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Abstract: Novel crown-containing 2-styrylbenzothiazoles were prepared to obtain optical di-
topic receptors that can bind alkaline-earth metal cations by a crown ether fragment and
could serve as host for the heavy metal cations and proton owing to the presence of the het-
erocyclic part. Photochemical transformations of the ditopic receptors depend on the type of
metal cations present in solution. They include trans–cis-isomerization, [2+2]-cycloaddition,
and electrocyclic reaction.

INTRODUCTION

The development of organic photochemistry has produced a number of new and useful reactions; some
of them have found practical applications. The photochemical behavior of organic compounds seems to
be well understood [1,2]. In contrast, the photochemistry of metal complexes is just developing; we can
expect new and promising types of reactions in organometallic and inorganic chemistry.

One of the widely known classes of photochromic molecules is the stilbene-like molecule [3].
Introducing a crown ether moiety into the stilbene-like molecules gives substances that respond opti-
cally to the presence of metal cations or amines in solutions. Otherwise, we can expect that the com-
plex formation can influence the photochemical behavior of the stilbene-like molecules [4,5].

RESULTS AND DISCUSSION

To determine how the complex formation can be used for the control of the photochemistry of hetaryl-
phenylethenes with ionophore fragments, we synthesized and investigated the crown-containing
2-styrylbenzothiazoles (CSB) 1, 2, 3 and their complexes.

*Lecture presented at the XIXth IUPAC Symposium on Photochemistry, Budapest, Hungary, 14–19 July 2002. Other presenta-
tions are published in this issue, pp. 999–1090.
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Synthesis

We devised different methods to prepare CSB 1 containing 15-crown-5 ether moiety (Scheme 1).
2-Methylbenzothiazole 4 and its phosphonium salt 6 were condensed with formyl derivatives of benzo-
15-crown-5 ether 5 in the presence of equamolar amounts of NaOMe in DMSO at ambient temperature
for 24 h to form 1 with 53 % (method A) and 63 % yields (method B) (Scheme 1) [6]. Heating the re-
actants 4 and 5 with concentrated HCl at 130 °C for 3 h results in compound 1 with yield 23 %, and
some resinification occurs in the course of the process (method C, Scheme 1). The dye 8 [7] produces
the resulting product 1 with 47 % yield by heating with PPh3 (method E, Scheme 1). The condensation
of malonic acid with 5 results in the formation of known-in-literature cinnamic acid 7 containing crown-
15-ether-5 fragment [8] that can react with o-aminophenole in benzene to form 1 with 16 % yield
(method D, Scheme 1). Among the studied reactions, one-step method A seems to be simpler with quite
good yield of 1. The yield of 1 in methods C and D is low, whereas, the synthetic procedure in meth-
ods B and E is multisteps.

Compound 2 was prepared by using method A, whereas, to obtain the compound 3, method C was
applied.

Structural identification of 1–3 in solution was based on their 1H NMR spectra. Assignment of E
configuration was on the basis of the spin–spin coupling constant for the olefinic protons,
3Jtrans = 15.6 Hz.
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Complex formation

We assumed that it could be possible to use the crown ether 2-styrylbenzothiazole to obtain the optical
ditopic receptor, which can bind alkaline-earth metal cations by crown ether fragment and would be a
host for the heavy metal cations and proton owing to the presence of heterocyclic part.

The E-isomers of CSB 1–3 exhibit strong absorption and fluorescence emission in the visible re-
gion (Table 1). The addition of metal cations to solution of CSB in MeCN resulted in change of posi-
tion of the long wavelength absorption band and of the fluorescence band, which are evidently due to
formation of complexes (Scheme 2). 

Table 1 Spectral luminescence characteristics of CSB 1–3 and their com-
plexes with the Mg2+, Ca2+, and Ba2+ cations in MeCN.

λmax
abs/nm,

Compound (εmax�10–4 / L�mol–1cm–1)a λmax
fl/nmb ϕfl

c

E-isomer Z-isomer

1 358 (3.3) 350 (1.04) 452 0.0135
2 357 (3.3) 349 (1.07) 448 0.014
3 399 (4.9) 399 (1.98) 505 0.037
1�Ca2+ 346 (3.23) 333 (1.2) 415 0.018
2�Ca2+ 346 (3.25) 330 (1.2) 433 0.015
3�Ca2+ 347 (4.01) 316 (1.5) 492 0.025
1�Mg2+ 346 (3.23) 408 0.02
2�Mg2+ 352 (3.24) 439 0.013
3�Mg2+ 346 (4.08) 489 0.023
(1)2�Ba2+ 345 (3.24) 446 0.037
2�Ba2+ 349 (3.21) 443 0.013
3�Ba2+ 357 (4.12) 492 0.024

