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ABSTRACT: The study of the complex form
crown-6-ether, diaza-18-crown-6-ether or morp
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ation of 3,3-diphenyl-3H-benzo[f]chromenes containing aza-18-
holine units with alkali, alkaline earth, heavy and transition metal

cations in acetonitrile is reported. The spectroscopic and kinetic behavior of the photomerocyanine isomers of these
chromenes is strongly affected by complexation with a metal cation. In order to interpret some of experimental data, an
ab initio theoretical analysis of photochromic-crown ether and its cation complexes was conducted. The different site
of coordination of mono- and divalent cations to determine the minimum-energy structure of benzochromene
complexes in gas phase as well as in acetonitrile as solvent was explored. The coordination of both carbonyl oxygen
and crown-ether macrocyle with divalent cations in carbonyl-capped structure is found to be the most stable isomer
in gas as well as in condensed media. The crown-containing benzochromenes were studied in liquid-liquid extraction
experiments toward there capacity to transfer metallic salts from water into an organic phase.The high selectivity to
extraction of Agþ was found. Copyright # 2007 John Wiley & Sons, Ltd.
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wiley.com/jpages/0894-3230/suppmat
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anion-‘capped’ complex
INTRODUCTION

Photochromic compounds have received great interest in
the last years due to their application such as ophthalmic
lenses, transparencies, plastic films, promising materials
for the information imaging and storage, etc.1–5 The
development of these photochromic systems is aimed at
the improved photo stability, to obtain higher sensitivity, a
wide choice of operating wavelengths and amplification
capability.6–9 Incorporation of a crown ether moiety,
which is able to bind metal ions into the molecule
skeleton can be explored to tune the photochromic
properties by using a complexation process.10–14 The
approach has been found to be effective for different kinds
of photochromic compounds.15,16 The synthesis and
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investigation of the benzochromenes containing iono-
phoric groups have not been enough studied, there are
only few papers on this topic.17–19

In the present paper the series of the benzochromenes
1a-c containing morpholine, aza- and diaza-18-crown-6
ethers have been prepared and studied. The synthesis and
first results toward the photochromic properties of the free
compound 1b and its complex with Naþ cation were
described in ref.19 The ability of aza – and diazacrown
ethers to form complexes with different kinds of metal
cations is well-known.20 We investigated the complex
formation with alkali, alkaline earth, heavy and transition
metal cations and analyzed what structure of the complex
forms for each type of metal cations and how the
formed complex influences the spectral and photochro-
mic properties of benzochromenes 1a-c. The structural
variation of the benzochromene plays an important role
in the understanding of the observed phenomena. The
results presented in this contribution substantially extend
J. Phys. Org. Chem. 2007; 20: 469–483
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the knowledge and understanding of possibility to apply
the ionophoric fragments in this type of benzochromene
for the modification of the spectral and photochromic
characteristics.
Figure 1. Structure of molecule 1a. Atomic thermal ellip-
soids are drown on 50% probability level
RESULTS AND DISCUSSION

Synthesis

The compounds were synthesised according to the
three-step procedure19 represented in Scheme 1. The
structures attributed to 1a-c were confirmed by 1H NMR
spectroscopy data, mass-spectrometry and elemental
analysis (experimental data were presented in short
report21).
Crystal structure of 1a

Themolecule structure of 1a and atom numbering scheme
are shown in Fig. 1. Bond lengths and separated bond
angles are given in Supplementary materials (in Tables
S1, S2).

All geometric parameters of molecule 1a correspond to
standard values. The naphthalene fragment has commonly
observed bond length distributions; in each of six-membered
rings two bonds [C(4)—C(13) 1.388(3), C(11)—C(12)
1.372(2), C(6)—C(7) 1.370(3) and C(8)—C(9) 1.358(4) Å]
are somewhat shortened compared to others varying from
1.394(4) to 1.430(3) Å.
Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
The ethylene bond C(2)—C(3) is essentially shortened
[1.324(2) Å]. The oxygen-containing six-membered ring
has a sofa conformation. Atoms C(2)—C(3)—C(4)—
C(13)—O(1) lie in the same plane, whereas C(1) deviates
by 0.393 Å from this plane. The corresponding bent angle
composes 27.28. The C(19). . .C(24) benzene ring has a
pseudo-axial orientation, whereas the C(25). . .C(30) ring,
a pseudo-equatorial orientation.

The morpholine ring adopts a chair conformation, with
the bent angles equal to 52.7 and 51.48 for the N and O
angles, respectively.

The structure of 1a does not contain an ‘active’ proton
and its crystal packing has no specific weak interactions.
1
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Table 1. Absorption maximum of the initial closed (lCF,nm)
and photoinduced merocyanine (lMF,nm) forms, and con-
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All the interatomic contacts correspond to the van der
Waals interactions.
stant of the thermal relaxation of the colored form
(kMF-CF,s

�1) of 1a-c and its complexes with different metal
cations; CLig¼ 2� 10�4mol/l, CLig/CMet¼1/100 in MeCN,
L¼1 cm; irradiation with light at l¼ 365nm

Chromene
Metal
cation

lCF,
nm

lMF,
nm kMF-CF,s

�1

1a 355 422 0.5
Liþ 355 420 0.17
Naþ 355 420 0.13
Mg2þ 360 460 0.024
Sr2þ 355 420 0.16
Ba2þ 355 420 0.15
Agþ 365 462 0.39
Cd2þ 360 467 0.30
Pb2þ 365 465 0.67

1b 355 420 0.094
Liþ 360 450 0.008
Naþ 360 440 0.013
Mg2þ 365 470 0.16
Sr2þ 360 470 0.0021
Ba2þ 360 460 0.0057
Agþ 365 460 0.26
Cd2þ 365 495 0.0042
Pb2þ 360 500 0.005

