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Spironaphthoxazines conjugated with aza-15(18)-crown-5(6)-ether moieties at the 60-position of the
naphthalene fragment (crown-containing spironaphthoxazine, CSN) were synthesised and studied for the first
time. The addition of Liþ and alkaline earth (Mg2þ, Ca2þ, Sr2þ and Ba2þ) metal cations to CSN solutions
results in a hypsochromic shift of the UV absorption band of the spiro form and a bathochromic shift of the
absorption band of the merocyanine form in the visible region. In addition, the equilibrium shifts to the
merocyanine form, and the lifetime of the photoinduced merocyanine form increases. Analysis of the spectral
and kinetic data allows a complexation scheme to be proposed and the stability constants of the resulting
complexes to be calculated. According to the results obtained, the complexation with Liþ and alkaline earth
metal cations in acetonitrile initially involves the crown ether moiety; the participation of the merocyanine
oxygen atom in the complexation process occurs at a high metal cation concentration. The UV-induced
isomerisation of CSN into the merocyanine form causes a decrease of the cation binding ability.

Photochromic compounds can exist in two or more stable
states with different spectral characteristics.1–3 The equilibrium
between these states can be shifted either by UV or visible-light
irradiation or by changing the parameters of the medium. In
addition, photochromic compounds containing ionophoric
fragments are able to react with metal cations; in some cases
this can also change the spectral characteristics of the photo-
chromic ligands.4–8 Compounds of this type provide the pos-
sibility of monitoring the presence of metal ions in solutions;
they are of considerable interest in developing efficient iono-
phores for selective determination of metal ions.
Previously, photochromic ionophores containing crown

ether fragments located at different positions of spiro-
naphthoxazine and linked to the main molecular cage by
methylene bridges of various lengths have been synthesised
and investigated.9–12 It was demonstrated that the influence of
metal ions on the spectral and photochemical properties of
these compounds is enhanced due to a direct structure-assisted
interaction between the oxygen atom of the merocyanine form
(MF) and the metal cation located in the crown ether cavity.
Efficient coordination between the merocyanine oxygen and
the ‘‘ crowned ’’ metal cation and, finally, considerable stabili-
sation of MF were achieved by optimising the length of the
methylene chain.
In order to develop spironaphthoxazine-based systems that

are more sensitive to the presence of metal cations in solutions
than those known previously, we synthesised and studied for

the first time spironaphthoxazines 1b,c (CSN) with conjuga-
ted azacrown ether fragments (Scheme 1). The parent
spironaphthoxazine 1a (SN) was used for comparison.

Results and discussion

Synthesis

The CSN 1b,c were synthesised using to the methods devel-
oped for the synthesis of 60-amino-substituted spir-
onaphthoxazines by Rickwood et al.13 Scheme 1 outlines these
methods as applied to compounds 1b,c. The researchers cited
found that 60-aminospironaphthoxazines of various structures
can be prepared by condensation of 2-methyleneindolenine
with 4-amino-1-nitroso-2-naphthol. The latter compound is
prepared by nucleophilic substitution of a secondary amine for
the 4-hydrogen atom in 1-nitroso-2-naphthol (method A) or
via a two-step procedure (method B) from sodium 1,2-naph-
thoquinone-4-sulfonate. Method A was employed13 to
synthesise spironaphthoxazines containing dimethylamine,
piperidine or morpholine residues as substituents at the
60-position of SN. The product yields were moderate (0.5 to
20%); however, both steps were performed successively in one
flask without isolation of intermediates. Method B implies the
isolation of products at each intermediate step; the yield of
similar products with this procedure reached 50%.
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We have tested both methods for the synthesis of CSN 1b,c.
In method B, the 1,2-naphthoquinone derivative 2 was isolated
in the first step. However, subsequently, we were unable
to select appropriate conditions for the reaction of 2

with hydroxylamine to give crown-containing 1-nitroso-2-
naphthol (3).
The reaction of 1-nitroso-2-naphthol with aza-15(18)-

crown-5(6) ethers followed by the reaction with indolenine was
carried out in ethanol in the presence of Et3N. The yields were
relatively low, namely, 5% (1b) and 3% (1c); variation of the
reaction conditions (temperature, reactant ratio, and duration)
did not increase the yield of the target product. The unsub-
stituted SN 1a was formed as a side product.

Spectral properties of CSN 1b,c and their complexes

with metal cations

UV-VIS absorption study. It is known2 that both spiro form
(SF) and MF of a spironaphthoxazine molecule co-exist in
equilibrium in solution. The absorption spectrum of SN 1a in
MeCN exhibits virtually no bands related to MF, and SF
dominates in solution. This indicates that the mutual
arrangement of the ground-state energy levels of SF and MF
of SN 1a does not provide an appreciable thermal occupancy
of the ground state of MF.
The introduction of the azacrown ether fragment into the

60-position of the naphthalene nucleus of SN induces a

bathochromic shift of the absorption band of SF (12 nm,
Table 1). In addition, it gives rise to a weak absorption band of
MF in the visible region, which is blue shifted ca. 28 nm as
compared to the band of photoinduced MF of spir-
onaphthoxazine 1a (Table 1). This indicates that the azacrown
fragment displaces the equilibrium slightly towards MF. The
observed spectral shift of MF absorption is due to the electron-
donating effect of the azacrown ether moiety conjugated with
the p-electron system of the molecule. Similar spectral changes
have been found previously for spironaphthoxazines contai-
ning electron-donating substituents such as morpholine or
piperidine residues at the 60-position.14

