., 48, 2481 (2007).
A. P. de Silva, G. D. McClean, and S. Pagliari, Chem. Commun., 2010 (2003).
S.J. M. Koskela, T. M. Fyles, and T. D. James, Chem. Commun., 945 (2005).
J. H. Chang, Y. Jeong, and Y. K. Shin, Bull. Korean Chem. Soc., 24, 119 (2003).
S. H. Kim, K. C. Song, S. Ahn, Y. S. Kang, and S.-K. Chang, Tetrahedron, 47, 497 (2006).
K.-C. Wu, Y.-S. Lin, Y.-S. Yeh, C.-Y. Chen, M. O. Ahmed, P.-T. Chou, and Y.-S. Hon, Tetrahedron,
60, 11861 (2004).
J.-S. Yang, C.-Y. Hwang, C.-C. Hsieh, and S.-Y. Chiou, J. Org. Chem., 69, 719 (2004).
W.-S. Xia, R. H. Schmehl, and C.-J. Li, Chem. Commun., 695 (2000).
Y.-P. Yen and T.-P. Huang, J. Chin. Chem. Soc., 51, 377 (2004).
E. J. Shin, Chem. Lett., 31, 686 (2002).
W.-S. Xia, R. H. Schmehl, C.-J. Li, J. T. Mague, C.-P. Luo, and D. M. Guldi, J. Phys. Chem. B, 106,
833 (2002).
H. Sulowska, W. Wiczk, J. Mlodzianowski, M. Przyborowska, and T. Ossowski, J. Photochem.
Photobiol., 4,150, 249 (2002).
921



83.
&4.

85.

86.
87.
88.

9.
90.

91.
92.
93.

94.
95.
96.
97.
98.
99.

100.
101.

102.

103.

104.

105.

106.
107.
108.
109.
110.
I11.
112.
113.
114.

115.
116.
117.

922

D. Taziaux, J.-P. Soumillion, and J.-L. H. Jiwan, J. Photochem. Photobiol., A, 162, 599 (2004).

M. Baruah, W. Qin, R. A. L. Vallee, D. Beljonne, T. Rohand, W. Dehaen, and N. Boens, Org. Lett., 7,
4377 (2005).

A. M. Costero, S. Gil, J. Sanchis, S. Peransi, V. Sanz, and J. A. G. Williams, Tetrahedron, 60, 6327
(2004).

C.-T. Chen and W.-P. Huang, J. Am. Chem. Soc., 124, 6246 (2002).

K. M. Siu, L.-W. Lai, N. Zhu, and C.-M. Che, Eur. J. Inorg. Chem., 2749 (2003).

Q.-Z. Yang, L.-Z. Wu, H. Zhang, B. Chen, Z.-X. Wu, L.-P. Zhang, and C.-H. Tung, Inorg. Chem., 43,
5195 (2004).

V. Bekiari, P. Judeinstein, and P. Lianos, J. Lumin., 104, 13 (2003).

T. Hayashita, S. Taniguchi, Y. Tanamura, T. Uchida, S. Nishizawa, N. Teramae, Y. S. Jin, J. C. Lee, and
R. A. Bartsch, J. Chem. Soc., Perkin Trans. 2, 1003 (2000).

T. Gunnlaugsson and J. P. Leonard, Chem. Commun., 2424 (2003).

C. Li, G.-L. Law, and W.-T. Wong, Org. Lett., 6, 4841 (2004).

D. Citterio, J. Takeda, M. Kosugi, H. Hisamoto, S. Sasaki, H. Komatsu, and K. Suzuki, Anal. Chem., 79,
1237 (2007).

M.-J. Li, B. W.-K. Chu, N. Zhu, and V. W.-W. Yam, Inorg. Chem., 46, 720 (2007).

Y. Q. Li, J. L. Bricks, U. Resch-Genger, M. Spieles, and W. Rettig, J. Fluoresc., 16, 337 (2006).

0.-S. Kwon and H.-S. Kim, Supramol. Chem., 19, 277 (2007).

Y. Nakahara, T. Kida, Y. Nakatsuji, and M. Akashi, J. Org. Chem., 69, 4403 (2004).

A. Yamauchi, T. Hayashita, A. Kato, and N. Teramae, Bull. Chem. Soc. Jpn., 75, 1527 (2002).

C. Saudan, V. Balzani, M. Gorka, S.-K. Lee, M. Maestri, V. Vicinelli, and F. Vogtle, J. Am. Chem. Soc.,
125, 4424 (2003).

J. Xie, M. Menand, S. Maisonneuve, and R. Metivier, J. Org. Chem., 72, 5980 (2007).

E. N. Shepelenko, A. V. Tsukanov, Yu. V. Revinskii, A. D. Dubonosov, V. A. Bren’, and V. 1. Minkin,
Zh. Org. Khim., 43, 561 (2007).

V. A. Bren’, A. D. Dubonosov, N. I. Makarova, V. I. Minkin, L. P. Popova, V. P. Rybalkin,
E. N. Shepelenko, and A. V. Tsukanov, Zh. Org. Khim., 38, 145 (2002).

V. 1. Minkin, T. N. Gribanova, A. D. Dubonosov, V. A. Bren’, R. M. Minyaev, E. N. Shepelenko, and
A. V. Tsukanov, Ros. Khim. Zh., 48, 30 (2004).

W. M. Horspool and F. Lenci (editors), Handbook of Organic Photochemistry and Photobiology, 2nd
ed., CRC Press, Boca Raton, FL. (2004), 137 ch.

