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Dienones (ketocyanine dyes) containing two aza-18-crown-6 ether residues were synthesized. The complex
+
+
formation of these dyes with the EtNH+
3 and H3N(CH2)nNH3 ions (n = 2–10, 12) in MeCN was studied by
electronic and 1H NMR spectroscopy, including spectrophotometric and 1H NMR titration. It was found that
homoditopic bis-azacrown dienones and alkanediammonium ions with a short polymethylene chain form 1:1,
2:2, and 1:2 complexes, whereas alkanediammonium ions with a long polymethylene chain form only pseudo
cyclic 1:1 complexes. The stability constants of the resulting complexes were determined (logK1:1 varies in the
range from 2.74 to 5.62 [M–1], logK2:2 = 2.1 [M–1], and logK1:2 varies in the range from 2.03 to 2.96 [M–1]). The
most stable complexes are formed by diammonium ions with a long polymethylene chain owing to simultaneous
binding of both NH+
3 groups to the azacrown ether residues of the dye. The structure of supramolecular com
plexes was confirmed by quantum chemical calculations.

1. Introduction
The formation of supramolecular systems involving hydrogen bonds
is considered to be one of the most efficient ways of self-assembly of
biomolecules in the living nature and organic molecules in solution [1].
Organic ammonium salts are widespread in biological systems, and
diammonium cations play an important role in the cell biology and
pharmacy. The development of synthetic receptors for their molecular
recognition and analytical determination in medical and biological
studies gains much attention. Of particular interest is the design of re
ceptor molecules that recognize primary ammonium ions and related
substrates [2]. Crown ethers are typical receptors for ammonium cat
ions. Crown ethers can bind primary ammonium ions via the formation
of three hydrogen bonds with the NH+
3 groups [1]. Biscrown ethers are of
particular interest as molecular sensors for diammonium cations,
because they can efficiently bind them if the crown ether moieties are
geometrically preorganized for complexation with both ammonium

groups simultaneously.
The strategy we are developing for the self-assembly of photoactive
supramolecular systems based on biscrown-containing unsaturated
compounds (donors, D) and di(ammonioalkyl) organic derivatives (ac
ceptors, A) allows the forced assembly of components as a result of
cooperative effect of numerous weak interactions (hydrogen bonds)
[3–7] and study of their unusual photochemical and photophysical
properties. It is noteworthy that this strategy can be employed to obtain
very strong D–A complexes even with weak acceptors. For example, bis
(18-crown-6)stilbene and weak acceptors form highly stable 1:1 com
plexes in which ground-state charge transfer takes place, because of the
proximity of the donor and acceptor moieties, giving rise to absorption
in the visible range upon the formation of charge transfer complex and
change in the redox potentials of both components [8,9]. It was shown
that complex formation of this biscrown derivative with alka
nediammonium
ions
promotes
the
formation
of
exotic
bis-pseudosandwich complexes in which the ethylene bonds of two
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stilbenes are proximate in space and pre-organized for stereoselective
[2 + 2] photocycloaddition reaction giving cyclobutane derivatives [4,
5].
Bis-aza-15-crown-5-containing dienones (ketocyanine dyes) with
two identical binding sites directly connected to symmetrical crossconjugated chromophores are attractive objects for the study of selfassembly [10,11]. The interaction of these dyes with alkali and alka
line earth metal cations was studied in detail [10,12,13]. Meanwhile,
the potential of bis-aza-18-crown-6-containing dienones, capable of
complex formation with primary ammonium ions, as components of
photoactive supramolecular assemblies consisting of several organic
molecules remains unimplemented.
In this paper, we first present a ditopic receptor for diammonium
salts based on azacrown-containing ketocyanine dyes. We describe the
synthesis of symmetrical bis-aza-18-crown-6 dienones 1a,b and study
their complex formation with a series of 1,ω-alkanediammonium salts
+
–
H3N(CH2)nNH+
3 2ClO4 (2, where n = 2–10, 12, respectively) and eth
ylammonium perchlorate by 1H NMR and electronic spectroscopy and
by quantum chemical calculations. We also compare the complexation
capacity of azacrown-containing dienones with that of a model dienone
3a with two NEt2 groups. The effect of the chain length of the 1,ωalkanediammonium salts on the composition, spatial structure, and
stability of supramolecular complexes with bis-aza-18-crown-6 dienones
1a,b was studied. The structures of the compounds are shown in Fig. 1.

5E)-2,5-bis[4-(diethylamino)benzylidene]cyclopentanone (3a), (2E,
5E)-2,5-dibenzylidenecyclopentanone (3b) [14], and 4-(1,4,7,10,
13-pentaoxa-16-azacyclooctadecan-16-yl)benzaldehyde (4) [15–17]
were prepared by known procedures. Bu4NClO4 (Fluka), cyclo
pentanone and cyclohexanone (5a,b) (Sigma–Aldrich) were used as
received. MeCN (extra high purity, water content < 0.3%, Cryochrom)
was used to prepare solutions.
2.1.1. (2E,5E)-2,5-Bis[4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan16-yl)benzylidene]cyclopentanone (1a)
A solution of cyclopentanone (2.1 mg, 0.025 mmol) in ethanol
(0.3 mL) is added to 4′ -formylphenylaza-18-crown-6 ether 4 (20 mg,
0.055 mmol), then a 40% aqueous solution of KOH (120 μL) is added
dropwise with stirring. The reaction mixture is kept for 1.5 h at room
temperature (TLC monitoring), acidified with 1 M HCl to pH = 6–7,
diluted with water (5 mL), and extracted with benzene (5 × 4 mL). The
extracts are evaporated in vacuo, and the residues are purified by column
chromatography on alumina (Type T, Basic, 0.063–0.200 mm, Merck),
using successively benzene and benzene–ethyl acetate gradient solvent
(up to 80% ethyl acetate) as eluents to give 17 mg (87% yield) of bis-aza18-crown-6 dienone 1a as a light-red oil. Rf 0.67 (EtOH–EtOAc, 1:10 (v/
v), DC-Alufolien Aluminiumoxid 60 F254 neutral, Merck). UV–vis
(MeCN) λmax 275 nm (ε = 18700 M–1 cm–1), 466 nm (ε = 66300
M–1 cm–1); fluorescence (MeCN, λex 460 nm) λflmax 562 nm. IR (mineral
oil, ν): 1678 cm− 1 (C = O). HRMS (ESI+) m/z calcd. for C43H62N2O11
[M+H]+:
783.4432.
Found:
783.4426.
Anal.
calcd.
for
C43H62N2O11⋅0.5H2O: C, 65.21; H, 8.02; N, 3.54. Found: C, 65.45; H,
8.24; N, 3.43. 1H NMR (500 MHz, MeCN-d3, 27 ◦ C) δ: 3.03 (br s, 4H, 3CH2, 4-CH2), 3.59 (m, 32H, 16 CH2O), 3.66 (m, 16H, 4 CH2CH2N), 6.79
(d, 4H, J =9.2 Hz, 2 3′ -H, 2 5′ -H), 7.34 (s, 2H, 2 α-H), 7.51 (d, 4H, J

