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A B S T R A C T

Binding of alkanediammonium ions +H3N(CH2)nNH3
+, n = 2–6, to (E)-bis(18-crown-6)stilbene initiates

the [2 + 2] photocycloaddition reaction leading mainly to the rctt isomer of 1,2,3,4-tetrakis(benzo-18-
crown-6)cyclobutane. The high efficiency and stereoselectivity of this photoreaction in dilute solution
are due to the formation of bis-pseudosandwich complexes consisting of two stilbene molecules and two
alkanediammonium ions. With a decrease in the length of the polymethylene spacers in the 2:2 complex,
the quantum yield of supramolecular [2 + 2] photocycloaddition increases from 0.02 to 0.27, while the
quantum yield of the competing E–Z photoisomerization decreases from 0.12 to 0.06. Spectrophotometric
observations and density functional theory calculations revealed that (Z)-bis(18-crown-6)stilbene, unlike
the E isomer, is able to form pseudocyclic 1:1 complexes with +H3N(CH2)nNH3

+, n = 2–6, owing to the
proximity of two crown ether moieties. The peculiar spectral properties of these complexes are
associated with large torsion angles around the ethylene–benzocrown single bonds. X-ray diffraction
analysis showed that co-crystallization of (E)-bis(18-crown-6)stilbene with 1,6-hexanediammonium
diperchlorate affords a linear polymer in which the alternating stilbene molecules and diammonium ions
are connected by hydrogen bonds.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The [2 + 2] photocycloaddition (PCA) reaction of olefins is one of
the few photoreactions widely used in organic synthesis [1], in
particular, in the synthesis of pharmaceutical and natural products
[2]. The intermolecular PCA reactions in solution are normally
characterized by very low quantum yields, because of short excited
state lifetime, and afford a mixture of cyclobutane isomers. This is
especially true for acyclic olefins able to undergo the E–Z
photoisomerization reaction. The self-assembly of reactants into
supramolecular arrays via noncovalent interactions is an efficient
* Corresponding authors at: Photochemistry Center, Russian Academy of
Sciences, Novatorov str. 7A-1, Moscow 119421, Russian Federation.
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tool for controlling PCA [3]. Recent reviews [4,5] cover the key
methods that are used to obtain assemblies of unsaturated
compounds pre-organized for this photoreaction in solution:
cation-induced self-assembly, confinement of reactants in supra-
molecular containers, self-assembly through hydrogen bonding,
and so on. One of the most studied methods is cation-induced self-
assembly of unsaturated compounds modified by ligand groups to
form dimeric, pseudodimeric, and sandwich complexes [5]. It can
provide both high efficiency and stereoselectivity of the PCA
reaction even in the case of acyclic compounds, such as 1,3-
butadienes [6], owing to relatively strong non-covalent contacts of
reactants.

Previously, it was shown [7] that the E isomer of bis(18-crown-
6)stilbene ((E)-1) is able to form pseudocyclic complexes of 2:2
composition (bis-pseudosandwich complexes) with alkanediam-
monium ions of the structure +H3N(CH2)nNH3

+ (Cn
2+), where n = 2–

6. The photoirradiation of complexes [(E)-1�Cn
2+]2, n = 2–6, in
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Scheme 1. Supramolecular synthesis of tetrakis(benzo-18-crown-6)cyclobutane.
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Scheme 2. Synthesis of (Z)-1 and differences in the proton chemical shifts of (Z)-1
and (E)-1; DdH (ppm) = dH(Z) � dH(E), 2 � 10�3M, MeCN-d3, 25 �C.
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MeCN afforded the Z isomer of bis(18-crown-6)stilbene ((Z)-1) and
two cyclobutane isomers rctt-2 and rtct-2 (Scheme 1); the relative
yield of the rctt isomer reached 95% (in the case of C3

2+).
Among variety of reports on supramolecular PCA reactions, only

a few contain quantitative information about structure–property
relationships [8]. The key goals of this study were to elucidate a
detailed picture of the hydrogen bond-directed self-assembly of bis
(18-crown-6)stilbene and alkanediammonium ions into supramo-
lecular complexes of various composition and structure, and to
determine how the length of the polymethylene spacers in the bis-
pseudosandwich complexes [(E)-1�Cn

2+]2 affects the quantum
yields of the competing PCA and E–Z photoisomerization reactions
of (E)-1.