Addition of metal cations into solutions of CSN 1b,c results
in changes of the absorption spectra of the molecules that
point to a metal-ligand interaction. The full scheme of feasible
thermodynamic equilibrium states of CSN 1b,c in the presence
of metal cations should include two probable sites of complex
formation (Scheme 2).
At low metal=ligand molar ratios (CM=CL) the spectral

changes occur in the UV region only. They include a small
hypsochromic shift (1–5 nm, Table 1) and an intensity decrease
of the 380 nm absorption band (Fig. 1). These spectral changes
were observed distinctly for all the studied metal cations (Liþ,
Ba2þ, Mg2þ, Ca2þ and Sr2þ). Specific alterations in the UV
region occurring in the absence of MF related changes in the
visible range allow one to conclude that a complex forms
between a crown ether moiety of SF and a metal cation, Mnþ

Scheme 1
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(complex D, Scheme 2). Beside the oxygen atoms, the nitrogen
atom of the crown ether fragment participates in the binding of
the metal cation, which decreases its conjugation with the
chromophore system. This lowers the electron-donating effect
of the azacrown ether moiety, thus inducing a hypsochromic
shift of the absorption band of SF.
Since addition of Liþ, Ba2þ, Sr2þ or Ca2þ cations in the

solutions of CSN 1b,c and Mg2þ cations in the CSN 1c solu-
tion does not induce a noticeable SF to MF transition for
CM=CL molar ratios ranging from 1 to 10, the interaction of

CSN 1b,c with metal cations could be described by the sim-
plified equilibrium between states A and D (Scheme 2), dis-
regarding MF and its complexes under these conditions:

LþM! LM, KD¼ [LM]=[L]�[M], (1)

where [L], [M] and [LM] are concentrations of the free ligand,
free metal ion, and the complex, respectively; KD is stability
constant of the D complex.
The cation-induced changes in the UV region of the

absorption spectrum can be used to determine KD by spec-
trophotometric titration. According to eqn (1), the extent of
complexation (a) depends on the concentration of metal ions
in solution as follows:15

a¼ (A�Ao)=(A1�Ao)¼ (CLþCMþ 1=KD)

�{1� [1� 4CLCM=(CLþCMþ 1=KD)
2]1=2}=2CL , (2)

where Ao , is the absorbance of free CSN 1b,c at 380 nm at the
concentration CL , A is the absorbance at 380 nm when metal
ions are present at a given concentration CM , and A1 is the

Table 1 Photochromic characteristics of spironaphthoxazines 1a–c

and their complexes with alkali (Liþ) and alkaline earth (Mg2þ,
Ca2þ, Sr2þ, Ba2þ) metal ions in acetonitrile

Compounda

lSF
b=nm

(eSF�10�4=
mol�1cm�1l)

lMF
c=nm

(eMF� 10�4=
mol�1cm�1l) kMF! SF

d=s�1

1a 355 (0.56) 593 1.6
1b 367 (1.17) 565 (�0.02) 9.7
1b�Liþ 359 580 (0.03) 7.7
1b�Mg2þ 365 605 (0.42) 1.20
1b�Ca2þ 350 585 (0.10) 1.19
1b�Sr2þ 350 582 (0.05) 3.35
1b�Ba2þ 352 575 (0.03) 5.12
1c 367 (1.20) 565 (�0.02) 9.4
1c�Liþ 362 587 (0.03) 8.7
1c�Mg2þ 360 606 (0.11) 0.83

1c�Ca2þ 360 595 (0.38) 2.16
1c�Sr2þ 352 592 (0.22) 0.80
1c�Ba2þ 352 590 (0.032) 0.79

a CL¼ 2� 10�4 mol l�1, CM=CL¼ 100, 24 �C. b lSF and eSF are the
position and extinction coefficient of the long-wavelength absorption
band of SF and its complexes. c lMF and eMF are the maximum and
extinction coefficient of the long-wavelength absorption band of free
MF and its complexes with metal cations. d kMF! SF is the rate con-
stant for thermal relaxation of free MF and its complexes with metal
cations.

Scheme 2

Fig. 1 Changes in the absorption spectra of CSN1b in MeCN upon
the addition of LiClO4 (the spectrum of the complex (Liþ�1b) minus
the spectrum of free 1b at CM=CL¼ 0.5 (1); 1 (2); 2 (3); 5 (4); 10 (5);
20 (6); 50 (7); 100 (8).
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absorbance at the concentration of metal ions that ensures the
maximum complexation.
Calculated KD constants for the complexes of CSN 1b,c

with metal cations are presented in Table 2. The theoretical
a(CM) dependencies derived from eqn (2) with the calculated
KD values and plotted in the log a vs. log (CM=CL) coordinates
are in agreement with the experimental titration data (Fig. 2).
This indicates that the complexes formed by SF of the dyes and
the studied cations actually have a 1 : 1 stoichiometry for
CM=CL molar ratios ranging from 1 to 10.
The stability constants of the complexes of CSN 1b with

doubly charged metal cations increase in the order Ba2þ<
Sr2þ< Caþ in parallel with the decrease in the ion diameter16

(Table 2). The higherKD constant of the CSN 1b complex with
Ca2þ is, evidently, due to the better correspondence of the
cation diameter to the size of the aza-15-crown-5 cavity (1.7–
2.2

+
A)17 as compared to that of Sr2þ or Ba2þ cations.