2. Experimental
2.1. Materials
EtNH3ClO4, 1,ω-alkanediammonium diperchlorates 2 [3,4], (2E,

Fig. 1. Structure of compounds 1–3.
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=9.2 Hz, 2 2′ -H, 2 6′ -H). 13C NMR (125 MHz, MeCN-d3, 30 ◦ C) δ: 27.22
(3-C, 4-C), 51.85 (4 CH2N), 69.10 (4 CH2CH2N), 71.16, 71.21, 71.31,
and 71.36 (16 CH2O), 112.63 (2 3′ -C, 2 5′ -C), 124.52 (2 α-C), 133.27 (2
1′ -C), 133.55 (2 2′ -C, 2 6′ -C), 134.43 (2-C, 5-C), 149.90 (2 4′ -C), 195.86
(C = O).

change, being equal to ~1 × 10− 3 and ~2.5 × 10− 3 M for 1a and 3a,
respectively. The concentration of +H3N(CH2)2NH+
3 ions was varied in
the range from 0 to 1.17 × 10− 2 M, while the overall concentration of
dye 1a did not change, being equal to ~6 × 10− 4 M. The concentration
− 2
of +H3N(CH2)12NH+
3 ions was varied in the range from 0 to 1.76 × 10
M, while the overall concentration of dye 1a did not change, being equal
to ~3 × 10− 3 M. The ΔδH values were measured to an accuracy of
0.001 ppm with correction for MeCN-d2 signal shift. The stability con
stants of the complexes were calculated using the HYPNMR program
[19].

2.1.2. (2E,6E)-2,6-Bis[4-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan16-yl)benzylidene]cyclohexanone (1b)
A solution of cyclohexanone (4.9 mg, 0.05 mmol) in ethanol (0.2 mL)
is added to 4′ -formylphenylaza-18-crown-6 ether 4 (44.8 mg,
0.12 mmol), then a 5% NaOH solution in an ethanol–water mixture (2:1,
v/v) (0.25 mL) is added dropwise with stirring. The reaction mixture is
refluxed for 4 h (TLC monitoring), acidified with 0.5 M HCl to pH = 6–7,
diluted with water (5 mL), and extracted with benzene (3 × 4 mL) and
ethyl acetate (3 × 4 mL). The extracts are evaporated in vacuo, and the
residues are purified by column chromatography on alumina (Type T,
Basic, 0.063–0.200 mm, Merck), using benzene and then benzene–ethyl
acetate gradient solvent (up to 9% ethyl acetate) as eluents to give 28 mg
(70% yield) of bis-aza-18-crown-6 dienone 1b as a brown-red oil. Rf 0.73
(EtOH–EtOAc, 1:10 (v/v), DC-Alufolien Aluminiumoxid 60 F254 neutral,
Merck). UV–vis (MeCN) λmax 272 nm (ε = 19900 M–1 cm–1), 439 nm
(ε = 48900 M–1 cm–1); fluorescence (MeCN, λex 435 nm) λflmax 563 nm.
– O). HRMS (ESI+) m/z calcd. for
IR (mineral oil, ν): 1651 cm− 1 (C–
C44H64N2O11 [M+H]+: 797.4588. Found: 797.4583. Anal. calcd. for
C44H64N2O11: C, 66.31; H, 8.09; N, 3.51. Found: C, 66.41; H, 8.11; N,
3.51. 1H NMR (500 MHz, MeCN-d3, 27 ◦ C) δ: 1.80 (m, 2H, 4-CH2), 2.92
(m, 4H, 3-CH2, 5-CH2), 3.58 (m, 32H, 16 CH2O), 3.65 (m, 16H, 4
CH2CH2N), 6.77 (d, 4H, J =8.9 Hz, 2 3′ -H, 2 5′ -H), 7.43 (d, 4H, J
=8.9 Hz, 2 2′ -H, 2 6′ -H), 7.60 (s, 2H, 2 α-H). 13C NMR (125 MHz, MeCNd3, 30 ◦ C) δ: 23.95 (4-C), 29.47 (3-C, 5-C), 51.89 (4 CH2N), 69.19 (4
CH2CH2N), 71.23, 71.28, 71.37, and 71.41 (16 CH2O), 112.36 (2 3′ -C, 2
5′ -C), 124.50 (2 α-C), 133.32 (2 1′ -C), 133.50 (2 2′ -C, 2 6′ -C), 136.94 (2C, 6-C), 149.49 (2 4′ -C), 189.45 (C = O).