aWavelength of the maximum in the electronic absorption spectrum and molar absorp-
tion coefficient (in parentheses).
bWavelength of the maximum in the fluorescence spectrum.
cFluorescence quantum yield in air-saturated acetonitrile at 20 ± 1 °C relative to fluo-
rescein in 0.01 M NaOH in water (ϕf = 0.92) with excitation at 365 nm.
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The fluorescence quantum yields of free CSB 1 and 2 (see Table 2) are identical. The N atom in
the azacrown ether fragment of CSB 3 is a stronger electron donor than the O atom in the benzocrown
ether macrocycle of CSB 1 or 2, due to which the fluorescence quantum yield of CSB 3 is more than
twice as large. 

Table 2 Stability constants of the complexes of CSB 1–3 with the Mg2+, Ca2+, Ba2+, and Hg2+ cations in MeCN
at 293 K.

CSB lg K11 lg K21 lg K12

Mg2+ Ca2+ Ba2+ Hg2+ Ca2+ Ba2+ Hg2+

1 5.5 ± 0.1 5.6 ± 0.1 4.74 ± 0.05 5.6 ± 0.1 10.3 ± 0.1 10.76 ± 0.04 9.4 ± 0.2
2 5.4 ± 0.1 4.9 ± 0.1 5.1 ± 0.1
3 2.35 ± 0.04 3.6 ± 0.04 3.1 ± 0.04
cis-3 3.7 ± 0.04

Complex formation of CSB 1–3 with alkaline-earth metals and mercury(II) cations was studied
by spectrophotometric titration [9,10]. The ratios of CSB 1–3 to Mg2+, Ca2+, Ba2+, or Hg2+ cations
were varied by adding aliquots of solutions containing known concentrations of CSB 1–3 and corre-
sponding metal cations to solutions of CSB 1–3 alone of the same concentrations. The absorption spec-
trum of each solution was recorded, and the stability constants of the complexes were determined using
the «Hyperquad» program [11]. The complexation model involves the following equilibria:

(1) L + M = LM, K11 = [LM]/([L][M]),
(2) 2L + M = L2M, K21 = [L2M]/([L]2[M]),
(3) L + 2M = LM2, K12 = [LM2]/([L] [M]2),

where L is CSB 1, 2, or 3, M is metal cations, K11, K21, and K12 are the complex stability constants.
The stability constants of CSB 1 and 2 with alkaline-earth metals (see Table 2) are close and

higher than the corresponding constants for CSB 3. Since the participation of the N atom of the crown
ether cycle in the formation of the chromophoric system of dye 3 is substantial, this restricts the possi-
bility of its participation in complex formation.

For the complex formation of CSB 2 with alkaline-earth metal cations, the fluorescence quantum
yield remains almost unchanged. This indicates an insignificant participation of the O atom involved in
the conjugated system of the dye in complex formation. Minor changes in the absorption spectra ac-
companying complex formation confirm this conclusion. Probably, the N atom in the macrocycle of
CSB 2, owing to its high electron-donating ability, can efficiently bind to the metal cation, substantially
neutralizing its positive charge and decreasing the influence on the chromophoric system of the dye. 

In the case of CSB 1 complex formation with the Ca2+ and Mg2+ cations, fluorescence enhance-
ment is observed. This phenomenon can be related to the fact that the conformational mobility of the
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macrocycle decreases for complex formation at the crown ether fragment, which decreases the rate con-
stant of nonradiative deactivation and increases the fluorescence quantum yield. 

The inverse ratio of the hypsochromic to hypsofluoric shifts is observed for CSB 3 complex for-
mation. This distinction can be due to a change in the character of metal ion coordination and its posi-
tion relative to the chromophoric system of the molecule, in particular, to the cleavage of the coordina-
tion bond of the metal with the N atom of the macrocycle (photoinduced metal recoordination). Such
effects have earlier been observed for styryl dyes with similar structure [12,13].

Thus, the variation of the crown ether fragment structure in CSB can be used for controlling the
optical response to complex formation. 