Accordingly, the increased size of the aza-18-crown-6 cavity of
CSN 1c improves considerably the binding of Ca2þ and Ba2þ

cations (Table 2). The stability constants of the CSN 1b

complex with Liþ and the CSN 1c complex with Mg2þ are low
because the cations seem to be too small for an effective
complexation with the corresponding azacrown ether cycles.
As the CM=CL ratio increases considerably, the MF related

absorption band of CSN 1b,c in the 550–650 nm region
(Fig. 3). The interaction of the second metal cation with CSN
1b,c is assumed to be responsible for MF stabilisation, because
MF appears at high CM=CL ratios, when cation binding with
the azacrown ether cycle approaches saturation for most of the
studied metals. This stabilisation corresponds to the formation
of complex F (in Scheme 2), which has its maximum shifted to

longer wavelengths in comparison with that of free MF (B in
Scheme 2) (Table 1).
It is of interest that the extent of F complex formation,

estimated qualitatively by the intensity of the F absorption
band at fixed CM=CL ratio (Table 1), depends obviously on the
features of the initial interaction between the metal cation and
azacrown ether ring. Binding of divalent cations, which fit
exactly the size of the azacrown ether cycle (Mg2þ and CSN 1b,
Ca2þ and CSN 1c), enhance sharply the formation of the F

complex. Large Ba2þ and Sr2þ cations that bind above the
plane of the azacrown ether moiety stimulate only weakly the
formation of the F complex with CSN 1b, but do this more
strongly with CSN 1c. Considering Liþ cations, that also fit
well in the azacrown ether ring of CSN 1b, but do not provide
the same effect as Mg2þ cations, one can conclude that the
charge value is also important for F complex stabilisation.

NMR study of CSN 1b and its complexes with metal

cations. The formation of complexes of CSN 1b with metal
cations was also studied using NMR spectroscopy. The addi-
tion of alkaline earth metal perchlorates to a solution of CSN
1b induces downfield shifts of many proton signals as well as
upfield shifts of the signals of the C-50 proton in the case of
Mg2þ cation and the C-70 proton in the case of Sr2þ and Ba2þ

cations (Table 3). The set of proton signals of the azacrown
ether NCH2 and OCH2 groups undergoes noticeable altera-
tions, clearly pointing to the interaction of the crown ether
moiety with the studied cations. Besides, considerable shifts
were observed for the protons of the naphthalene ring (Table
3), but not for those of the benzene ring of the indoline moiety
(not shown). It is known2 that the indoline and naphthoxazine
moieties are approximately orthogonal to each other; this is
why the radius of influence of complex formation is limited
and signals of the indoline protons are weakly affected. Shifts
of the naphthalene ring protons can be due to the following
two processes that accompany the complexation. First, the
participation of the lone electron pair of nitrogen in the for-
mation of a coordination bond with the metal cation decreases
the nitrogen conjugation with the chromophore system and
affect in this way the electronic system of the naphthoxazine
fragment. Second, the conformation of the naphthoxazine
fragment can change upon conformational rearrangement of
the macrocycle caused by complexation. According to the
results of an X-ray diffraction study,2 the conformation of the
naphthoxazine fragment is very flexible and is dictated by
steric factors in the molecule rather than by electronic effects of
the substituents.
No signals related to the MF complex with Ba2þ or Sr2þ

cations are detected with the conditions used. In contrast, the
appearance of the MF complex is observed at a substantial

Table 2 Stability constantsa of spironaphthoxazine 1a–c complexes
with alkali and alkaline earth metal cations in acetonitrile

Cation
diameterb=

+
A

1a

logKC

1b 1c

Mnþ logKD logKF logKD logKF

Liþ 1.36 3.28
Mg2þ 1.32 2.2
Ca2þ 1.98 2.2 3.65 2.4 4.6 2.3
Sr2þ 2.24 3.22
Ba2þ 2.68 3.10 5.6

a The error of determination of the stability constants of the com-
plexes is �±0.1. b According to the data in ref. 16.

Fig. 2 Relative changes in the optical density at 380 nm for CSN 1b

in MeCN vs. the concentration of Liþ (4), Ca2þ (3), Sr2þ (5), and Ba2þ

(6) perchlorates, and for CSN 1c vs. the concentration of Mg2þ (7),
Ca2þ (2), and Ba2þ (1) perchlorates. Solid lines show the theoretical
curves predicted by the model: LþM! LM, K¼ [LM]=[L][M].

Fig. 3 Absorption spectra of CSN 1b in MeCN in the presence of
Mg(ClO4)2 in solution [CM=CL¼ 0 (1); 0.5 (2); 1 (3); 2 (4); 5 (5); 10 (6);
20 (7); 50 (8); 100 (9); 200 (10); 500 (11); 1000 (12); 2000 (13); 4000 (14)].
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concentration of the Mg2þ cations as a series of additional
proton signals in the NMR spectrum. In particular, the 9.93
and 5.44 ppm signals are distinctly detected, which are typical
for the azomethine proton and the N–Me group of MF,18

respectively. Hence, the differences in the proton shifts caused
by the Mg2þ cations and those induced by the Sr2þ or Ba2þ

cations can be due to the fact that Sr2þ and Ba2þ cations
produce D complexes mainly, whereas both D and F com-
plexes coexist in the presence of Mg2þ cations. In general, the
results of the NMR and spectrophotometric studies of com-
plexation are in agreement.