2.2.2. Optical spectroscopy measurements and titrations
The absorption spectra were recorded on a Cary 4000 (Agilent)
spectrophotometer. Fluorescence spectra were measured on a Shimadzu
RF-5301PC spectrofluorimeter. All the spectra were recorded in MeCN at
room temperature. The spectrophotometric titrations were performed in
MeCN at room temperature. The composition and thermodynamic sta
bility of the complexes were determined from the dependence of the
absorption spectrum of a MeCN solution of the dye 1a,b on the overall
+
+
concentration (CA) of the EtNH+
3 or H3N(CH2)nNH3 (n = 2–10, 12)
ions. The CA value was varied in the range from 0 to 4.3 × 10− 3 M, while
the overall concentration of dye (CL) was 1 × 10− 5 M. The overall con
centration of the ClO−4 counter-ions (0.01 M) in all experiments was
maintained by a supporting electrolyte, Bu4NClO4, since the ionic
strength is known to affect the stability constant of supramolecular
complexes built of charged components. For spectrophotometric titra
tion, the working range of the reagent concentrations (10–5–10–3 M)
allowed for much higher concentrations of the supporting electrolyte
maintaining a constant ionic strength. In the case of NMR titration, the
working range of the reagent concentrations was much higher,
10–3–10–2 M, and it was impossible to use higher concentration of the
supporting electrolyte due to salting out. Thus, NMR titration gave only
effective stability constants, which, as a rule, are comparable, but
somewhat lower than those given by the methods using supporting
electrolyte. All manipulations with dye solutions were carried out in a
dark room with a red light to prevent E–Z isomerization of the dyes. The
stoichiometry and stability constants of complexes were calculated
using HypSpec software (Hyperquad program package) [20].

2.2. Methods
IR spectra in KBr pellets were recorded on a Bruker IFS-113v FTIR
spectrometer in the range of 4000–400 cm− 1. High resolution mass
spectra (HR MS) were measured on a Bruker micrOTOF II instrument
using electrospray ionization (ESI) [18]. The measurements were done
in a positive ion mode (interface capillary voltage of − 4500 V); mass
range from m/z 50–3000 Da; external or internal calibration was done
with Electrospray Calibrant Solution (Fluka). A syringe injection was
used for solutions in MeCN (flow rate of 3 mL min–1). Nitrogen was
applied as a dry gas; interface temperature was set at 180 ◦ C. IR and high
resolution mass spectra were recorded at the Department of Structural
Studies of N. D. Zelinsky Institute of Organic Chemistry (Russian
Academy of Sciences, Moscow, Russian Federation). Elemental analysis
was carried out at the Microanalytical Laboratory of the A. N. Nes
meyanov Institute of Organoelement Compounds (Russian Academy of
Sciences, Moscow, Russian Federation). The samples for elemental
analysis were dried at 80 ◦ C in vacuo.

2.2.3. Quantum chemical modeling
The geometries of 1a,b and their complexes with ammonium salts
were optimized by the density functional theory (DFT) with PBE func
tional [21] and triple-zeta quality basis set 3z using Priroda program
package [22,23]. The absorption spectra were calculated by the
time-dependent density functional theory (TDDFT) with PBE0 func
tional and 6− 31 G(d,p) basis set using FireFly program [24] partially
based on GAMESS code [24]. The solvent (MeCN) effects for the ab
sorption spectra were taken into account using Dielectric Polarizable
Continuum model (D-PCM) [25].
3. Results and discussion
3.1. Synthesis of dyes 1a,b

2.2.1. NMR spectroscopy measurements and titration
1
H and 13C NMR spectra were recorded on a Bruker DRX500 in
strument in MeCN-d3 at 25–30 ◦ C with the MeCN-d2 signal as the in
ternal standard (δH 1.96, δC 116.70). 2D homonuclear 1H–1H COSY and
NOESY spectra and heteronuclear 1H–13C COSY spectra (HSQC and
HMBC) were used to assign the proton and carbon signals. In 1H NMR
titration, the compositions and stability constants for complexes of dye
+
1a with alkanediammonium ions (+H3N(CH2)nNH+
3 , n = 2, 12) or EtNH3
and complexes of dye 3a with EtNH+
ions
were
determined
by
analyzing
3
the changes in the positions of proton signals (ΔδH) of the dye depending
on the concentration ratio of alkanediammonium ions or EtNH+
3 and the
dye. The concentration of EtNH+
3 ions was varied in the range from 0 to
5.1 × 10− 2 M, while the overall concentration of dyes 1a, 3a did not