2. Experimental

2.1. General methods

1H and 13C NMR spectra were recorded on a Bruker DRX500
spectrometer (500 and 125 MHz, respectively) in DMSO-d6 and
MeCN-d3 at 25–30 �C using the solvent as the internal standard (dH
2.50 and dC 39.43 for DMSO-d6 and dH 1.96 for MeCN-d3). 2D COSY
and NOESY spectra and 1H–13C heteronuclear correlation (HSQC
and HMBC) spectra were used to assign the proton and carbon
signals. Melting points (uncorrected) were measured in capillaries
on a Mel-Temp II instrument. The samples for elemental analyses
were dried in vacuo at 80 �C. Electronic absorption spectra were
measured on a Specord-M40 spectrophotometer in 0.1, 1, and 5 cm
quartz cells with ground-in stoppers. All manipulations with
solutions containing bis(18-crown-6)stilbene were performed in a
darkroom under red light (daylight induces the E–Z photo-
isomerization of bis(18-crown-6)stilbene in solution). Stationary
photolysis was performed using glass-filtered light of a high
pressure Hg lamp (l = 365 nm). The light intensity was measured
by chemical actinometry.

2.2. Synthesis

Compounds Cn
2+2ClO4

�, n = 2–6, were obtained according to
known procedures [7,9]. Stilbene (E)-1 was prepared by the facile
and high-performance method developed previously [10]. Solid
complexes (E)-1�Cn

2+2ClO4
�, n = 2, 5, 6, were obtained by slow

crystallization of equimolar mixtures of the components; accord-
ing to elemental analysis data, all these complexes have formally
1:1 stoichiometry (Supplementary data). The Z isomer of stilbene 1
was prepared by irradiation of an acetonitrile solution of (E)-1 with
365 nm light (Scheme 2) followed by removal of the remaining E
isomer by precipitation with hexane from a benzene solution. It is
noteworthy that (Z)-1 was obtained as a solid; this attests to a
higher purity of this sample compared with the previously
described (Z)-1 sample [11], which was isolated as an oil. The
1H NMR signals of aromatic and ethylene protons of (Z)-1 are
shifted upfield relative to the corresponding signals of (E)-1
(Scheme 2). The main reason is that the stilbene moiety in (Z)-1 is
non-planar as a result of steric interaction between the aryl
residues and, hence, the conjugation in this moiety is disrupted.

18,180-[(Z)-Ethene-1,2-diyl]bis(2,3,5,6,8,9,11,12,14,15-decahy-
dro-1,4,7,10,13,16-benzohexaoxacyclooctadecine) (stilbene (Z)-
1). Stilbene (E)-1 (20 mg, 30.9 mmol) was dissolved in 60 mL of
MeCN. Four portions of this solution (15 mL each) were irradiated
with 365 nm light in a non-standard quartz cell (15 cm height,
10 cm width, and 0.1 cm optical path length) until the photosta-
tionary equilibrium between E and Z isomers was attained
(spectrophotometric monitoring). The photostationary mixtures
were combined, the solvent was evaporated in vacuo, and the
residue was dissolved in benzene (5 mL). After addition of hexane
(5 mL), the precipitated (E)-1 was filtered off. The mother liquor
was concentrated in vacuo and the residue was again dissolved in
benzene (2.5 mL). After addition of hexane (5 mL) and cooling to
5 �C, the precipitated (E)-1 was filtered off. The mother liquor was
then evaporated in vacuo to give (Z)-1 (15 mg, yield 75%) as a
colorless glassy substance, which slowly solidified when kept in
the dark, mp 79–82 �C (cf. lit. [11]: colorless oil). Calcd for
C34H48O12: C, 62.95; H, 7.46%. Found: C, 63.14; H, 7.31%. MS, m/z (Irel
(%)): 648 [M]+ (100), 148 (5), 111 (5), 98 (10), 83 (22), 73 (12), 57
(24), 56 (15), 55 (29).