FTIR study of CSN 1b and its complexes with metal ca-

tions. Under constant irradiation of an SN 1a solution, a small
steady-state concentration of the photolysis product MF
appears, while most of SN 1a remains in SF (Scheme 3). MF is
identified by difference spectroscopy, which shows a new peak
at 1713 cm�1 (Fig. 4) amongst others. CSN 1b has a number of
IR bands in the 1700 cm�1 region (Fig. 5) that are absent from
the SN spectrum. A similar irradiation experiment with CSN
1b also exhibits a small peak at 1710 cm�1 in the difference
spectrum (Fig. 5). As before, SF is clearly the dominant species

even under irradiation of CSN 1b due to the fast back-reaction
of MF. The irradiation-induced features at 1710–1713 cm�1

may be attributed to the unique C=O bond resulting in each
case from the transformation of SF into MF (Scheme 3).
Detection of the C=O bond vibrational mode indicates that
the quinoidal, rather than hybrid resonance or zwitterionic
structure, is characteristic of the photoinduced merocyanine
form of both SN and CSN 1b in acetonitrile solution.
The effect of adding a large excess of Ba2þ cations to a CSN

1b solution in MeCN is shown in Fig. 6. The metal salt
addition caused the solution colour to change from red to blue,
indicative of the formation of metal-complexed MF. The scale-
expanded difference FTIR spectrum shows a new strong band
at 1726 cm�1 attributed to the C=O bond of the metal-com-
plexed MF. It was also observed that the intensity of this band,
and the strong feature at 1281 cm�1, increased on addition of
small amounts of water to the solution. This result appears to
indicate that added water induces a shift in the equilibrium
between the SF and MF species, probably due to water
hydrogen-bonding to the C=O group, thus stabilising the
MF species. The crown ether group is known to give a

Table 3 The positions of proton signals in the NMR spectrum of CSN 1b in CD3CN and the shifts of proton signals (given in parentheses)
induced by the addition of Mg(ClO4)2 (100-fold excess), Sr(ClO4)2 (10-fold excess), and Ba(ClO4)2 (10-fold excess)

Compound C(Me)2 N-Me H-20 H-100 H-90 H-80 H-70 H-50

Crown ether

NCH2 OCH2

1b 1.34 2.74 7.70 8.52 7.55 7.39 8.30 6.88 3.40 3.52–3.62
1b�Mg2þ (SF) 1.30

(�0.04)
2.80
(0.04)

7.74
(0.04)

8.53
(0.01)

7.59
(0.04)

7.44
(0.05)

8.32
(0.02)

6.49
(�0.39)

3.45
(0.05)

3.60–3.75
(�0.1)

(MF) 5.44 9.93
1b�Sr2þ 1.36, 1.38

(0.02)
2.70
(�0.04)

7.88
(0.18)

8.69
(0.17)

7.66
(0.11)

7.52
(0.13)

8.13
(�0.17)

6.92
(0.04)

3.50
(0.10)

3.60–3.75
(�0.1)

1b�Ba2þ 1.34, 1.36
(0.02)

2.70
(�0.04)

7.82
(0.12)

8.65
(0.13)

7.65
(0.10)

7.54
(0.15)

8.15
(�0.15)

6.92
(0.04)

3.50
(0.10)

3.60–3.75
(�0.1)

Scheme 3

Fig. 4 FTIR spectra of SN in MeCN while undergoing irradiation at
360 nm (1), without irradiation (2) and the difference (trace 1 minus
trace 2) spectrum (3). The contribution of MeCN has been subtracted.

Fig. 5 FTIR spectra of CSN in MeCN while undergoing irradiation
at 360 nm (1), without irradiation (2) and the difference (trace 1 minus
trace 2) spectrum (3). The contribution of MeCN has been subtracted.
Note that the intensity of spectrum 3 is multiplied by 10.
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characteristic band in the 1100 cm�1 region. Metal com-
plexation appears to shift this band down into the 1000–1100
cm�1 range.
A closely similar set of experiments using Mg(ClO4)2 in

place of Ba(ClO4)2 yielded similar results (Fig. 7). In parti-
cular, a new C=O band was found at 1726 cm�1. These
experiments indicate that the quinoidal structure is preserved
when MF complexes with metal cations. Two cations should
be bound per molecule of CSN 1b under the conditions used
for FTIR titration, as follows from the spectrophotometry
data. The first one is bound to the crown moiety, as clearly
indicated in the FTIR spectra by the downward shift of the
1100 cm�1 band attributed to the crown group. Binding of the
second cation is the main reason for MF stabilisation, and
the merocyanine oxygen is a suitable site for this interaction.
The interaction between the cation and the merocyanine oxy-
gen does not lower the C=O bond stretching frequency, that is
it does not reduce the order of the C=O bond. Therefore,
coordination of the metal cation with an electron lone pair on
the oxygen and, probably, also with the lone pair on the
merocyanine nitrogen atom can be implied (Scheme 2, com-
plex F). A similar complex was observed previously for crown
ether containing spironaphthoxazines.12 Consistent with the
FTIR data, such an interaction evidently stabilises the qui-
noidal structure of MF. It should be noted that hydrogen
bonding with a water molecule could also involve the electron
lone pairs of the merocyanine oxygen and nitrogen atoms. In
this sense, the very similar C=O bond stretching frequencies of
MF observed upon addition of both water molecules and
metal cations are consistent with the metal-coordination
model. Moreover, metallation of the crown part of the mole-
cule will result in withdrawal of the electron lone pair on the
crown nitrogen atom from conjugation with the aromatic
system, and this may account for the observed 13 cm�1

increase in the C=O bond stretching frequency on metallation.