With the goal to design photoactive supramolecular systems based
on bis-aza-18-crown-6 dienones and 1,ω-alkanediammonium salts and
to study the effect of the salt chain length on the properties of supra
molecular complexes, we synthesized dienones 1a,b based on cyclo
pentanone and cyclohexanone, respectively. Azacrown-containing
dienones 1a,b were obtained by the alkaline aldol-crotonic condensa
tion of aza-18-crown-6 aldehyde 4 with cyclic ketones 5a,b in the
presence of a base (Claisen–Schmidt reaction) (Scheme 1). The yields of
1a,b were 87% and 70%, respectively.
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changes in the 1H NMR spectra (Fig. 2b and Table 1), which may be
indicative of the formation of similar supramolecular complexes. How
ever, the observed changes in the proton chemical shifts of dienone 1a
are markedly greater in magnitude, which is attributable to the forma
tion of a more stable complex with the +H3N(CH2)2NH+
3 dication and a
2:2 complex.
In this case, a pseudocyclic structure, which is in line with this
spectral behaviour and 1H NMR titration data (see below), is the most
likely structure for the 2:2 complex (1a)2⋅(+H3N(CH2)2NH+
3 )2. The two
ethanediammonium ions are linked to two molecules of dienone 1a; the
formation of twelve hydrogen bonds substantially increases the stability
of the complex. The absence of upfield shifts for the protons of double
bonds and benzene rings implies that this complex does not, apparently,
have an eclipsed configuration (Fig. 3a).
The 1H NMR spectrum of a 1a/+H3N(CH2)12NH+
3 mixture exhibited
analogous shifts of the proton signals of dienone 1a (Fig. 2c and Table 1).
In this case, the shifts of the proton signals of dienone 1a are much
greater in magnitude than those for 1a/EtNH+
3 , which also attests to the
formation of a more stable complex. However, shifts of the proton sig
nals of the methylene groups at nitrogen atoms are smaller in magnitude
+
+
than those for 1a/EtNH+
3 or 1a/ H3N(CH2)2NH3 , which attests to a
higher degree of conjugation of the nitrogen LP with benzene rings. The
ΔδH values found for various protons of dienone 1a and the geometric
match between the extended diammonium ion and 1a suggest a pseu
docyclic structure for the complex 1a⋅+H3N(CH2)12NH+
3 . The complex
stability is caused by the formation of six hydrogen bonds between the
protons of both ammonium groups of the 1,12-dodecanediammonium
ion and heteroatoms of the two azacrown ether residues of 1a as a
result of ditopic interaction.
More information about the complex formed by 1a with +H3N
(CH2)12NH+
3 can be gained by analyzing the 2D NOESY spectrum.
Therefore, we recorded the NOESY spectrum of a saturated solution of
1a in MeCN-d3 in the presence of excess +H3N(CH2)12NH+
3 ions (Fig. 4).
Apart from the intense intramolecular cross-peaks, the NOESY
spectrum was found to exhibit peaks corresponding to the intermolec
ular through-space interactions of the protons of the central part (CH2)8
of the polymethylene chain of the +H3N(CH2)12NH+
3 ion with the 3-CH2
and 4-CH2 methylene protons of the cyclopentanone ring; CH2NH+
3
methylene protons with the azacrown ether protons (Fig. 4a); ethylene
bond α-H protons and benzene ring 2′ -H, 6′ -H, 3′ -H, and 5′ -H protons of
dienone 1a with the protons of the central part (CH2)8 of the poly
′
methylene chain of the +H3N(CH2)12NH+
3 ion; and benzene ring 3 -H and
+
′
5 -H protons of dienone 1a with the CH2NH3 methylene protons of the
+
H3N(CH2)12NH+
3 ion (Fig. 4b).
The detected interactions and 1H NMR titration data (see below),
suggest the most probable structure for the complex of dienone 1a with
1,12-dodecanediammonium diperchlorate shown in Fig. 3b. The
ammonium groups of 1,12-dodecanediammonium are bound simulta
neously to both azacrown ether residues of 1a, the polymethylene chain
of the dication is located above (or near) the central moiety of dienone
1a molecule. In other words, complex of 1a with the 1,12-dodecane
diammonium ion is a pseudocyclic structure.
For determining the stability constants of the complexes, 1H NMR
+
+
titration was carried out. At any 1a/EtNH+
3 , 1a/ H3N(CH2)2NH3 , and
+
+
1a/ H3N(CH2)12NH3 ratios, the spectra exhibited averaged (in some
cases, broadened) proton signals for the complexes and free compo
nents, which is apparently associated with rather fast, on the 1H NMR
time scale, exchange processes. The stability constants of complexes
were determined by analysis of dependences of the shifts (ΔδH) of proton
signals of dienone 1a on the concentrations (CA) of the added
+
–
+
–
EtNH+
3 ⋅ClO4 or H3N(CH2)nNH3 ⋅2ClO4 (n = 2, 12) salt.
Since the molecule of dienone 1a contains electron-donating centres
of two types, azacrown ether residues and the carbonyl oxygen atom, we
+
suggested that the ammonium ion in the 1a/EtNH+
3 and 1a/ H3N
–
(CH2)nNH+
3 (n = 2–10, 12) systems can also bind to the dienone C– O
group, and this would also contribute to the stability constant. In order

Scheme 1. Synthesis of dienones 1a,b.

3.2.

1

H NMR spectroscopy

–
The complex formation between dienone 1a and EtNH+
3 ClO4 or
–
H3N(CH2)nNH+
3 2ClO4 (n = 2, 12) and between model compound 3a
1
–
and EtNH+
3 ClO4 was studied by H NMR spectroscopy. Dienone 3a, the
chromogen of which is fully identical to that of dye 1a, was chosen as the
reference compound for studying the complexation. The structures of
dienones 1a and 3a and atom numbering are depicted in Fig. 1.
The complex structures were determined on the basis of simulta
neous analysis of both qualitative and quantitative data of 1H NMR and
spectrophotometric titration and quantum-chemical calculations (see
below).
The formation of supramolecular complexes results in substantial
changes in the 1H NMR spectra of host molecule 1a.
–
The addition of EtNH+
3 ClO4 to a solution containing dienone 1a
induces monotonic downfield shifts of the signals of most protons of 1a,
which is caused by the effect of the positively charged EtNH+
3 ion
complexed with the azacrown ether residue. This behaviour is charac
teristic of complexes in which the primary ammonium ion is hydrogenbonded to the macrocycle heteroatom, which induces electron density
shift from the electron-donating ligand heteroatoms to the cation
(electron-withdrawing effect of the cation) [4,26,27]. The most pro
nounced changes are observed for the 3′ -H and 5′ -H protons of the
benzene rings, whereas the signals of more remote aromatic protons,
α-H protons, and methylene protons of the cyclopentanone moiety shift
to a lesser extent; furthermore, some of the methylene proton signals of
the azacrown ether moiety shift upfield (Fig. 2a and Table 1). This
abnormal behaviour of the azacrown methylene protons is apparently
attributable to a change in the nitrogen atom geometry (hybridization)
and conformational rearrangement of the macrocycle upon binding of
the EtNH+
3 ion [26,27]. Reorientation of the lone pairs (LPs) of all het
eroatoms towards the macrocycle cavity accommodating the EtNH+
3 ion
decreases the conjugation of the nitrogen LP with the benzene ring.
Since the stabilities of complexes formed by 1a with the studied
ammonium ions are substantially different, for correct comparison,
Table 1 shows the changes in the chemical shifts (ΔδH) of chromogen
protons of dienone 1a induced by its complex formation with EtNH+
3,
1,2-ethanediammonium, and 1,12-dodecanediammonium ions at CA/
C1a ≈ 2.
Considering the ΔδH values found for various protons of dienone 1a
and 1H NMR titration data (see below), it is possible to propose the most
+
likely structure for complex 1a⋅(EtNH+
3 )2, with the EtNH3 ions being
bound to heteroatoms of two azacrown ether residues of dienone 1a.
Mixing of dienone 1a with +H3N(CH2)2NH+
3 resulted in similar
+
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− 2
–
Fig. 2. 1H NMR spectra of 1a and its mixtures with ammonium salts: (a) 1a (C1a = 1.13 × 10− 3 M) (1) and a mixture of 1a and EtNH+
M) (2);
3 ClO4 (CA = 1.85 × 10
− 4
+
− 2
− 3
+
–
(b) 1a (C1a = 6.3 × 10 M) (3) and a mixture of 1a and H3N(CH2)2NH3 2ClO4 (CA = 1.17 × 10 M) (4); (c) 1a (C1a = 5.1 × 10 M) (5) and a mixture of 1a and
+
− 2
–
H3N(CH2)12NH+
M) (6); MeCN-d3, 25 ◦ C.
3 2ClO4 (CA = 1.76 × 10
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group of dienone 3a virtually do not interact; hence, in the calculation of
stability constants for complexes formed by ammonium ions with 1a,
this equilibrium can be neglected.
In the case of 1a/EtNH+
3 , the dependences ΔδH – CA/C1a are
adequately described by the reaction model including two equilibria (1)
and (2).