1c 360 405 0.08
Liþ 360 440 0.042
Naþ 360 430 0.015
Mg2þ 360 470 0.13
Sr2þ 360 465 0.011
Ba2þ 360 450 0.0005
Agþ 355 460 0.13
Cd2þ 360 490 —
Pb2þ 360 490 0.006
Complex formation and phototransformation

Compounds 1a-c in MeCN exhibited very similar UV/Vis
absorption spectra. The addition of equimolar amount
of Mgþ2, Srþ2, Baþ2, Agþ, Cdþ2, Pbþ2 to a solution of 1b
leads to the small bathochromic shift up to 5–10 nm of the
long wavelength band, indicating that metal cation is
bound by the macrocyclic unit of 1b,c (Scheme 2). In
contrast, the absorption spectrum of 1a was affected only
at a high metal cation concentration (0.1mol � dm�3) (the
effect of large amount of metal cations on spectral
characteristics are shown in Table 1).

UV irradiation of 1a-c in MeCN results in the
appearance of a broad absorption band in the visible
region, which was assigned to the merocyanine isomer
(Scheme 3). The dark ring-closure reaction for mer-
ocyanine isomers PM1a-c occurs with a rate constant
kMF-CF of about 0.05, 0.094, 0.08 s�1 respectively and
resulted in the initial chromene. The presence of the metal
cation in the solution of photomerocyanine form leads to a
significant change in the dark lifetime of PM1a-c and
causes the strong shifts in their absorption spectra,
indicating that these compounds are able to bind metal
cations (Fig. 2, Table 1).

The addition of the alkali, alkaline earth metal cations
does not affect the position of the long wavelength
maximum of PM1a, except Mg2þ. The shift of the
band to the long wavelength region up to 40 nmwas found
in the last case. The similar shifts were found
when Agþ, Cdþ2, Pbþ2 were added to the solution
of PM1a. In the presence of alkali, alkaline earth metal
cations, mentioned metal cations Agþ and Cdþ2 the
constant of thermal relaxation of the PM1a decreases.
The complex formation of the PM1a can occur through
the formation of the coordination bond between metal
cations and carbonyl oxygen atom. As we showed early,
this type of the coordination is very weak.22

In the merocyanine form of benzochromenes 1b,c there
are two places for the coordination of metal cations:
crown ether fragment and carbonyl oxygen atom.

The addition of all listed metal cations to the solution
of PM1b,c leads to the substantial bathochromic shift
(20–80 nm) of the long wavelength band. The analysis of
Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
the influence of metal cations on the kinetic of thermal
relaxation of 1b,c allows us to divide the studied cations
into 3 groups. In the presence of small monovalent cations
(Liþ, Naþ) rate constant kMF-CF of the dark ring-closure
reaction for merocyanine isomer decreases. So as the
size of the cation is too small in comparison with the size
of aza-18-crown-6 ether cavity, the formation of an
inclusion complex with crown ether fragment is not
possible. It is obvious, that the formation of the
coordination bond between Liþ or Naþ and carbonyl
oxygen atom similar to 1a can be anticipated. The
coordination causes the stabilisation of the open form
(Table 1, Scheme 5).
2
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Scheme 3

Figure 2. UV/Vis spectrum of PM1b in acetonitrile: (1) -free PM1b; (2) -in the presence of Mg(ClO4)2; (3) -in the presence of
Ba(ClO4)2; (4) -in the presence of Pb(ClO4)2, prepared by irradiation of solution with light at 365 nm; [CL]¼ [C2þ

M ]¼ 2�10�4mol/L
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The metal cations Mgþ2 and Agþ belong to the second
group. They decrease the stability of the open form (Table
S1 of the supplementary materials). For these cations the
preferred place for binding in 1b,c is the crown ether
cavity (Scheme 6). The presence of metal cation into the
composition of merocyanine open form causes the
polarisation of open form. The ring-closure reaction
should be accelerated in polar molecule.

The formation of a 1:1 complex between open form of
1b,c and Ba2þ, Cd2þ and Pb2þ is accompanied by a large
bathochromic effect and the substantial decrease of the
rate constant for dark ring-closure reaction. To explain
the results we suggested the formation of the carbonyl-‘
capped’ complex of metal cation located in crown ether
cavity with carbonyl oxygen atom (Scheme 6). Only the
Scheme 4

Copyright # 2007 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2007; 20: 469–483
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participation of both coordination centers gives sub-
stantial changes in the UV spectra as well as remarkable
stabilisation of open merocyanine form. The formation of
the carbonyl-‘capped’ complex was found early for the
crown-containing spironaphthoxazines.11,14,23

To analyse the formation of ‘carbonyl’ capped com-
plexes the kinetics of ring-closed reactions of this
complexes were carefully studied at equimolar ration
between ligand and metal cations (Table 2). In case of 1b,
the effect depends on the nature of metal cations; it is
larger for Pb2þ than for Ba2þ. We found that in the
presence of Pb2þ PM1b and PM1c exhibit similar values
for kMF-CF�s�1 (0.00035 and 0.00054, see Table 2).
Whereas, the open form of Ba2þ complex of PM1c is
much more stable than those of PM1b (0.0016 and
c



Scheme 5

Table 2. Effect of the Mg2þ, Ba2þand Pb2þ presence on the
rate constant kMF-CF/s

�1of dark ring-closure reaction, CLig¼
2� 10�4mol/l, CLig/CMet¼ 1/1 in MeCN, L¼1 cm; irradia-
tion with light at l¼365 nm

Mg2þ Ba2þ Pb2þ

1a 0.5 0.44 0.18 0.12
1b 0.094 0.49 0.0016 0.00035
1c 0.08 0.19 0.00034 0.00054
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0.00035 accordingly, see Table 2). We believe that in the
complex of PM1c with Ba2þ the carbonyl atoms of both
photomerocyanine units participate in the formation of
carbonyl-‘capped’ complex, whereas, in the carbonyl-
‘capped’ complex of PM1b Ba2þ forms only one
coordination carbonyl-metal bond (Schemes 6 or 7). In
contrast, for the complexes of PM1b and PM1cwith Pb2þ

the magnitudes of kMF-MFs
�1 are similar to each other,

what suggest the participation of only one photomer-
ocyanine unit of PM1c in the formation of carbonyl-
‘capped’ complex with Pb2þ (Scheme 7).