Conformation of the merocyanine form of CSN 1b and

its complexes with Mg2þ cations

Features of the interaction between MF of CSN 1b and Mg2þ

cations were further investigated with surface-enhanced
Raman scattering (SERS) spectroscopy. The SERS spectra of
CSN 1b and its complexes with Mg2þ cations at the CM=CL

ratios of 1=2, 1=1, 10=1 and 100=1 are presented in the Fig. 8
and 9. As shown earlier,19 these spectra correspond to MF of
the dye (spectra a) and complexes of this form with Mg2þ

cations (spectra b–e). Selective SERS-assisted detection of the
MF species in solution with the dominant SF is possible due to
preferential MF adsorption at the SERS-active surface (this
adsorption is required for realisation of the SERS effect) and a
well-known resonance enhancement of the SERS signal of the
coloured species. Moreover, MF seems to be stabilised due to
adsorption at the silver surface, and irradiation with visible
light does not induce its conversion to SF. Previously, similar
prevention of light-induced trans-cis isomerization was
observed for adsorbed crown ether styryl dyes and explained
by fast nonradiative energy transfer from the dye excited state
to the silver surface.20

Interaction with a silver surface occurring upon the
adsorption of CSN 1b on the SERS-active electrode does not

Fig. 6 FTIR spectrum of CSN in MeCN with added Ba(ClO4)2 (1),
spectrum of Ba(ClO4)2 (2) and the difference (trace 1 minus trace 2)
spectrum (3). The contribution of MeCN has been subtracted. The
intensity of spectrum 3 is multiplied by 10.

Fig. 7 FTIR spectrum of CSN in MeCN with added Mg(ClO4)2 (1),
spectrum of Mg(ClO4)2 (2) and the difference (trace 1 minus trace 2)
spectrum (3). The contribution of MeCN has been subtracted. The
intensity of spectrum 3 is multiplied by 5.

Fig. 8 SERS spectra of CSN 1b (a) and its complexes with Mg2þ

cations in acetonitrile at different Mg2þ=ligand molar ratios: 1=2 (b),
1=1 (c), 10=1 (d), 100=1 (e). The 200–1000 cm�1 range is presented.

Fig. 9 SERS spectra of CSN 1b (a) and its complexes with Mg2þ

cations in acetonitrile at different Mg2þ=ligand molar ratios: 1=2 (b),
1=1 (c), 10=1 (d), 100=1 (e). The 900–1700 cm�1 range is presented.

1142 New J. Chem., 2002, 26, 1137–1145



preclude the formation of a complex with Mg2þ cations.
Addition of Mg2þ cations to a CSN 1b SERS solution induces
considerable changes both in frequency and relative intensity
of many SERS bands of the dye as well as the appear-
ance=disappearance of some bands (Figs. 8, 9). These changes
occur in two stages. The first stage is a drastic alteration in the
spectrum of the Mg2þ=CSN 1b mixture as compared to that of
the free dye appearing at a low CM=CL ratio. The second stage
changes occur with the increase in Mg2þ cation concentration
to a 100=1 molar ratio. This two-stage process of interaction
between CSN 1b and Mg2þ cations is obviously related to the
existence of two cation binding sites, namely, the azacrown
ether moiety and the merocyanine oxygen.
Data from a UV-vis absorption study indicate that the

azacrown ether cycle is a primary binding site for alkali and
alkaline earth metals. This allows the SERS spectrum of the
Mg2þ=CSN 1b mixture recorded at the 1=2 molar ratio to be
assigned to E (Scheme 2). Then, the spectral changes observed
with an increase in the CM=CL ratio correspond to formation
of complex F (Scheme 2). Direct identification of azacrown
ether vs. merocyanine oxygen interactions from the analysis of
SERS spectra is presently complicated. On the basis of a
comparison of SERS spectra of model compounds (indoline
base and 1,2-naphthoquinone containing aza-15-crown-5 ether
in the 4-position) and structurally similar derivatives (SN 1a,
60-morpholinospironaphthoxazine) it was concluded that the
bands of both naphthalene and indolinic moieties are present
in the CSN 1b spectrum, and some of them were coupled
because of considerable conjugation of both chromophores.19

At the same time vibrations of the crown ether moiety were not
enhanced, since they are not in resonance with the electronic
transition. The 1532 and 1554 cm�1 bands were assigned to the
coupled double bond stretching mode of the conjugated
polyene-like chain of CSN 1b. It was concluded that two iso-
mers of CSN 1b differing in conformation of the=C–N=bridge
coexist in solution. These are the trans-trans-cis (ttc) and cis-

trans-cis (ctc) conformers (Scheme 3) represented in the SERS
spectrum by the 1532 and 1554 cm�1 bands, respectively.
The disappearance of the 1554 cm�1 band in the Mg2þ=CSN