Table 1
Changes in the 1H NMR chemical shifts upon the addition of ammonium salts to
dienone 1a.a.
ΔδHb
Ammonium salt
–
EtNH+
3 ClO4
–
H3N(CH2)2NH+
3 ⋅2ClO4
+
H3N
–
(CH2)12NH+
3 ⋅2ClO4
+

a
b

3-CH2, 4CH2

2 α-H

2 2′ -H, 2 6′ -H

2 3′ -H, 2 5′ -H

0.024
0.051
0.057

0.037
0.080
0.074

0.049
0.108
0.113

0.107
0.194
0.370

K1:1

(1)

L + A ⇄ LA,
K1:2

(2)

LA + A ⇄ LA2 ,

CA/C1a ≈ 2, MeCN-d3, 25 ◦ C.
ΔδH = δH(1a/ammonium salt mixture) – δH(free 1a).

In the case of 1a/
the dependences ΔδH – CA/C1a
are adequately described by the reaction model including two equilibria
(1) and (3).
H3N(CH2)2NH+
3,

+

to verify this assumption, we carried out 1H NMR titration of model
dienone 3a with ethylammonium perchlorate. Even at the relative
cation concentration CA/C3a = 20, no noticeable spectral changes were
observed. The most pronounced downfield shift (ΔδH =0.012 ppm) took
place for the α-H protons of 3a. Treatment of the titration data leads to
the conclusion that no interaction between the EtNH+
3 ion and dienone
3a takes place within the scope of applicability of this method.
In other words, we can state that the EtNH+
3 ion and the carbonyl

K22

(3)

LA + LA ⇄ L2 A2 ,

In the case of 1a/
the dependences ΔδH – CA/C1a
correspond to the reaction model including only one equilibrium (1).
The following designations are used in equilibria (1)–(3): L is dien
one 1a; A is mono- or diammonium ion; K1:1/M–1, K1:2/M–1, and K2:2/
M–1 are the stability constants of 1:1 (LA), 1:2 (LA2), and 2:2 (L2A2)
H3N(CH2)12NH+
3,

+

+
+
Fig. 3. Putative pseudocyclic structure of the 2:2 complex (1a)2⋅(+H3N(CH2)2NH+
3 )2 and spatial structure of H3N(CH2)2NH3 (a), structure of the pseudocyclic
complex 1a⋅+H3N(CH2)12NH+
3 (b).

6

M.V. Fomina et al.

Journal of Photochemistry & Photobiology, A: Chemistry 402 (2020) 112801

Table 2
Effective stability constants of complexes of 1a with EtNH+
3 ⋅ClO4–,
+
–
+
–a
(CH2)2NH+
3 ⋅2ClO4, and H3N(CH2)12NH3 ⋅2ClO4 .
Ammonium salt

logK1:1

logK1:2

–
EtNH+
3 ClO4
–
+
H3N(CH2)2NH+
3 ⋅2ClO4
–
+
H3N(CH2)12NH+
3 ⋅2ClO4

3.2
2.9
>5

2.1

H3N

+

logK2:2
2.1

a1

H NMR titration, MeCN-d3, 25 ◦ C, the experimental error of the measurement
of K is ±30%.

The complexation of 1a,b with ethylammonium perchlorate or 1,ωalkanediammonium diperchlorates is accompanied by increasing energy
of the charge transfer electronic transition, since hydrogen bonding
between the ammonium ion and azacrown ether considerably decreases
the electron-donating properties of the latter. As a result, the LWABs
undergo blue shifts, indicating the complex formation between the (di)
ammonium ions and azacrown ether residues.
The obtained dependences of the absorption spectra of solutions of
+
+
1a,b on the EtNH+
3 and H3N(CH2)2NH3 concentrations are depicted in
Fig. 5 (dependences of the absorption spectra of solutions of 1a,b on the
concentrations of +H3N(CH2)nNH+
3 (n = 3–10) are given in Figs S1–S16
of Supplementary data). The electronic absorption spectra of solutions of
1a,b during titration with ethylammonium perchlorate or ethane
diammonium diperchlorate exhibited considerably increased intensity
of bands at 331 nm for 1a and 320 nm for 1b with a shift to longer
wavelengths (Fig. 5a–d).
Similar changes, that is, blue shifts and intensity decrease for the
LWAB maxima of dienones 1a,b and red shifts and considerable in
tensity increase for 331 nm band for 1a and 320 nm band for 1b, take
place in the electronic absorption spectra of solutions of 1a,b during
titration with 1,ω-alkanediammonium (+H3N(CH2)nNH+
3 ) diper
chlorates with polymethylene chain length n = 3–7. We assume that in
this case, the nitrogen LPs of 1a,b are largely involved in hydrogen
bonding with organic cations, and thus their involvement in the conju
gation with the chromophore decreases. Simultaneously, the dye chro
mophore is a sort of shortened, and the electronic spectra of solutions of
+
+
1a,b/EtNH+
3 and 1a,b/ H3N(CH2)nNH3 (n = 3–7) start to resemble the
spectra of dibenzylidene cyclopentanone and cyclohexanone derivatives
without donor groups, which absorb at a shorter wavelength (see, for
example, the spectrum of 3b in Fig. 5a).
A different picture is observed in the absorption spectra of solutions
of 1a,b during the titration of 1,ω-alkanediammonium diperchlorates
(+H3N(CH2)nNH+
3 ) with polymethylene chain length n = 8–10, 12. The
absorption spectra of 1a,b show blue shifts and decreasing intensity of
the LWABs of dienones 1a,b; however, no maxima appear at 331 nm
(1a) and 320 nm (1b) (Fig. 6). Apparently, in these cases, stable pseu
docyclic 1:1 complexes are formed (see, for example, Fig. 3b), because
the length of the polymethylene chain is now sufficient for diammonium
ion binding to both azacrown ether residues of 1a,b, although complete
geometrical match is not yet attained, which may give rise to steric
strain in dye molecules. In these complexes, nitrogen LPs may be con
jugated to chromophores to a higher extent. This assumption is indi
rectly confirmed by changes in the 1H NMR spectra of 1a upon the
addition of +H3N(CH2)12NH+
3 (Fig. 2c).
+
+
For the 1a,b/EtNH+
3 and 1a,b/ H3N(CH2)nNH3 (n = 2–10, 12) sys
tems, the concentration dependences of the absorption spectra are in
good agreement with the model that includes two equilibria (1) and (2).
Relying on the results of spectrophotometric titration in MeCN,
considering equilibria (1) and (2), we determined the stability constants
of the resulting complexes. In the concentration ranges we studied,
+
dienones 1a,b form 1:1 and 1:2 complexes with EtNH+
3 and H3N
(CH2)2NH+
ions
(Tables
3
and
4).
The
stability
constants
of
complexes
3
+
1a,b∙+H3N(CH2)nNH+
3 are much higher than those of 1a,b∙EtNH3 .
Apparently, this is due to higher positive charge densities on the
ammonium groups of the +H3N(CH2)nNH+
3 dication.