The alkaline-earth metal cations with a large diameter (Sr2+, Ba2+) and benzo-15-crown-5 deriv-
atives are characterized by the formation of the 2:1 sandwich-type complexes (Scheme 2). In the case
of Ba2+, the sandwich complex formed possesses the highest stability. According to the NMR study of
the sandwich complex [12�Ba2+], molecules of dye are arranged in a “head-to-head” stacking in this
complex. This conclusion is based on the upfield shifts of aromatic proton signals in the sandwich com-
plex in comparison with the free ligand. The changes in NMR could be due to ring-current effects pro-
duced by the adjacent conjugated molecules. The downfield changes of proton signal positions of crown
ether fragments point out the formation of complex with Ba cation through the macrocyclic moiety.

Addition of HClO4 to an acetonitrile solution of CSB 1 resulted in the formation of a perchlorate
salt of 1 (lg K11 6.4 ± 0.5), whose long wavelength absorption band was red-shifted relative to the cor-
responding free ligand 1 (Scheme 3).

Addition of Hg perchlorate to the acetonitrile solution of the dye 1 produced also a red-shift of
the UV spectrum relative to the free ligand similarly to those observed in the case of the proton addi-
tion. The results of the spectrophotometric titration reveal the formation of two complexes (Scheme 3).
At first, upon the addition of Hg(ClO4)2 to the dye solution, the bathochromic shift occurs, indicating
the formation of complex [1�Hg2+] through the heterocyclic part of the molecule. At higher Hg2+ con-
centration, the formation of [1�(Hg2+)2] complex is observed, its stability constant is indicated in
Table 2. The formation of the [1�(Hg2+)2] complex is accompanied by a blue-shift of a long wavelength
absorption band, which means that the second Hg2+ ion is bound to the crown ether moiety (Scheme 3).

Addition of AgNO3 to the dye 1 solution provokes too small changes in UV spectrum to allow
the measurement of the stability constant or to determine the stoichiometry of the complex. But, we
were able to find the experimental condition needed to prepare a Ag complex of dye 1, with a 2:1 sto-
ichiometry [1�(Ag+)2] demonstrated by a crystallographic study. The frontal and side views and the
atom-labeling scheme for [1�(Ag+)2] are shown in Fig. 1. The Ag cations are coordinated to both coor-
dination positions of the dye, including the crown ether and the benzothiazole moieties. 
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When solutions of CSB 1–3 or their complexes with Mg2+ in acetonitrile are irradiated with the
light with λ = 405 nm (for 3) and with λ = 365 nm (for 1 and 2), absorption in the region of the long-
wave band decreases with the simultaneous increase in the absorption in the short-wave spectral region
until the photostationary state is achieved. These spectral changes can be explained by reversible photo-
chemical trans–cis-isomerization around the central C=C double bond (Scheme 4). For CSB 1–3 the
difference in the wavelengths of the absorption maxima for the trans- and cis-isomers is very low, and
the εc/εt ratio is rather high, which indicates an efficient conjugation in the cis-form between the hetero-
cyclic group and crown ether fragment [10]. It is most likely that in cis-1–3 molecules, these structural
fragments and C=C double bond are localized in the same plane, which provides a high efficiency of
conjugation between them. The stability of the cis-isomers is very high: no dark isomerization was ob-
served.

In the sandwich complex with Ba2+ cations, the mutual arrangements of 2-styrylbenzothiazole
molecules is favorable for the occurring of the reaction of the photocycloaddition. Upon irradiation with
blue light, 1 undergoes stereoselective [2+2]-photocycloaddition (PCA) to afford isomeric cyclobutane
derivatives “trans+trans” (78 %) and “trans+cis” (22 %) with relatively high combined quantum yield
(0.13) (Scheme 5).
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Fig. 1 Frontal (above) and side (below) projections of structure [1�(Ag+)2] with atom-labeling scheme. Thermal
ellipsoids are drawn at the 50 % probability level.

Scheme 4



Prolonged irradiation of the crown-containing CSB 1 in presence of Hg2+ or Ag+ salts leads to
the electrocyclic reaction followed by oxidation process producing of the novel cycloproduct, which can
be considered as promising chromoionophore (Scheme 6). The reaction is a first example of the partic-
ipation of N atom of heterocyclic residue in formation of cycle in the course of electrocyclic reaction.
Also, it is an advanced photochemical method for the preparing of the novel class of optical sensors.

Thus, the photochromism of the free ligand 1 is based on reversible reaction of trans–cis-iso-
merization. The photochromic behavior of the complexed crown-containing 2-styrylbenzothiazole de-
pends on the metal cation types and includes the reversible reaction of trans–cis-isomerization, stereo-
specific reaction of [2+2]-photocycloaddition and electrocyclic reaction.
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