1H NMR (DMSO-d6) d (ppm) 3.52 (s, 8 H, 4 CH2O), 3.54 (m, 8 H, 4
CH2O), 3.58 (m, 8 H, 4 CH2O), 3.66 (m, 4 H, 2 14-CH2CH2OAr), 3.72
(m, 4 H, 2 3-CH2CH2OAr), 3.88 (m, 4 H, 2 15-CH2OAr), 4.04 (m, 4 H, 2
2-CH2OAr), 6.44 (s, 2 H, (Z)-HC¼CH), 6.78 (dd, 3J = 8.2 Hz, 4J = 1.8 Hz,
2 H, 2 19-H), 6.82 (d, 4J = 1.8 Hz, 2 H, 2 17-H), 6.87 (d, 3J = 8.2 Hz, 2 H,
2 20-H).

13C NMR (DMSO-d6) d (ppm) 67.81 (2 15-CH2OAr), 68.00 (2 2-
CH2OAr), 68.53 (2 14-CH2CH2OAr), 68.64 (2 3-CH2CH2OAr), 69.73
(12 CH2O), 112.81 (2 20-C), 113.31 (2 17-C), 121.35 (2 19-C), 128.41
((Z)-HC¼CH), 129.63 (2 18-C), 147.36 (2 20a-C), 147.57 (2 16a-C).

2.3. Computational details

The molecular structures of (Z)-1 and complexes (Z)-1�
(EtNH3

+)2 and (Z)-1�C2
2+ in MeCN were calculated as follows. At

first, four C2-symmetrical conformers of (Z)-1 were constructed
using benzo-18-crown-6 ether molecule in its typical conforma-
tion. These are (s-trans)2-(up)2, (s-trans)2-(dn)2, (s-cis)2-(up)2, and
(s-cis)2-(dn)2 (see Fig. 1). The geometries of these conformers were
optimized in the gas phase using the parameterized electronic
structure model developed by Laikov [12] and implemented in the
Priroda 14 program [13]. The optimized structures were used to



Fig. 1. Conformational notation.

Fig. 2. Absorption spectra of (E)-1 (1), [(E)-1�C2
2+]2 (2), (E)-1�(EtNH3

+)2 (3), (Z)-1 (4),
(Z)-1�C2

2+ (5), and (Z)-1�(EtNH3
+)2 (6) in MeCN.

82 E.N. Ushakov et al. / Journal of Photochemistry and Photobiology A: Chemistry 340 (2017) 80–87
generate other symmetrical and asymmetrical conformers of (Z)-1
by 180� rotation of the benzocrown ether moieties around the
single bonds connecting these moieties to the olefinic bond. To
construct the ammonium and diammonium complexes we used
only symmetrical conformers of (Z)-1. All the initial structures
were optimized by the method developed by Laikov.

The subsequent density functional theory (DFT) calculations
were performed using the Gaussian 09 program package [14]. DFT
geometry optimizations were first carried out using loose
convergence criteria to select a few most probable conformations
for each of the three compounds. In these calculations we used the
M06-2X functional [15], the 6-31G(d) basis set, and the SMD
polarizable continuum model [16] in order to simulate effects of
MeCN as the experimental solvent. These preliminary studies
revealed that more compact (s-cis)2 conformations of stilbene (Z)-1
(in both free and bound states) should predominate in the polar
solvent. For the selected conformations, the free energies in
solution were calculated to determine the most stable conformer.

In continuum solvation models the free energy in solution is
expressed as follows [17]:

Gsoln = Esoln + Gnes + DGcorr_gas

where Esoln is the electronic energy of the solute in the presence of
the solvent field, Gnes is the sum of nonelectrostatic contributions
to the solvation free energy, and DGcorr_gas is the thermal correction
to the free energy of the solute in the gas phase.

To calculate Gsoln, molecular geometries were fully optimized
both in solution and in the gas phase using the M06-2X/6-31G(d)
method. The optimizations in the gas-phase were followed by
analytical frequency calculations at the same level of theory to
estimate DGcorr_gas at 298 K. The thermochemical analysis was
carried out using a scale factor of 0.97 for harmonic frequencies.
The sum of Esoln and Gnes was derived from single-point energy
calculation with the relatively large 6-311++G(d,p) basis set in
order to reduce basis set incompleteness errors.