Molecular orbital calculations

To achieve a fundamental understanding of the interaction
between the photochromic component and cationic guest,
we have undertaken an ab initio theoretical analysis of
photochromic crown ether and its cation complexes. The
Scheme

Scheme

Copyright # 2007 John Wiley & Sons, Ltd.
main goals of the theoretical study are (i) to predict
the site of coordination of the cations in the merocyanine
isomer of 1a and 1b and calculate the binding energies;
(ii) to determine the influence of metal cations on the
electronic and optical properties of the photomerocyanine
form. The calculated bond lengths (in Å) for TC isomer
of PM1a, PM1b and its metal complexes, relative
energies (in kcal/mol) of the low-energy conformational
isomers of PM1a,b-Mþ and PM1a,b-M2þ complexes at
different levels of theory (A¼H/6-31G, B¼B3LYP/
6-31G//HF/6-31G and C¼B3LYP/6-31G//HF/6-31G in
acetonitrile) presented in Tables S1–S5 (in Supple-
mentary materials).

Energies and molecular structures. It is well known
that opened isomer of benzochromene can exist as
trans-cis (TC) or trans-trans (TT) isomers.24 It was
proved experimentally24 and by calculations18 that TC
isomer was the most stable isomer for the unsubstituted
benzochromene, that is 3,3-diphenyl-3H-benzo[f]chro-
mene. In order to confirm that this result is general in
this series we performed geometry optimisation of both
6

7
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TC and TT isomer of PM1a and PM1b. Calculations
indicate that TC isomer is most stable than TT by 3.4
and 1.4 kcal �mol�1 for PM1a and PM1b compounds,
respectively (B3LYP/6-31G//HF/6-31G). On the basis of
this result and for the sake of simplicity, all calculations
were restricted to the TC isomer in the following although
it cannot be excluded that both isomers can be present at
room temperature when complexation with cation occurs.
Uncomplexed TC isomers of PM1a and PM1b.
The optimised geometry of the TC isomers of PM1a
and PM1b are displayed in Fig. 3. Two minima
conformations were obtained for the morpholine group:
the chair like, PM1ac, is found more stable than the twisted
boat, PM1ab, conformation by 7.9 kcal/mol (B3LYP/
6-31G//HF/6-31G calculations). Although this calculation
was performed on the merocyanine form, it can be antici-
pated that similar preference for chair like conformation
should be obtained in the closed form which is consistent
with X-ray crystallographic geometric structure of 1a shown
in Fig. 1. However, both conformations of the morpholine
group were considered in the following to study the ability
of 1a merocyanine to bind a cation since boat like
conformation allows the coordination of both nitrogen and
oxygen atoms by the cation.
Figure 3. Ab initio optimised geometry for various conformation
1b. The relative energies given in bracket (in kcal �mol�1) are ca

Copyright # 2007 John Wiley & Sons, Ltd.
Previous studies of 18-crown-6-ether showed that two
isomers among the many low-energy conformations can
be considered at room temperature: the Ci symmetry
isomer and the D3d isomer (see Fig. 4). It is well
established that the Ci isomer is the global minimum in
the gas phase whereas D3d isomer is most stable in polar
solvents. This result was in agreement with our
calculations in gas phase (the Ci isomer is found more
stable than D3d by 10.4 kcal �mol�1 at B3LYP/6-31G//
HF/6-31G level of calculation) but only partially confirm
in condensed medium since PCM model of solvation is
able to obtain a valid approximation of solvent effects as
long as no specific interactions (such as hydrogen bonds)
between solute and solvent molecules occurs. Indeed, the
free energy of solvation in acetonitrile is found þ0.34
and �4.43 kcal �mol�1 for Ci and D3d, respectively.
Moreover, the D3d isomer has a cavity most suitable
for interactions with cationic guest. Substitution of
18-crown-6-ether by PM1b reduces the symmetry
from Ci to C1 and produces three isomers by substituting
the endocyclic heteroatoms, i and ii and the exocyclic iii
heteroatom by the nitrogen atom (see Fig. 4). Substitution
of D3d isomer of 18-crown-6-ether by PM1b reduces
symmetry of the parent macrocycle to C1. Structures
of PM1b-D3d, PM1b-Ci, PM1b-Cii and PM1b-Ciii pre-
sented in Fig. 3 illustrate the respective optimised
structures of the TC merocyanine of benzochromens 1a and
lculated at B3LYP/6-31G//HF/6-31G level of levels

J. Phys. Org. Chem. 2007; 20: 469–483
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Figure 4. Ci a) and D3d b) symmetry isomers of
18-crown-6-ether

Scheme 8
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geometries. Fig. 3 reveals that the PM1b-Ciii is the most
stable isomer. In this isomer, the aromatic benzochro-
mene is found located just above the macrocyle in a
conformation which prevents a good interaction with
cationic guest. Therefore, although the PM1b-D3d con-
formational isomer is not the most stable in gas phase, we
consider for the study of the PM1b complexes only
the D3d conformation of the macrocyle since the shape of
the cavity allows a better interaction with cations. (see
Figures 5 and 6)