1b spectrum at low CM=CL ratio (Fig. 9, spectrum b) allows
one to conclude that Mg2þ binding to the azacrown ether
moiety stabilises the single ttc isomer in solution. Relative
enhancement of the 1554 cm�1 band with an increase in the
CM=CL ratio (Fig. 9, spectra c, d) manifests itself as ctc isomer
formation induced by the interaction of the Mg2þ cation with
the merocyanine oxygen. The presence of the single 1554 cm�1

band in the spectrum of Mg2þ=CSN 1b at a 100=1 molar ratio
(Fig. 9, spectrum e) shows that the ctc isomer dominates, when
two Mg2þ cations are bound to CSN 1b.
It should be noted that under the same conditions it was

impossible to detect stabilisation of the single ttc isomer of
CSN 1b upon addition of Ba2þ or Ca2þ cations (data not
shown). The spectral changes are observed at the 10=1–100=1
molar ratios. The spectra are very similar to that of
Mg2þ=CSN 1b at a 100=1 molar ratio and indicated the
stabilisation of the ctc isomer.
These MF isomerisation properties of CSN 1b are cons-

iderably different from those of SN 1a. The ab initio MO and
1H NMR NOE studies revealed that the ttc and ctc isomers
were most stable among the probable MF isomers of SN 1a.21

The ttc isomer was calculated to be slightly more stable than
the ctc one. A SERS spectroscopy study revealed that a single
isomer (ttc according to Nakamura et al.21) was observed for
free MF of SN 1a and its complexes with metal cations.
Therefore, the appearance of two MF isomers, which is a
property of both CSN 1b and the 60-morpholine derivative of
SN 1a,

19 is closely associated with the introduction of an
electron-donating substituent. Results presented here show
that the cation-induced MF isomerisation is an additional
feature of CSN 1b.

Thermal relaxation of photoinduced MF of CSN 1b,c and their

complexes with metal cations

Similarly to unsubstituted SN 1a the spiro form of CSN 1b,c

undergoes a UV-light-induced reversible isomerisation to
coloured MF, which relaxes spontaneously back to SF
(Scheme 3). The introduction of an azacrown ether fragment
increases sixfold the rate constant for the thermal relaxation of
the coloured form of CSN 1b,c with respect to the same
parameter of SN 1a (Table 1). This effect is typical for elec-
tron-donating substituents.22

The rate constant for the thermal relaxation (kMF!SF ,
Scheme 3) of the photoinduced MF of SN 1a and CSN 1b,c

tends to gradually decrease upon addition of metal cations and
with increasing metal concentration (Fig. 10). Binding of metal
cations to the open oxazine ring of MF is evidently the main
reason from the slowed relaxation of SN 1a to the spiro form.
The same reason can explain a decrease of kMF!SF for CSN
1b,c at high CM=CL ratios, when the dependence of kMF!SF on
the CM=CL ratio is rather similar for SN 1a and CSN 1b,c.

This is realised for Mg2þ (Fig. 10, A) and, especially, Ca2þ

(Fig. 10, B) cations. The presence of the azacrown ether moiety
disrupts this similarity at the low CM=CL ratios, and the ability
of the cation to bind to the azacrown ether cycle plays an
important role here. Thus, due to high affinity binding of Ca2þ

and Ba2þ cations to the azacrown ether moiety of CSN 1c

(Table 2), the kMF!SF values decrease sharply at low CM=CL

ratios (Fig. 10, B, C). The effect of this interaction seems to
dominate the influence of cation binding to the open oxazine
ring up to moderate CM=CL ratios. A plateau in the depen-
dence of kMF!SF on the CM=CL ratio appears when the cation
binding to the azacrown ether moiety saturates, but remains
the rate-determining factor of thermal relaxation. The inter-
action between the metal ions and the azacrown ether moiety
in the E complex reduces the electron-donating properties of
the azacrown ether fragment and thus decreases the electron
density on the merocyanine oxygen atom. This effect hampers
the ring-closure reaction and SF formation. This explanation is
in line with the variations of the rate constant caused by the
introduction of electron-donating and electron-withdrawing
substituents at the 6-position of SN 1a reported in the
literature.22

It should be mentioned that at low Mg2þ concentrations
(CM=CL¼ 1–10), kMF!SF of CSN 1b is larger than kMF!SF of
CSN 1b without metal cation (Fig. 10, A). According to the
SERS spectroscopic data (see above), binding of a Mg2þ

cation (but not Ba2þ or Ca2þ cations) with the azacrown ether
cavity stabilises the single ttc isomer, instead of the two ttc and
ctc isomers that are characteristic of free MF (Scheme 3).

Fig. 10 Relative kMF!SF of MF of SN 1a (1,4,7), CSN 1b (2,5,8),
CSN 1c (3,6,9) vs. the concentrations of Mg2þ (A), Ca2þ (B) and Ba2þ

(C) perchlorates.
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Obviously, the relaxation of photoinduced MF to SF is
facilitated for the ttc isomer as compared to the ctc isomer,
increasing the kMF!SF value. In turn, the appearance of the ctc
isomer with an increase in the CM=CL ratio (see above) con-
tributes to the decrease of the kMF!SF value.
In accordance with the above consideration a general path-

way of thermal relaxation of photoinduced MF at CM=CL>
100 can be represented as follows: F!E!D (Scheme 2).
Here it is assumed that the efficiency of metal cation interac-
tion with the azacrown ether moiety is considerably higher
than that with the open oxazine ring, and SF formation occurs
via thermal dissociation of the metal cation bound to the open
oxazine ring. In this case, the kinetic data can be analysed in
terms of the model