Fig. 4. Fragments of the aliphatic (a) and aromatic (b) regions of the NOESY
spectrum of a mixture of compound 1a (saturated solution, C1a = 5 × 10–3 M)
–
− 2
M), MeCN-d3, 25 ◦ C.
and +H3N(CH2)12NH+
3 2ClO4 (CA = 1.7 × 10

complexes, respectively.
Treatment of the 1H NMR titration data taking account of the abovementioned equilibria resulted in determination of the effective stability
constants of the complexes; the logK values are summarized in Table 2.
Analysis of the data of Table 2 demonstrated that the most stable
complex is formed with 1,12-dodecanediammonium diperchlorate; the
complex has a pseudocyclic structure. It is noteworthy that in relatively
concentrated solutions, 1,2-ethanediammonium diperchlorate forms
predominantly a pseudocyclic 2:2 complex, while in dilute solutions, 1:1
and 1:2 complexes are mainly formed with dienone 1a (see below).
3.3. Optical spectroscopy measurements
–
The complexation of bis-azacrown dienones 1a,b with EtNH+
3 ClO4
+
+
–
and H3N(CH2)nNH3 2ClO4 (n = 2–10, 12) was studied by electronic
spectroscopy with MeCN as the solvent.
The absorption spectra of dienones 1a,b in MeCN exhibit two bands:
intense long-wavelength absorption band (LWAB) (λmax =466 nm and
λmax =439 nm, respectively), caused by π→π* electronic transition with
internal charge transfer from the electron-donating crown residue to the
electron-withdrawing carbonyl group, and less intense band, caused by
local π→π* transitions (λmax =275 nm and λmax =272 nm, respectively).
The weak n→π* bands are superimposed by more intense long-wave
length π→π* bands and virtually cannot be observed in the spectra
[28–31].
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− 3
Fig. 5. Absorption spectra of solutions of 1a (C1a = 1 × 10− 5 M) depending on concentrations of EtNH+
M) (a) and +H3N(CH2)2NH+
3 (CA = 0 – 4 × 10
3 (CA = 0 –
− 3
− 4
M) (c) and +H3N(CH2)2NH+
M) (d), in
9 × 10− 4 M) (b); 1b (C1b = 1 × 10− 5 M) depending on the concentrations of EtNH+
3 (CA = 0 – 4.3 × 10
3 (CA = 0 – 9 × 10
MeCN and at 0.01 M Bu4NClO4 ionic strength. The red curves are the spectra of free dyes 1a,b, the dashed line is the spectrum of model dienone 3b (C3b = 1 × 10− 5
+
+
+
M); the blue lines are the calculated spectra of complexes 1a,b⋅EtNH+
3 and 1a,b⋅ H3N(CH2)2NH3 ; green curves are the calculated spectra of complexes 1a,b⋅(EtNH3 )2
and 1a,b⋅(+H3N(CH2)2NH+
3 )2.

In the case of +H3N(CH2)nNH+
3 ions with polymethylene chain length
n = 2–7, the complexes with 1:1 and 1:2 stoichiometry are formed, while
cations with n = 8–10, 12 tend to form only pseudocyclic 1:1 complexes.
The complexes formed by dienones 1a,b and +H3N(CH2)nNH+
3
dications with the polymethylene chain length n = 8–10, 12 have
markedly higher stability constants (Tables 3 and 4). Apparently, this is
a consequence of diammonium ion binding to both azacrown ether
residues of molecules 1a,b without generation of a considerable
conformation strain, which makes an additional contribution to the
stability. The most pronounced changes in the absorption spectra take
place in the titration of dienones 1a,b with 1,12-dodecanediammonium
diperchlorate +H3N(CH2)12NH+
3 (Fig. 6). The complex formation is
accompanied by pronounced blue shifts of the LWAB (Δλmax = 23 and
26 nm). This may be indicative of substantial distortion of the planar
structure of the chromophores associated with the necessity of rotation
of the phenylazacrown moieties relative to the dienone moieties.
Possibly, 1,12-dodecanediammonium diperchlorate provides the