The geometry of the TC merocyanine isomer can be
characterised by analysing the extent of bond length
alternation (BLA)18 in the conjugated bridge connecting
the donor C1 carbon and the acceptor carbonyl groups
(C5-O6), which reflects the relative weights of the neutral
polyenic and zwitterionic structures in the valence bond
(VB) resonance hybrid (Scheme 8). The BLA parameter
is defined as the difference between the average length of
the ‘single’ bonds and that of the ‘double’ bonds. The
‘single’ and ‘double’ bonds were identified by reference
to the neutral VB structures, so high positive (negative)
value of the BLA parameter indicates predominance
of the neutral (zwitterionic) mesomeric structure. A
Figure 5. Ab initio optimised geometry of the various possible str
bracket (in kcal �mol�1) are calculated with B3LYP/6-31G//HF/6-3

Copyright # 2007 John Wiley & Sons, Ltd.
vanishing BLA parameter, on the other hand, shows a
cyanine-like structure characterised by similar weights of
the two forms.

On this basis, the calculation results (given in Tables
S5, S6 of Supplementary materials) pointed out that TC
isomer of PM1a and PM1b adopts a neutral rather than
zwiterrionic form in the ground state. The BLA value
is found in the range between 0.230 Å and 0.238 Å
suggesting that the morpholine and crown ether substi-
tuents have got a little influence on the geometric and
electronic structures of the conjugated bridge. A direct
consequence of this result is that the free TC isomer
of PM1a and PM1b should have similar maximum
absorption properties (vide supra) as indicated from
experiment findings.

TC isomer of PM1a and PM1b complexes
with Liþ, Naþ, Mg2þ, Ba2þ and Pb2þ. The mono-
or divalent cation can coordinate with carbonyl oxygen of
the merocyanine form (complexes are named PM1ac-O
or PM1ab-O) or with morpholine substituent through the
participation of oxygen and nitrogen atoms (struc-
tures PM1ac-Mor and PM1ab-Mor). A third type of
uctures PM1a complexes of Liþ. The relative energies given in
1G levels

J. Phys. Org. Chem. 2007; 20: 469–483
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Figure 6. Ab initio optimised geometries of the PM1b complexes with Liþ, Naþ, Mg2þ, Ba2þ and Pb2þ. The relative energies
given in bracket (in kcal �mol�1) are calculated with B3LYP/6-31G//HF/6-31G levels
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coordination involves the interaction of the cation
with the carbonyl oxygen and morpholine substituent
resulting a bridged structure (structures PM1ac-bridged
and PM1ab-bridged). As the morpholine group can adopt
a chair or boat like conformation, the combination of
the site of coordination and the conformation of the
morpholine group leads to six possible different structures
Copyright # 2007 John Wiley & Sons, Ltd.
of complex. The relative energy calculated at HF/6-31G
and B3LYP/6-31G//HF/6-31G levels are presented
(in Supplementary materials in Table S5). The results
of the calculations clearly show that the bridged
complexes, PM1ac-bridged and PM1ab-bridged are
considerably more stable than all the other isomeric
complexes in gas phase. For example, the predicted
J. Phys. Org. Chem. 2007; 20: 469–483
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relative stability of PM1a-Liþ complexes are found in
the order: PM1ab-bridged< PM1ac-bridged< PM1ac-
O< PM1ab-O< PM1ab-OMor < PM1ac-OMor.

The boat like conformation of the morpholine group
leads to better interaction with cation since this confor-
mation allows an interaction with both the oxygen
and nitrogen. Therefore, the PM1ab isomer is almost
5 kcal/mol more stable than the corresponding PM1ac
complex.

Analysis of the dipole moment of the optimised
complexes in gas phase reveals strong variations of
such properties as function of the site of complexation.
For example, the PM1ac-Mor complex exhibits very
strong dipole moment (32.7 Debye) while PM1ac-bridged
has low polarity (4.2 Debye). It can be expected
that PM1ac-Mor could be more stabilised by solvent
effect than PM1ac-bridged complex. Therefore, calcu-
lations including the solvent effect with a continuum
model (the explicit molecule of solvent has not been
taken into account due to the prohibitive cost in time
calculation) has been undertaken to estimate the solvent
effect on the relative energy of the complexes. Consistent
with our prediction, inclusion of solvent effect introduces
relevant changes to the relative energy of the isomers.
The most stable isomer in acetonitrile is the com-
plex PM1ac-Mor in which oxygen atom of morpholine
group participates in formation of coordination bond
(Table S5 in Supplementary materials).

The interaction of cation with TC isomer of PM1b can
lead to the formation of three different structures. Indeed,
the cation can coordinate only with crown-ether moiety
(complex labelled as PM1b-Cw), with carbonyl atom
oxygen (complex PM1b-O) or with both carbonyl atom
and macrocylic moiety (complex PM1b-capped). The
relative energies of these complexes are compiled (in
Table S6 in Supplementary materials). It was shown
that the PM1b-capped complex is the most stable minima
in gas phase. Complex PM1b-O was found to be
considerably less stable than those with participation of
crown ether PM1b-Cw. A calculation was performed
for PM1b-Liþ, PM1b-Naþ and PM1b-Mg2þ complexes.
In all cases PM1b-O structure is less stable by 33.0, 37.2
and 61.3 kcal/mol in comparison with PM1b-capped
complex for Liþ, Naþ, Mg2þ respectively. It can also
be noted the PM1b-O minima were not found with
divalent Ba2þ and Pb2þ cations and the optimisation
procedure converges toward capped complexes. The
complexation of metal cation with macrocycle (struc-
ture PM1b-Cw) leads to less stable minimum in gas and
solvent phases. However, divalent cations indicate strongest
preference for capped structure (the PM1b-Cw complex is
higher in energy than PM1b-capped complex by 30kcal/
mol) while the monovalent cation shows a less pronounced
preference for PM1b-capped structure. For example,
the PM1b-Cw complex obtained for Naþ is less stable
than PM1b-capped complex by only 5.7 and 0.4 kcal/mol in
gas and condensed phases, respectively.
Copyright # 2007 John Wiley & Sons, Ltd.
Coordination of cation with carbonyl oxygen atom
in PM1a-O, PM1b-O, bridged and carbonyl-capped
complexes leads to the pronounced variations of the
conjugated pathway of the merocyanine. The shortening
of the C2—C3, C4—C5 bond is accompanied by an
increase of the C1—C2 and C3—C4 bond lengths. As a
consequence of these geometric variations, the results (in
Table S4 of Supplementary materials) indicate that
bond-length alternation decreases upon cation complexa-
tion, that is, the contribution of the neutral VB structure
becomes lower on moving from uncomplexed to
complexed TC isomers.