E!k1 D; ð3Þ

F! 
KF

k2

EþM; KF ¼ ½F�=ð½E��½M�Þ: ð4Þ

The rate constant k for deactivation of complex F measured
experimentally is determined by the relation

k¼ (k1þ k2KF[M])=(1þKF[M]) (5)

where k1 , k2 are the rate constants for deactivation of E and F,
and KF is the equilibrium constant of process (4). This scheme
is similar to that proposed previously23 for the complexation of
spiro compounds without crown ether fragments.
However, even at high CM=CL ratios the experimental data

for thermal relaxation of CSN 1b,c agree with the theoretical
curves plotted using eqn. (5) only for Ca2þ cations. The cal-
culated KF values are presented in the Table 2. As assumed,
they are markedly lower than the corresponding complexation
constants involving the azacrown ether fragment of SF
(Table 2).
The scheme for thermal relaxation of SN 1a is simplified:

LM! 
KC

k

LþM; KC ¼ ½LM�=ð½L��½M�Þ; ð6Þ

where KC is the equilibrium constant of complexation between
SN 1a and metal cations. The experimental data for thermal
relaxation of SN 1a agree with the theoretical curves plotted
using eqn. (6), and the KC value for Ca2þ cations is presented
in Table 2. It is should be noted that theKF constants for CSN
1b,c and the KC constant for SN 1a are rather similar in the
case of complexation with Ca2þ cations.

Conclusions

The synthesis and study of spironaphthoxazines conjugated
with aza-15(18)-crown-5(6)-ether fragments were performed
for the first time. It was demonstrated that the introduction of
an azacrown ether into the spironaphthoxazine structure
induces changes in the spectral and photochemical properties
of SF similar to those resulting from the introduction of an
electron-donating substituent, for example, a morpholine or
piperidine residue. The addition of alkaline earth metal cations
to solutions of CSN 1b,c alters the characteristics of the pho-
toinduced transformation and results in changes of the
absorption spectra of both SF and MF. The complex forma-
tion process of CSN 1b,c with Liþ and alkaline earth metal
cations in MeCN involves two probable sites: the crown ether
centre and the merocyanine oxygen in the naphthalene part of
the molecule. At CM=CL molar ratios ranging from 1 to 100,
the formation of complexes occurs with participation of the
crown ether fragment of the molecule, whereas the participa-
tion of the merocyanine oxygen atom in complex formation is
possible at high metal cation concentration (CM=CL > 100).
The correspondence between the crown cavity and the metal

cation sizes is important for efficient binding. The stability of
the complex formed by interaction of the merocyanine oxygen
atom with a metal cation depends on the charge density of the
metal cation. It was found that the strength of the ‘‘ crown
ether–metal cation ’’ complexes of SF is higher than those
involving MF by more than two orders of magnitude. The
study of these compounds is important as regards the search
for new types of materials whose spectral and photochromic
properties are highly sensitive to the metal cations present in
solution.

Experimental

Instrumental analysis

1H NMR spectra were recorded on Bruker AMX-400 and
Bruker DRX-500 spectrometers using TMS as the internal
standard and CD3CN as the solvent. The chemical shifts and
the spin-spin coupling constants were determined with an
accuracy of 0.01 ppm and 0.1 Hz, respectively. Mass spectra
were obtained using a Varian MAT 311A instrument with an
ionisation energy of 70 eV. The reactions were monitored by
TLC on DC-Alufolien Kieselgel 60 F254 (Merck) plates. For
column chromatography, silica gel 60 with a particle size of
0.063–0.200 mm was used.

Optical investigations

Electronic absorption spectra were measured on a Shimadzu
UV-3100 spectrophotometer. The electronic absorption spec-
tra of MF were recorded using a spectrophotometric setup
with continuous irradiation of samples by a DRSh-250 mer-
cury lamp at 365 nm.
The kinetics of the thermal relaxation of MF were measured

using a kinetic setup in the time range of 0.001–1000 s. The
chromophores were photoexcited by exposure to the UV
radiation of a pulse xenon lamp. The measurements were
performed in solution at a ligand concentration CL ¼ 0.2 mM
and a temperature of 298 K. Acetonitrile (Aldrich, water
content 0.005%) was used as a solvent. The analytical grade
lithium, magnesium, calcium, strontium, and barium per-
chlorates were used for the investigations without additional
purification.

FTIR investigations

FTIR spectra were obtained using a Mattson-Unicam instru-
ment with a DuraSamplIR ATR sample unit fitted with a 3-
reflection Si=ZnSe DuraDisk (Spectroscopy Central, UK). The
128 scans were routinely accumulated at 8 cm�1 resolution. A
medium pressure Hg lamp (Philips, model HPK, 125 W) fitted
with a Schift glass filter and an H2O filter to produce an output
beam centered at 368 nm was used for photolysis. Con-
centrated solutions of SN and CSN were prepared in pure dry
acetonitrile. Anhydrous BaClO4 and MgClO4 were added in
excess to CSN solutions.

SERS investigations

An acetonitrile solution of CSN 1b (0.2 mM) was titrated with
magnesium perchlorate (0.1–20 mM) and studied with SERS
spectroscopy. SERS spectra were measured for the dye and
its complexes with Mg2þ cations adsorbed on an electro-
chemically roughened silver electrode. The silver electrode was
used as a SERS-active substrate as being stable to organic
solvents and different ion compositions. It was prepared for
SERS experiments as follows. The silver electrode was
polished, boiled in 0.1 M NaOH, washed with triply distilled
water and subjected to an oxidation-reduction cycle in the
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aqueous electrolyte solution (0.1 M KCl) with a standard
electrochemical cell. Roughened in this way the electrode was
washed with triply distilled water, dried and washed again with
acetonitrile to remove electrolyte and water traces. After this
the electrode was placed in a glass cell with the solution under
study. SERS measurements were performed at an undefined
potential. SERS spectra were recorded with a Ramanor HG-
2S spectrometer (Jobin Yvon, France) in the 200–1800 cm�1

range (1 cm�1 increment, 1 s integration time) and averaged
over 3 scans. Excitation wavelength was 647.1 nm of a Kr ion
laser (Spectra-Physics,Model 164–03). Laser powerwas 20mW.