highest geometric match between the components, caused by similarity
of distances between the ammonium groups of +H3N(CH2)12NH+
3 and
the binding sites of 1a,b. In this case, the most stable 1:1 complexes are
formed (see Fig. 3b).
In general, the observed stability constants of complexes formed by
+
+
1b with the EtNH+
3 and H3N(CH2)nNH3 (n = 2–10, 12) ions are higher
than analogous constants of the complexes involving 1a. This is attrib
– C bonds, and the carbonyl
utable to the fact that the benzene rings, C–
group of 1a are located virtually in one plane, which attests to a high
degree of conjugation in the molecule [14,32]. Meanwhile, the benzene
rings of 1b deviate from the plane of the molecule, and their contribu
tion to the conjugation in the dienone moiety is moderate [14,32]. In
– O group in 1b
other words, electron-withdrawing properties of the C–
are manifested to a lesser extent and, therefore, the complexation con
stants should be higher than those of 1a; this is actually observed
experimentally. The trends inherent in the complexation of 1a with 1,
ω-alkanediammonium salts hold also for 1b. The stability constants of
8
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− 4
Fig. 6. Absorption spectra of solutions of 1a (C1a = 1 × 10− 5 M) depending on the concentration of the +H3N(CH2)12NH+
M) (a) and 1b
3 ions (CA = 0 – 1.5 × 10
− 4
(C1b = 1 × 10− 5 M) depending on the concentration of +H3N(CH2)12NH+
ions
(C
=
0
–
1.3
×
10
M)
(b)
in
MeCN
at
0.01
M
Bu
NClO
ionic
strength.
The red curves
3
A
4
4
+
+
are the spectra of free dyes 1a,b, blue curves are the calculated spectra of complexes 1a⋅+H3N(CH2)12NH+
3 and 1b⋅ H3N(CH2)12NH3 .

the supramolecular complexes of dienone 1b with ethylammonium
perchlorate and 1,ω-alkanediammonium salts are summarized in
Table 4.
It is noteworthy that for both 1a and (to some extent) 1b, the Δλ and
logK1:1 values alternate, depending on the length of the polymethylene
chain of the +H3N(CH2)nNH+
3 ion with n = 3–7. This trend indirectly
indicates that 2:2 complexes make a certain contribution to the forma
tion of 1:1 complexes. The structure and stability of 2:2 complexes are
possibly related to the spatial structure of the carbon skeletons of the
1,ω-alkanediammonium ions (Fig. 7).
When the number of carbon atoms is even, the blue shift of the LWAB
maximum is smaller (the chromophores are pseudoparallel), while in
the case of odd number of carbon atoms, the shift is greater
(nonparallel).
Starting from n = 8, the alternation is no longer observed, which
apparently attests to a greater contribution of the pseudocyclic 1:1
complexes.
We recorded the fluorescence spectra of free dyes 1a,b and their
+
+
complexes with the EtNH+
3 and H3N(CH2)nNH3 (n = 2–10, 12) ions.
Quenching of the dye fluorescence was observed for the 1a,b/EtNH+
3
and 1a,b/+H3N(CH2)nNH+
3 (n = 2–8) systems (see Fig. 8a,b). The fluo
rescence quenching by short-chained diammonium ions results from the
possibility for internal rotation in the exited state of the complex.

On the contrary, the 1a,b/+H3N(CH2)nNH+
3 (n = 9, 10, 12) systems
showed slightly enhanced fluorescence intensity of dienones 1a,b (see,
for example, Fig. 8c). Apparently, the length of the polymethylene chain
in the +H3N(CH2)nNH+
3 (n = 9, 10, 12) ion is sufficient for ditopic
binding of the NH+
3 groups simultaneously to both azacrown ether res
idues of dienones. In this case, rigid structure of the complexes is
attained, which is responsible for increasing fluorescence intensity of 1a,
b. The most pronounced (~1.25-fold) increase in the fluorescence in
tensity was observed for complexes of 1a,b with the 1,12-dodecane
diammonium diperchlorate. According to the obtained data, the
selectivities of 1a and 1b towards +H3N(CH2)nNH+
3 ions are comparable.
3.4. Quantum chemical calculations
The calculated structure of dye 1a is shown in Fig. 9a. For its 1:1
complex with EtNH+
3 , two stable conformers were found (Fig. 9b and Fig.
S17 of Supplementary data) both with two N–H…O and one N–H…N
hydrogen bonds and the ammonium ion lying on the opposite side of the
crown ether from the phenyl ring. For the 1:2 complex with EtNH+
3 , we
found two low-lying conformers: one with both crown ether moieties
adopting the same conformation as the complexed moiety of the 1:1
Table 4
Stability constants and spectral characteristics of complexes of dienone 1b with
+
+
the EtNH+
3 and H3N(CH2)nNH3 (n = 2–10, 12) ions in MeCN at 0.01 M Bu4N
ClO4 ionic strengtha.

Table 3
Stability constants and spectral characteristics of the complexes of dienone 1a
+
+
with the EtNH+
3 and H3N(CH2)nNH3 (n = 2–10, 12) ions in MeCN at 0.01 M
Bu4NClO4 ionic strengtha.
Ammonium
ions

logK1:1

λmax,
nm

Δλ,
nmb

logK1:2

λmax,
nm

Δλ,
nmb

EtNH+
3
+
H3N
(CH2)nNH+
3
n=2
n=3
n=4
n=5
n=6
n=7
n=8
n=9
n = 10
n = 12

2.74

452

–14

2.03

420

–46

4.06
3.46
3.44
3.64
3.56
3.69
3.96
4.91
5.17
5.57

457
454
463
454
460
457
449
447
444
443

–9
–12
–3
–12
–6
–9
–17
–21
–22
–23

2.75
2.48
2.41
2.31
2.34
2.80

419
440
432
447
443
453

–47
–26
–34
–19
–23
–13

Ammonium
ions

logK1:1

λmax,
nm

Δλ,
nmb

logK1:2

λmax,
nm

Δλ,
nmb

EtNH+
3
+
H3N
(CH2)nNH+
3
n=2
n=3
n=4
n=5
n=6
n=7
n=8
n=9
n = 10
n = 12

3.08

428

–11

2.26

398

–41

4.43
3.74
3.59
3.66
3.56
3.78
4.02
4.45
4.92
5.62

432
431
430
433
432
434
423
420
416
414

–4
–8
–9
–6
–7
–5
–16
–20
–24
–26

2.96
2.73
2.56
2.73
2.27
2.92

407
409
401
409
422
425

–32
–30
–39
–30
–17
–14

a

Spectrophotometric titration, room temperature; experimental error of
measurement of K1:1 and K1:2 is ±20%.
b
Δλ = λmax(complex) – λmax(free 1b).

a
Spectrophotometric titration, room temperature; experimental error of
measurement of K1:1 and K1:2 is ±20%.
b
Δλ = λmax(complex) – λmax(free 1a).

complex (Fig. 9c) and the other one with three N–H…O hydrogen bonds
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Fig. 7. Spatial structure of +H3N(CH2)nNH+
3 ions (n = 3–5).