The free energies of the EtNH3
+ and C2

2+ ions in solution were
also calculated by the same method in order to estimate the
binding free energies for complexes (Z)-1�(EtNH3

+)2 and (Z)-1�C2
2+:

DGbind|L�(An+)m| = Gsoln|L�(An+)m| � Gsoln|L| � mGsoln|An+|

where L is the (Z)-1 molecule, An+ is the cation, n, m = 1, 2. The
calculated Gsoln and DGbind values are given in Table S1 (Supple-
mentary data).

The calculations of the S0–S1 electronic transition energies in
solution were performed on the ground-state geometries
optimized at the M06-2X/6-31G(d)/SMD level of theory using
the time-dependent DFT (TDDFT) method [18] with the same
functional, basis set, and solvation model.

3. Results and discussion

3.1. Absorption spectral properties

The formation of bis-pseudosandwich complexes of (E)-1 with
Cn

2+ in dilute solution can be represented as two successive
equilibrium reactions:

ðEÞ � 1 þ Cn
2þ ÐK1:1ðEÞ � 1�Cn

2þ ð1Þ

ðEÞ � 1�Cn
2þ þ ðEÞ � 1�Cn

2þ Ð
K2:2 ½ðEÞ � 1�Cn

2þ�2 ð2Þ
The second reaction occurs between two dications; therefore,

as the solution ionic strength increases, equilibrium (2) should
shift toward the 2:2 complex. In order to achieve the highest
relative content of this complex, we conducted the spectroscopic
and photochemical measurements for systems (E)-1–Cn

2+ at a
constant high ionic strength (0.01 M, supporting electrolyte
Bu4N+ClO4

�) and rather high total concentrations of (E)-1 (about
3.5 �10�4M) and Cn

2+ (about 5.5 �10�4M).
The K1:1 and K2:2 constants for the (E)-1–Cn

2+ systems in MeCN
could not be determined by direct spectrophotometric titration
because of too high K2:2 values and small differences between the
spectra of [(E)-1�Cn

2+]2 and (E)-1�Cn
2+. Published data [7–9,19]

suggest that in these systems, K1:1 > 104M�1 and K2:2 > 107M�1.
Then at the above-indicated reactant concentrations, at least 98%
of (E)-1 should exist as the complex [(E)-1�Cn

2+]2. This suggestion is
supported by photochemical data (see Section 3.2).

Fig. 2 (solid curves) shows the absorption spectra of stilbene
(E)-1 and complexes [(E)-1�C2

2+]2 and (E)-1�(EtNH3
+)2 in MeCN.

Complete conversion of (E)-1 to (E)-1�(EtNH3
+)2 was reached when

a large excess of EtNH3
+ClO4

� (0.01 M) over (E)-1 was used
(spectrophotometric titration data). The formation of complexes
[(E)-1�C2

2+]2 and (E)-1�(EtNH3
+)2 leads only to a minor hypso-

chromic shift of the long-wavelength absorption band of (E)-1. The
bis-pseudosandwich complex [(E)-1�C2

2+]2 demonstrates a less
intense but broader absorption band in comparison with (E)-1�
(EtNH3

+)2. This fact is attributable to the stacking interactions
between the two stilbene moieties of [(E)-1�C2

2+]2. As the number
of methylene units in Cn

2+ increases, the absorption band of the 2:2
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irradiation time varied from 0 to 20 min. Inset: percentage of conversion of (E)-1 as a
function of the irradiation time; the solid curve is from global fitting to a kinetic

E.N. Ushakov et al. / Journal of Photochemistry and Photobiology A: Chemistry 340 (2017) 80–87 83
complex narrows and its intensity increases (Fig. S1, Supplemen-
tary data), indicating that the stacking interactions become weaker
because of increasing average distance between the stilbene
moieties.