Calculations show that the BLA index of PM1b-capped
complexes continuously decreases in the series of cations
from Liþ to Pb2þ. This suggests that the increase in the
charge of cation as well as its atomic radius leads to
greater interaction with the crown ether and carbonyl
group of merocyanine. One can notice that the calculated
distance between cation and oxygen atoms in 1b-capped
structure reveals a stronger interaction with oxygen of
carbonyl group than of crown ether oxygen. For example,
the Pb2þ. . ..O-carbonyl distance is found 2.277 Å and the
average Pb2þ. . ..O-crown ether distance is 2.803 Å.
Analysis of Mulliken charge shows that this interaction
is the result of charge transfer between cation and
carbonyl oxygen atom: the net charge on carbonyl-
oxygen atom is found -0.67 e and -0.52 e in 1b-capped
and 1b-Cw, respectively. The calculated BLA for 1b-Cw

complexes do not show the same trend as for 1b-capped
and this index seems to depends only on the formal charge
of the cation. The monovalent cation induces very weak
changes in BLA when compared to uncomplexed
structure (0.2 Å with Liþ and Naþ) while the divalent
cation leads to 0.15 Å value.

As the optical properties strongly depends on the
geometry of the conjugated path,18 it can be concluded
from analysis based on BLAvalues that complex formation
with mono-valent cation does not cause strong shift in the
maximum absorption in PM1b-Cw and PM1b-capped
structures while divalent-cation coordination induces
strong bathochomic shift in PM1b-capped structure.

Binding energies of PM1b with cations. Accurate
binding energy calcualtions is beyond the scope of
this study. The binding energy of metal cation with
18-crown-6-ether was also calculated at the same level of
calculations for comparison. It is interesting to note that
the binding energies of PM1b-Cw TC complexes are
consistently stronger than those for the complex with
participation of crown ether moiety, adding 10 to 34 kcal/
mol to the stability of the interaction (Table S7 in
Supplementary materials). This result can originate in the
strong N-donor property. Evidently, divalent cations
exhibit strongest binding energy than in case of mono-
valent one and the magnitude of binding energy decreases
on the radius of the cation increases. In the gas phase, the
binding energies values were found to increase in the
J. Phys. Org. Chem. 2007; 20: 469–483
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Figure 7. Plots and energies (eV) of HOMO and LUMO
orbitals in the complex of TC isomer of 1bwith Ba2þ (capped
geometry)
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order: Naþ<Liþ<Ba2þ<Pb2þ<Mg2þ. This result is
best understood by considering the fact that the hardness
of the cation decreases as the radius increases.
For PM1b-capped complexes, the binding energies values
were calculated to 5 to 30 kcal �mol�1 lower than that
calculated for PM1b-Cw. This suggests an additional
interaction in PM1b-capped complex through charge
transfer between the cation and the oxygen of the
carbonyl group. Finally, on the basis of binding energy
analysis, one can class the cation according to their
affinity toward the crown-ether and susbstituted chro-
mene in the following way: Mgþ2> Pbþ2>Baþ2>
Liþ>Naþ.

Theoretical electronic spectrum and molecular
orbital analysis. The calculated maximum of the
absorption long wavelength bands of the TC open
merocyanine form of PM1a and PM1b and their 1:1
complex with Liþ, Naþ, Mgþ2, Baþ2 and Pbþ2 cations
(are listed in Table S10 of Supplementary materials).

The uncomplexed TC isomer of PM1a shows a strong
absorption at 415 and 420 for the chair and twisted-boat
conformation of morpholine group, respectively. Both
values agree well with the experimental finding at
422 nm. The strong absorption for TC isomers of PM1b;
that is PM1b-D3d, PM1b-Ci, PM1b-Cii and PM1b-Ciii;
are ranging between 407 and 419 nm which match well
with the experimental value (420 nm). The results
indicate that the combination of HF/6-31G optimised
geometry with B3LYP functional for TDDFT calcu-
lations is a methodology making it possible a high degree
of accuracy in excitation energies with a reasonable
computing time.

It is shown that complexation of carbonyl oxygen atom
with Liþ in PM1a-O and in bridged structures, PM1a-
bridged, induces strong bathochromic shift. The maxi-
mum absorption is calculated at 461 nm and 478 nm for
(PM1ac-O)�Liþ and (PM1ab-bridged)�Liþ complexes
respectively. On the contrary, the complexation of oxygen
of morpholine group does not lead to significant shift
as compared to uncomplexed merocyanine. The maxi-
mum absorption bands for (PM1ac-M)�Liþ and (PM1ab-
M)�Liþ are calculated at 439 and 452 nm respectively.
The experimental data indicate no shift in the maximum
absorption band when PM1a is irradiated in the presence
of lithium or sodium cations. Thus, the results based on
excitation energy calculations suggest that the complexa-
tion of the monovalent cation involves the morpholine
group rather than the merocyanine part of the system.
This hypothesis is consistent with the relative energies of
the complexes found in solvent and discussed in previous
section.