H. Diirr and H. Bouas-Laurent (editors), Photochromism (Revised Ed.), Elsevier Science
B. V., Amsterdam, Netherlands (2003), 1044 pp.

Z. Guo, G. Wang, Y. Tang, and X. Song, Liebigs Ann./ Recueil, 941 (1997).

M. Takeshita, C. F. Soong, and M. Irie, Tetrahedron Lett., 39, 7717 (1998).

J.-P. Malval, 1. Gosse, J.-P. Morand, and R. Lapouyade, J. Am. Chem. Soc., 124, 904 (2002).

R. M. Uda, M. Oue, and K. Kimura, J. Supramol. Chem., 311 (2002).

R. M. Uda, M. Yokoyama, and K. Kimura, Mol. Cryst. Liq. Cryst., 334, 133 (2000).

M. Nakamura, T. Fujioka, H. Sakamoto, and K. Kimura, New J. Chem., 26, 554 (2002).

K. Kimura, H. Sakamoto, S. Kado, R. Arakawa, and M. Yokoyama, Analyst, 125, 1091 (2000).

H. Sakamoto, T. Yokohata, T. Yamamura, and K. Kimura, Anal. Chem., 74, 2522 (2002).

A. M. A. Salhin, M. Tanaka, K. Kamada, H. Ando, T. Ikeda, Y. Shibutani, S. Yajima, M. Nakamura,
and K. Kimura, Eur. J. Org. Chem., 655 (2002).

M. Tanaka, K. Kamada, and K. Kimura, Mol. Cryst. Lig. Cryst., 334, 319 (2000).

A. Abdullah, C. J. Roxburgh, and P. G. Sammes, Dyes and Pigm., 76, 319 (2008).

K. Kimura, H. Sakamoto, and R. M. Uda, Macromolecules, 37, 1871 (2004).



118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

O. A. Fedorova, Y. P. Strokach, S. P. Gromov, A. V. Koshkin, T. M. Valova, M. V. Alfimov,
A. F. Feofanov, 1. S. Alaverdian, V. A. Lokshin, A. Samat, R. Guglielmetti, R. B. Girling, J. N. Moore,
and R. E. Hester, New J. Chem., 26, 1137 (2002).

S. A. Ahmed, M. Tanaka, H. Ando, H. Iwamoto, and K. Kimura, Tetrahedron, 60, 3211 (2004).

O. A. Fedorova, F. Maurel, E. N. Ushakov, V. B. Nazarov, S. P. Gromov, A. V. Chebunkova,
A. V. Feofanov, 1. S. Alaverdian, M. V. Alfimov, and F. Barigelletti, New J. Chem., 27, 1720 (2003).

S. A. Ahmed, M. Tanaka, H. Ando, H. Iwamoto, and K. Kimura, Eur. J. Org. Chem., 2437 (2003).

O. A. Fedorova, Y. V. Fedorov, E. N. Andrjukhina, S. P. Gromov, and M. V. Alfimov, Pure Appl.
Chem., 75, 1077 (2003).

S. P. Gromov, E. N. Ushakov, O. A. Fedorova, I. 1. Baskin, A. V. Buevich, E. N. Andryukhina,
M. V. Alfimov, D. Johnels, U. G. Edlund, J. K. Whitesell, and M. A. Fox, J. Org. Chem., 68, 6115
(2003).

O. A. Fedorova, Y. V. Fedorov, A. 1. Vedernikov, S. P. Gromov, O. V. Yescheuva, and M. V. Alfimov,
J. Phys. Chem. A., 106, 6213 (2002).

S. P. Gromov, A. L. Vedernikov, Y. V. Fedorov, O. A. Fedorova, E. N. Andryukhina, N. E. Schepel, Yu.
A. Strelenko, D. Johnels, U. Edlund, J. Saltiel, and M. V. Alfimov, Izv. Akad. Nauk, Ser. Khim., 1524
(2005).

Y. V. Fedorov, O. Fedorova, N. Schepel, M. Alfimov, A. M. Turek, and J. Saltiel, J. Phys. Chem. A.,
109, 8653 (2005).

Yu. V. Fedorov, O. A. Fedorova, N. E. Schepel, S. P. Gromov, M. V. Alfimov, L. G. Kuz'mina,
J. Howard, and J. Saltiel, Izv. Akad. Nauk, Ser. Khim., 2056 (2005).

Yu. Fedorov, O. Fedorova, N. Schepel, M. Alfimov, A. M. Turek, and J. Saltiel, Photochem. Photobiol.,
82, 1108 (2006).

V. A. Bren, A. D. Dubonosov, V. I. Minkin, T. N. Gribanova, V. P. Rybalkin, E. N. Shepelenko,
A. V. Tsukanov, and R. N. Borisenko, Mol. Cryst. Lig. Cryst., 431, 417 (2005).

A. D. Dubonosov, V. I. Minkin, V. A. Bren, L. L. Popova, V. P. Rybalkin, E. N. Shepelenko,
N. N. Tkalina, and A. V. Tsukanov, ARKIVOC, 13, 12 (2003).

V. A. Bren, A. D. Dubonosov, V. I. Minkin, A. V. Tsukanov, T. N. Gribanova, E. N. Shepelenko,
Y. V. Revinsky, and V. P. Rybalkin, J. Phys. Org. Chem., 20, 917 (2007).

923



	Chemistry of Heterocyclic Compounds, Vol. 44, No. 8, 2008
	A. V. Tsukanov1, A. D. Dubonosov1, V. A. Bren2, and V. I. Mi



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