According to spectrophotometric titration data (Figs. S2 and S3,
Supplementary data), the Z isomer of stilbene 1 forms highly stable
1:1 complexes with Cn

2+, n = 2–6, in MeCN (K1:1 > 107M�1). Fig. 2
(dashed curves) shows the absorption spectra of (Z)-1 and
complexes (Z)-1�C2

2+ and (Z)-1�(EtNH3
+)2. The lowest-energy

absorption band of (Z)-1�C2
2+ is strongly shifted toward shorter

wavelengths relative to the corresponding bands of (Z)-1 and (Z)-1�
(EtNH3

+)2. The only rational explanation for this finding is to
assume a pseudocyclic structure of the 1:1 complex of (Z)-1 with
C2

2+. A similar assumption was made by Shinkai et al., on the basis
of indirect observation, for complexes of (Z)-bis(18-crown-6)
azobenzene with C2

2+ and C4
2+ (TsO� as the counterion) in n-

butanol–o-dichlorobenzene mixtures [20]. It was also demon-
strated that (Z)-bis(crown)azobenzenes are able to form pseudo-
cyclic 1:1 complexes with metal cations that are larger in diameter
than the crown cavity; in these complexes, the metal cation is
bound to both crown-ether moieties of azobenzene [21–23]. For
example, the azobenzene analogue of (Z)-1 forms a pseudocyclic
1:1 complex with the Cs+ ion, the effective diameter of which
(3.34 Å [24]) is smaller than the distance between the nitrogen
atoms in C2

2+ (3.76 Å, as calculated by the M06-2X/6-31G(d)/SMD
method).

The absorption spectra presented in Fig. S4 (Supplementary
data) indicate that binding of Cn

2+, n = 3–6, to (Z)-1 also leads to the
formation of pseudocyclic 1:1 complexes. The results of DFT
calculations presented in Section 3.3 show that the peculiar
spectral properties of the (Z)-1�Cn

2+ complexes are mainly caused
by large torsion angles around the ethylene–benzocrown single
bonds.

It should be noted that the E isomer of stilbene 1 is also able to
form highly stable pseudocyclic 1:1 complexes (K1:1 > 107M�1) but
with longer alkanediammonium ions, starting from 1,10-decane-
diammonium ion [25].
3.2. Photochemical properties

Stationary irradiation of complexes [(E)-1�Cn
2+]2, n = 2–6, in

MeCN with 365 nm light resulted in complete consumption of (E)-
1 to give a mixture of photoproducts that show no absorption at
l = 365 nm, namely, complex (Z)-1�Cn

2+ and cyclobutane 2 as
complex 2�(Cn

2+)2. The photochemical and thermal processes
occurring during the irradiation of complexes [(E)-1�Cn

2+]2 are
shown in Scheme 3.

The absolute quantum yields of the PCA and E–Z photo-
isomerization reactions in complexes [(E)-1�Cn

2+]2 (’PCA and ’E–Z,
respectively) were determined in two stages. First, the total
equation for irreversible unimolecular photoreactions.
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quantum yield for the conversion of (E)-1 (’tot) was derived from
the spectral kinetics observed at the long-wavelength edge of the
absorption band of [(E)-1�Cn

2+]2 (Fig. 3, see also Figs. S5–S8,
Supplementary data) where the photoproducts, i.e., (Z)-1�Cn

2+ and
2�(Cn

2+)2 show no absorption. The formation of intermediate
complex (Z)-1�Cn

2+�(E)-1�Cn
2+ (Scheme 3) can be neglected for the

case of low-intensity irradiation, because this complex rapidly
dissociates (t < 10 s) to give pseudocyclic complex (Z)-1�Cn

2+. The
’tot value was determined by global fitting of spectrokinetic data in
terms of the kinetic equation for irreversible unimolecular
photoreactions [8].

The second stage was to determine the concentration ratio of
the two photoproducts for different percentages of conversion of
(E)-1. An accurate calculation of this ratio from the absorption
spectrum of the photolysate was impossible, as the spectra of (Z)-
1�Cn

2+ and 2�(Cn
2+)2 overlap almost completely. Therefore, the

photolysate samples taken at different percentages of conversion
of (E)-1 (from 0 to 70–80%) were diluted with a solution containing
Ba(ClO4)2 (1 �10�3M) and the absorption spectra of the resulting
three-component mixtures comprising (E)-1�(Ba2+)2, (Z)-1�(Ba2+)2,
and 2�(Ba2+)4 were measured (see, for example, Fig. S9, Supple-
mentary data). In addition, a sample taken after complete
conversion of (E)-1 was used to record the absorption spectrum
of a two-component mixture of (Z)-1�(Ba2+)2 and 2�(Ba2+)4.
Complex (Z)-1�(Ba2+)2 absorbs at longer wavelengths than complex
2�(Ba2+)4 (Fig. 4); therefore, the spectrum of 2�(Ba2+)4 could be
easily derived by subtracting the known spectrum of (Z)-1�(Ba2+)2
from the two-component mixture spectrum.