Coordination of the PM1b existing in the merocyanine
form with cation leads to the bathochromic shift in the
maximum absorption calculated as being a HOMO -
!LUMO transition. These orbitals are mainly deloca-
lised on the conjugated skeleton of the merocyanine form;
Copyright # 2007 John Wiley & Sons, Ltd.
see for example the HOMO and LUMO orbitals of capped
complexe between 1b and Ba2þ displayed in Fig. 7.
However, this shift strongly depends on the structure of
the complex and the found order is PM1b-Cw< PM1b-
capped< PM1b-O. For PM1b-Cw complex, the calcu-
lated lowest excitation energies are in a very good
agreement with experimental data and only system-
atically underestimate is by 10 nm. According to the
calculation the crown ether complexation by mono- or
divalent cation in PM1b-Cw do not cause significant
changes in the maximum absorption contrary to the
experimental findings. On the other hand the coordination
of the carbonyl oxygen in 1b-O complexes induces too
strong bathochromic shift of the maximum absorption
when compared to experimental data. Therefore both
energetic and spectroscopic results suggest that the
coordination of carbonyl oxygen atom by cation in 1b-O
can be ruled out.

Coordination of the metal to the oxygen of the
merocyanine form in the capped complexes induces
a bathochromic shift by 12 nm, 15 nm and 31 nm
for Mg2þ, Ba2þ and Pb2þ respectively. The maximum
absorption are calculated at 455 nm, 450 nm, 495 nm,
498 nm and 515 nm with Naþ, Liþ, Mg2þ, Ba2þ and Pb2þ

cations, respectively. These values are in good agreement
with experimental data reported in Table 3. The bath-
ochromic shift can be relied to the quinoidal deformation
of the merocyanine type structure upon oxygen com-
plexation which raise the HOMO energy orbital and lower
the LUMO energy orbital. A relatively good correlation
between HOMO-LUMO gap energies and the maximum
absorption is obtained as shown in Fig. 8.
Liquid-liquid extraction properties of the
benzochromenes 1b,c

The extraction capabilities of the azacrown ethers were
tested in aqueous solution of various types of metal
cations and counter ions and by using of different organic
phases.

The extraction ability of azacrown ether ligands depends
on the acidity of the solution. Thus, in the presence of
J. Phys. Org. Chem. 2007; 20: 469–483
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Table 3. Calculated maximum absorption long wavelength of the TC isomers for PM1a and PM1b compounds

Complex PM1a

lmax

Complex PM 1b

lmax

calclulated Experi-mental calclulated Experi-mental

PM1a — 422 PM 1b — 420
PM 1ac 415 — PM 1b-D3d 412 —
PM 1ab 420 — PM 1b-Ci 414 —
PM 1a �Liþ — 420 PM 1b-Cii 419 —
(PM 1ac-O) �Liþ 461 — PM 1b-Ciii 407 —
(PM 1ac-M) �Liþ 439 — PM 1b �Liþ — 450
(PM 1ac-bridged) �Liþ 483 — (PM1b-Cw) �Liþ 447 —
(PM 1ab-O) �Liþ 461 — (PM 1b-O) �Liþ 471 —
(PM 1ab-M) �Liþ 452 — (PM 1b-capped) �Liþ 455 —
(PM 1ab-bridged) �Liþ 478 — PM 1b �Naþ — 440
PM 1a �Naþ — 420 (PM 1b-Cr) �Naþ 446 —
(PM 1ac-O) �Naþ 443 — (PM 1b-O) �Naþ 457 —
(PM 1ac-M) �Naþ 436 — (PM 1b-capped) �Naþ 450 —
(PM 1ac-bridged) �Naþ 471 — PM 1b �Mgþ2 — 470
(PM 1ab-O) �Naþ 440 — (PM 1b-Cr) �Mgþ2 484 —
(PM 1ab-M) �Naþ 448 — (PM 1b-O) �Mgþ2 527 —
(PM 1ab-bridged) �Liþ 466 — (PM 1b-capped) �Mgþ2 495
PM 1a �Mgþ2 — 460 PM 1b �Baþ2 — 460
(PM 1ac-O) �Mgþ2 540 — (PM 1b-Cr) �Baþ2 480 —
(PM 1ac-bridged) �Mgþ2 438 — (PM 1b-capped) �Baþ2 498 —
(PM 1ac-M) �Mgþ2 543 — PM1b � Pbþ2 — 500
(PM 1ab-bridged) �Mgþ2 533 — (1b-Cr) � Pbþ2 484 —
PM 1a �Baþ2 — 420 (PM 1b-capped) � Pbþ2 515
(PM 1ac-O) �Baþ2 602 — — — —
(PM 1ac-M) �Baþ2 386 — — — —
(PM 1ab-bridged) �Baþ2 546 — — — —
PM 1a � Pbþ2 — 465 — — —
(PM 1ac-M) � Pbþ2 562 — — — —
(PM 1ab-bridged) � Pbþ2 547 — — — —
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protons the formation of protonated form of 1b,c which is
not able to bind metal cations was observed. The results
indicate that the most effective extraction was found at pH
6.2 (Fig. S1 in Supplementary materilas shows the pH
dependence of Agþ extraction). The following experiments
were carried out at this condition.