Ligand synthesis

The crown-containing spironaphthoxazines were synthesised
using 1,3,3-trimethyl-2-methyleneindoline (Fluka), aza-
15-crown-5 and aza-18-crown-6 (Merck), and 1-nitroso-2-
naphthol, the sodium salt of 4-sulfo-1,2-naphthoquinone, and
methyl alcohol (Aldrich). The chemicals were used as received.

1,3,3-Trimethyl-6-(1,4,7,10-tetraoxa-13-azacyclopentadec-13-

yl)spiro{indolino-2,30-[3H]naphtho[2,1-b]oxazine} (1b) by meth-

od A. 1-Nitroso-2-naphthol (0.393 g, 2.25 mmol) was added to
a solution of of aza-15-crown-5 ether (1 g, 4.6 mmol) in MeOH
(5 ml). The mixture was heated under argon for 6 h at 80 �C,
and 1,3,3-trimethyl-2-methyleneindoline (0.4 ml, 2.25 mmol)
dissolved in MeOH (10 ml) was added. The reaction mixture
was allowed to rest for 2.5 h at 80 �C, cooled, and con-
centrated. Column chromatography repeated two times yiel-
ded 0.43 g (47%) of compound 1a

24 and 26 mg (6%) of
compound 1b. 1H NMR (DMSO-d6 , d, J=Hz): 1.34 (s, 6H,
2CH3); 2.74 (s, 3H, NCH3); 3.20–3.70 (m, 20H,
2NCH2þ 4OCH2); 6.63 [d, 1H, H(7), J¼ 7.8]; 6.85 [t, 1H,
H(5), J¼ 7.5, J¼ 7.5]; 6.90 [s, 1H, H(50)]; 7.13 [m, 2H, H(4),
H(6)]; 7.35 [t, 1H, H(80), J¼ 6.9, J¼ 8.0]; 7.50 [t, 1H, H(90),
J¼ 7.9, J¼ 7.2]; 7.71 [s, 1H, H(20)]; 8.31 [d, 1H, H(70), J¼ 8.1];
8.51 [d, 1H, H(100), J¼ 8.4]. Anal. found (%): C, 70.83; H,
7.46; N, 7.05. Calcd (%) for C32H39N3O5 : C, 70.43; H, 7.20;
N, 7.70.

1,3,3-Trimethyl-6-(1,4,7,10,13-pentaoxa-17-azacyclohex-

adodec-17-yl)spiro{indolino-2,30-[3H]naphtho[2,1-b]oxazine} (1c)

by method A. This compound was prepared in a similar way
from aza-18-crown-6 ether. Yield 3%. 1H NMR (DMSO-d6 ,
d, J=Hz): 1.34 (s, 6H, 2CH3); 2.74 (s, 3H, NCH3); 3.52 (m,
20H, 2NCH2þ 4OCH2); 6.63 [d, 1H, H(7), J¼ 7.8]; 6.85 [t,
1H, H(5), J¼ 7.8, J¼ 7.1]; 6.95 [s, 1H, H(50)]; 7.1–7.19 [m, 2H,
H(4), H(6)]; 7.35 [t, 1H, H(80), J¼ 6.9, J¼ 8.4]; 7.50 [t, 1H,
H(90), J¼ 7.4, J¼ 7.2]; 7.71 [s, 1H, H(20)]; 8.15 [d, 1H, H(70),
J¼ 8.3]; 8.51 [d, 1H, H(100), J¼ 8.1]. Anal. found (%): C,
68.44; H, 6.64; N, 6.72. Calcd (%) for C34H43N3O6�0.5
CH3OH: C, 68.40; H, 7.48; N, 6.93.

4-(1,4,7,10-Tetraoxa-13-azacyclopentadec-13-yl)-1,2-naphtho-

quinone (2) by method B. A mixture of the sodium salt of 4-
sulfo-1,2-naphthoquinone (1 g, 4 mmol) and aza-15-crown-5
ether (1 g, 4.6 mmol) was dissolved in 30 ml of water and
stirred for 6 h at room temperature. At the end of the reaction,
the mixture was extracted into chloroform, the solvent was
evaporated, and the residue was recrystallised from ether. The
yield of 2 was 0.46 g (31%), m.p. 131–146 �C. 1H NMR

(CD3CN-d3 , d, J=Hz): 2.82 [m, 4H, N(CH2)2]; 3.15 (m, 8H,
4OCH2); 3.28 (t, 2H, OCH2); 3.90 (t, 2H, OCH2); 6.1 [s, 1H,
H(3)]; 7.50 [t, 1H, H(6), J¼ 7.5, J¼ 7.5]; 7.6 [t, 1H, H(7),
J¼ 7.5, J¼ 7.8]; 7.83 [d, 1H, H(5), J¼ 7.8]; 8.08 [d, 1H, H(8),
J¼ 7.8]. MS: m=z (Irel.=%) 377 ([Mþ], 7); 216 (59); 173 (100);
172 (87); 171 (41); 159 (83); 158 (85); 145 (37); 129 (62);
115 (42).
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