− 3
−
Fig. 8. Fluorescence spectra of 1a (C1a = 1 × 10− 5 M) (red curves). Blue curves: 1a/EtNH+
M) (a); 1a/+H3N(CH2)2NH+
3 (CA = 4 × 10
3 (CA = 9 × 10
− 4
1a/+H3N(CH2)12NH+
(C
=
1.5
×
10
M)
(c)
in
MeCN.
Fluorescence
was
excited
at
403
nm
(a),
381
nm
(b),
and
437
nm
(c).
3
A

10

4

M) (b),
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+
Fig. 9. The most stable structure of 1a (a), the dominant structures of 1a⋅EtNH+
3 (b) and 1a⋅(EtNH3 )2 (c) with their molar fractions calculated from the relative
energies. Most of hydrogen atoms are not shown.

and the ammonium ion lying on the same side of the crown ether with
the phenyl ring (Fig. S18 of Supplementary data). The N–H…N
hydrogen bond causes strong (almost tetrahedral) pyramidalization of
the crown ether nitrogen. On the other hand, coordination with only
N–H…O hydrogen bonds can result in either planar or slightly pyrami
dal crown ether nitrogen. This can affect the absorption spectra [33–37].
The calculated structures of 1a⋅+H3N(CH2)12NH+
3 are shown in

Fig. 10. We have found two low-energy conformers with almost equal
molar fractions, one with the hydrocarbon chain lying approximately
parallel to the chromophore plane and the other one with the chain
perpendicular to the chromophore plane. The NH+
3 groups are coordi
nated via three N–H⋯O hydrogen bonds; nevertheless, the crown ether
nitrogen is slightly pyramidal.
The calculated absorption bands of 1a and its complexes are
11
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without bonding may make it pyramidal to some extent and cause a blue
shift of the absorption band.
The intense long-wavelength absorption band (HOMO→LUMO π→π
transition) of the 1:1 complex with EtNH+
3 is only slightly blue-shifted
with respect to the free dye, because the HOMO is localized in the
part of the π system adjacent to the uncomplexed crown ether moiety
with planar Ncr. On the contrary, the blue shift in the N-coordinated
conformer of the 1:2 complex is large, so that the intense π→π transition
becomes higher in energy than the dark n→π transition, which correlates
with the pronounced pyramidalization (27◦ ) of Ncr. In the O-coordinated
conformer of the same complex, the blue shift is smaller, which is
explained by the less pronounced (12◦ ) pyramidalization of Ncr. The
coexistence of the two conformers explains the presence of two intense
absorption bands in the evaluated experimental spectrum of the 1:2
complex (Fig. 5a, green curve).
The complexes with +H3N(CH2)12NH+
3 have slightly pyramidal
(8–15◦ ) crown ether nitrogen and exhibit a moderate blue shift of
34–38 nm. The absence of the dark transitions in the pseudocyclic
1a⋅+H3N(CH2)12NH+
3 complex, together with its rather rigid structure
preventing the internal rotation of the chromophore in the excited state,
explains the fluorescence enhancement in this complex (Fig. 8c).
The calculated 1H NMR chemical shifts of selected protons are given
in Table S1 in the Supporting Information. The calculated complexationinduced changes in the chemical shifts (ΔδH) of 1a are in qualitative

Table 5
Calculated absorption spectra of 1a and its complexes.
Compound

λ, nm

f

Δλ, nma

1a
1a⋅(EtNH+
3 ) Conf 1
1a⋅(EtNH+
3 ) Conf 2
1a⋅(EtNH+
3 )2 N-coordinated

463
454
457
386
373
432
379
424
429

1.921
1.399
1.338
0.000
1.617
1.702
0.014
1.595
1.569

–9
–6
-b
–90
–31
-b
–38
–34

1a⋅(EtNH+
3 )2 O-coordinated
1a⋅+H3N(CH2)12NH+
3 parallel
1a⋅+H3N(CH2)12NH+
3 perpendicular
a
b

ψ, ◦
0
27; 0
27; 0
27
12
8; 9
9; 15

Δλ =λmax(complex) – λmax(free 1a).
The shifts cannot be calculated since the oscillator strength is negligible.

summarized in Table 5; the orbitals responsible for the transitions are
shown in Fig. S19 of Supplementary data. The complexation-induced
absorption shifts Δλ are in good agreement with the experiment.
We relate the complexation-induced absorption shifts Δλ to the
pyramidality of the crown ether nitrogen Ncr [33–37]. The pyramidality
ψ is calculated as 360◦ minus the sum of the C–N–C angles. Partici
pation of Ncr in the coordination with the cation, especially through the
N–H⋯N hydrogen bond, causes strong blue shift of the absorption
band. On the other hand, the very presence of the cation near Ncr

Fig. 10. The dominant structures of 1a⋅+H3N(CH2)12NH+
3 with their molar fractions calculated from the relative energies. Most of hydrogen atoms are not shown.
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agreement with experimental data. All the target proton signals shift
downfield, although the calculated ΔδH are much larger than the
observed ones. This may result from the fact that solvent effects were not
included in the calculation of the NMR spectra, and the local electro
static fields in the molecules are unscreened, thus causing too strong
changes in the chemical shifts. This may be also due to the fact that
observed ΔδH values are derived from NMR spectra, i.e., the difference
may be due to incomplete complexation in the real spectra.
Analysis of the calculated chemical shifts of individual protons
without averaging shows that the chemical shifts of 3′ -H and 5′ -H
correlate with the pyramidality of the adjacent crown ether nitrogen
(Table S2 of Supplementary data). The correlation for 2′ -H and 6′ -H is
less pronounced.

Science and Higher Education of the Russian Federation within the State
Assignment FSRC “Crystallography and Photonics” of RAS in part of
synthesis of dyes 3a,b and their complexation with EtNH+
3 . NMR spectra
were recorded in the Shared Research Facility of N. D. Zelinsky Institute
of Organic Chemistry, Moscow, Russian Federation. The authors thank
Mr. Filipp S. Zyuz’kevich for his help in the synthesis of compound 1a
and Ms. Anastasiya V. Naumova for her help in the study of complex
formation of 1a.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jphotochem.2020.
112801.
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