In order to obtain the selectivity of ligand 1b,c towards
metal ion the extractability of metal salt Csþ, Agþ,
Zn2þ and Eu3þ was carried out in the system metal
salt-NaClO4-MES/NaOH buffer 6.2/ligand-CHCl3. The
results were shown in Fig. 9a. As expected the ligands
Figure 8. Correlation between the calculatedmaximumabsorption

Copyright # 2007 John Wiley & Sons, Ltd.
1b,c show very high extractability against the soft Agþ.
Whereas, Csþ, Zn2þ and Eu3þ were not conveyed by this
ligands into the organic phase. Ligands 1b,c exhibit
different Agþ extraction results according to the number
nitrogen donor atoms in the crown ether fragment. The
extraction of Agþ with the one nitrogen atom containing
1b is among 4%. Whereas ligand 1c, which provides
two nitrogen atoms, extract of Agþ significant better
with 90%.

Further, competitive Agþ extraction experiments with
an equimolar addition of Cu(ClO4)2, Hg(ClO4)2 or
(in nm) of TC isomer for 1b and the HOMO-LUMOgap (in eV)
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Figure 9. a) Extraction of Csþ, Agþ, Zn2þ and Eu3þ; b) extraction of Agþ in the presence of Pb2þ, Cu2þ and Hg2þ;
[M(ClO4)n]¼ 1�10�4M and [NaClO4]¼ 5�10�3M; [ligand]¼1�10�3M in CHCl3; MES/NaOH buffer pH¼6.2

Figure 10. Extraction of Agþ with ligands 1b,c depending on ligand concentration [AgClO4]¼1�10�4M,
[NaClO4]¼ 5�10�3M; [ligand]¼ 5�10�4–2.5�10�3M in CHCl3; MES/NaOH buffer pH¼ 6.2
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Pb(ClO4)2 were preformed, where the distribution of Agþ

was monitored. As shown in Fig. 9b, the presence of the
listed metal ions does not influence the results of the Agþ

extraction. The results demonstrate the high selectivity
toward Agþ.

Details of the extracted metal complexes composition
in the organic phase could be achieved by slope analysis
of lg DM–lg cL(org) diagram. Results of such experiments
are shown for Agþ extraction with ligands 1b,c in Fig. 10.
Table 4. The extraction % of Agþ in presence of different
[NaClO4]¼ 5�10�3M, [NaNO3]¼5�10�3M and [HPic]¼5�10�3M
organic solvents, [Agþ]¼1�10�4M, [NaClO4]¼ 5�10�3M; MES/N

Ligand

extracti

In CDCl3

AgPic AgClO4 AgNO3 CHCl3 C6H5N

1b 29 3.7 1 3.7 21.9
1c 83 90.2 18 90.2 99.4

Copyright # 2007 John Wiley & Sons, Ltd.
The straight line slopes for ligands 1b and 1c point out
that the ligands form 1:1-complexes with Agþ under the
chosen conditions.

The nature of anions influences on extraction is
presented in Table 4. The ion, which passes into organic
phase, must be firstly dehydrated in aqueous phase.
Thereby lowly hydrated hydrophobic picrate anion is
favoured, while highly hydrated, hydrophilic anion nitrate
complicates the extraction. These is confirmed by the
counter ions [AgClO4]¼1�10�4M, [AgNO3]¼1�10�4M;
respectively; [ligand]¼1�10�3M in CHCl3; and for different
aOH-buffer pH¼ 6.2, [ligand]¼1�10�3M, 258C

on % of AgX

AgClO4

O3 C2H4Cl2

C2H4Cl2
(on sun light)

C2H4Cl2
(irradiation at 254 nm)

28.0 3.7 4.1
99.3 90.2 90.6
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Scheme 9
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obvious decrease of Agþ extraction from picrate to nitrate
(see data in Table 4).

An important influencing factor on extraction equi-
librium is the nature of employed solvent. Polar solvents
usually lead to increase of the extraction, because the
extracted ion pair is better stabilised in the more polar
organic phase. In Table 4 it is shown, that extractability
of Agþ with ligands 1b,c in chloroform is clearly lower
than in more polar solvents nitrobenzene and 1,2
dichlorethane.25

The influence of light on extraction of Agþ was
analyzed (Table 4). The sun light or irradiation of the
solution containing ligands slightly decreased the
extraction ability of both ligands 1b,c. In principal, the
results are in agreement with the facts obtained by UV-
spectroscopy and flash-photolysis method. Thus, Agþ

forms the complex through the crown ether fragment. The
open merocyanine form exists as mixture of quinoid and
betain forms. The presence of positive charge in betain
form prevents the introducing of metal cation into the
molecule. It means that the transformation to the open
form decreases the ability of photochromic ligand to bind
the metal cations (Scheme 9).
CONCLUSIONS

Thus, the study demonstrates that the spectroscopic and
kinetic behavior of the photomerocyanine isomers of the
chromenes 1a-c is strongly affected by complexation with
metal cations. In the photomerocyanine form of
compounds 1b,c the formation of carbonyl-‘capped’
complexes with Ba2þ and Pb2þ was found.

We have explored the different site of coordination of
mono- and divalent cations to determine the minimum-
energy structure of PM1a and PM1b complexes in gas
phase as well as in acetonitrile as solvent. With regard to
the PM1a merocyanine isomer, the cation coordinates
with both carbonyl oxygen and morpholine group in a
bridged structure in gas phase, while most probably, the
morpholine substituent is complexed by the cation in
condensed medium. Concerning the PM1b merocyanine,
the coordination of both carbonyl oxygen and crown-
ether macrocyle with divalent cations in carbonyl-capped
structure is found to be the most stable isomer in gas as
Copyright # 2007 John Wiley & Sons, Ltd.
well as in condensed media. The preference for capped
structure with mono-valent cation such as Liþ and Naþ is
less pronounced and the coordination of only crown-ether
moiety by sodium cation can be even favoured in
condensed medium.

The extraction of Agþ were found from aqueous
solution to organic phase in present of benzochromene
1b,c. The presence of two nitrogen atoms increases the
extraction ability of the ligand. The extraction process
was found to be of high selectivity. It is possible to
extract Agþ from mixtures containing alkali, transition
and heavy metal cations.
EXPERIMENTAL

Reagents and chemicals

The ligands 1a-c were prepared as described in.19,21

Anhydrous MeCN, LiClO4, NaClO4, CsClO4,
Mg(ClO4)2, Sr(ClO4)2, Ba(ClO4)2, AgClO4, Cd(ClO4)2,
Hg(ClO4)2, Cu(ClO4)2, Pb(ClO4)2, Zn(ClO4)2 and
Eu(ClO4)3 (Aldrich) were used as received.

X-ray diffraction analysis. Crystals of the compound
suitable for X-ray crystallography were grown by slow
evaporation from acetonitrile solutions. The structure was
solved by direct methods and refined by full-matrix
least-squares on F2 in anisotropic approximation for all
non-hydrogen atoms. The hydrogen atoms were calcu-
lated geometrically and refined using the ‘riding’ model.

The Bruker SAINT program26 was used for data
reduction. The SHELXTL-Plus27 software was used for
the structure solution and refinement. Crystallographic
data and structure solution and refinement parameters are
given in Table S3 (of Supplementary materials). Crystal-
lographic data (excluding structure factors) for the
structure have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publi-
cation no CCDC 245027. Copy of the data can be
obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: (þ44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk).

UV/Vis spectroscopy and kinetic
measurements

UV/Vis absorption spectra were recorded with a spectro-
meter «USB2000» (kinetic measurements) and a spec-
trometer «Cary 50». The dark lifetimes of photomer-
ocyanines of 1a-c were measured using an experimental
setup with a mercury flash lamp. The resolution time was
less than 1 ms. The photostationary absorption spectra of
merocyanine isomers were measured with the same setup
upon steady-state irradiation of solutions with glass-
filtered 365 nm light of a DRSh-250 high-pressure
J. Phys. Org. Chem. 2007; 20: 469–483
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mercury lamp. The range of scanning was 400–750 nm
with 1 nm increment.

Computational details

The compounds studied in this paper and its metal
complexes present a significant computational challenge.
At the heart of this challenge are the number of atoms
(61 and 89 in cations complexes of 1a and 1b,
respectively) and the structural flexibility of the crown
ether macrocyclic backbone in 1b compound. Restricted
Hartree-Fock (RHF) wave functions were utilised to
optimise molecular geometry in redundant internal
coordinates. Geometry optimisations were carried out,
without any symmetry constraint, using both the 6-31G
basis set28 and the SDD29 pseudopotential for heavy
atoms (Ba and Pb). Vibrational frequency calculations
have been performed to ensure that the optimised
structures (substituted benzochromene and complexes)
correspond to energy minima. Solvents effects were
included through single-point calculations using the
polarised continuum model (PCM) of Tomasi and
co-workers.30 To investigate the binding affinities of 1b
for the cations, additional calculations were performed
with density functional theory (DFT) were a wave
function incorporating Becke’s three-parameter hybrid
functional (B3) was used along with the Lee-Yang-Parr
correlation functional (LYP).31 The binding affinities
were evaluated by computing the energies of the
gas-phase association reactions:

Mþ þ 1b ! Mþ=1b

where the free substituted 1b benzochromene corre-
sponds to the lowest-energy conformation isomer. Basis
set superposition error was accounted by the full
counterpoise correction of Boys and Bernardi.32 Single
point calculations of each species of the previous equation
were performed at DFT level of calculations using the
HF/6-31G optimised geometry. Both small 6-31G and
more extended 6-31þG(d) basis set were used for such
calculations. The low lying excited states were calculated
within the adiabatic approximation of time dependent
density33 with the B3LYP hybrid functional. It is known
that the B3LYP functional overestimate the electron
delocalisation,34 therefore the HF/6-31G optimised
molecular geometry were used as input geometry for
TDDFT calculations. Vertical excitation energies were
computed for the first 10 singlet excited states, in order to
reproduce the UV–visible spectra of free and complex
compounds. All the calculations have been performed
using Gaussian 98 program package.35

Liquid-liquid extraction using radiotracer
technique

The liquid-liquid extraction experiments were per-
formed at 24� 18C in microcentrifuge tubes (2 cm3) by
Copyright # 2007 John Wiley & Sons, Ltd.
means of mechanical overhead shaking. The phase
ratio V(org): V(w) (500ml each) was 1:1. In the water
phase the initial concentration of the metal ion was
1�10�4M I counter ion was added in a concentration of
5�10�3M as there sodium salt (NaNO3; NaClO4) and
acid form (Hpic), respectively . The Ligand concen-
tration in the organic phase was 1�10�3M The shaking
time was chosen as 30min. All experiments were
preformed at a pH of 6.2 by using the MES/NaOH
buffer system (MES – 2(N-Morpholine)ethansulfonic
acid). After the extraction, all samples were centri-
fuged and the phases separated. The distribution of the
metal ion concentration was detected in both phases
radio metrically by g -radiation of 110mAg, 137Cs,
65Zn and 153Eu in a NaI (TI) scintillation counter
(Cobra II/Canberra-Packard). The equilibrium pH was
measured by using an InLab micro pH electrode.

The easily accessible experimental parameter in
liquid-liquid extraction systems represents the distribution
ratio DM, the quotient of the metal concentrations in the
organic and aqueous phase, or the per centage extrac-
tability (E%): DM¼CM(org)/CM(w); E[%]¼ 100�DM/
(DMþ1)
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