The absorption spectra of three-component mixtures of (E)-1�
(Ba2+)2, (Z)-1�(Ba2+)2, and 2�(Ba2+)4 recorded in the 240–380 nm
range were represented as the data matrix Dexp of the dimension
n�m, where m is the number of spectra and n is the number of
optical density (D) values in the spectrum. This matrix was
subjected to singular value decomposition (SVD). For each of the
(E)-1–Cn

2+ systems, the matrix Dexp was very well reconstructed
using two principal SVD vectors; the standard deviation between
the experimental and reconstructed matrices was less than 0.001
of optical density. This fact indicates that the mixture contains only
two linearly independent light-absorbing components [26]. One of
these components is complex (E)-1�(Ba2+)2 and the other one is a
mixture of complexes 2�(Ba2+)4 and (Z)-1�(Ba2+)2 with a variable
total concentration and invariable concentration ratio RC = [2]/[(Z)-
1]. The fact that RC does not depend on the percentage of
conversion of the E isomer during the photolysis of (E)-1–Cn

2+

systems confirms the above mentioned assumption stating that
Fig. 4. Absorption spectra of complexes (E)-1�(Ba2+)2 (1), (Z)-1�(Ba2+)2 (2), and 2�
(Ba2+)4 (3) in MeCN.
(E)-1 exists in these systems almost completely as bis-pseudo-
sandwich complex [(E)-1�Cn

2+]2.
The RC value was determined by parameterized modeling [26]

of the matrix Dexp using the relation

D(l) = eE(l)[E]l + {eZ(l) + RCecb(l)}[Z]l

where eE(l), eZ(l), and ecb(l) are the known molar absorptivities of
complexes (E)-1�(Ba2+)2, (Z)-1�(Ba2+)2, and 2�(Ba2+)4, respectively;
[E] and [Z] are the concentrations of (E)-1�(Ba2+)2 and (Z)-1�(Ba2+)2;
l is the cell length. The RC value was found to increase with a
decrease in the number of methylene units in Cn

2+, namely, from
0.09 (C6

2+) to 2.3 (C2
2+).

When the values of RC and ’tot are known, it is easy to compute
the quantum yields ’PCA and ’E–Z. The values of ’PCA and ’E–Z for
complexes [(E)-1�Cn

2+]2 are summarized in Table 1.
As the length of the polymethylene spacers in the bis-

pseudosandwich complex decreases, the efficiency of PCA reaction
increases, while the quantum yield of E–Z photoisomerization
decreases. The increase in ’PCA is attributable to a decrease in the
average distance between the two olefinic bonds in the complex
and, perhaps, to a decrease in the number of complex conforma-
tions unfavorable for PCA. The decrease in ’E–Zmay be due to both
the acceleration of the competing PCA reaction and increasing
steric hindrance for E–Z photoisomerization in the pseudocyclic
2:2 complex. A certain role of steric factors in the E–Z photo-
isomerization of complexes [(E)-1�Cn

2+]2 is indicated by the fact
that the ’E–Z values for (E)-1 and complex (E)-1�(EtNH3

+)2, in
which there is no steric hindrance for photoisomerization, are
twice higher than that for complex [(E)-1�C6

2+]2. It should be also
noted that the PCA quantum yield of free (E)-1 is negligibly small in
comparison with the bis-pseudosandwich complexes, under the
same experimental conditions.

3.3. DFT and TDDFT calculations

In order to confirm the conclusion that (Z)-1 is able to form
pseudocyclic 1:1 complexes even with short alkanediammonium
ions such as C2

2+, we carried out DFT and TDDFT studies of (Z)-1
and complexes (Z)-1�(EtNH3

+)2 and (Z)-1�C2
2+ in MeCN. The

structures of the most probable conformers of these compounds,
as optimized by the M06-2X/6-31G(d)/SMD method, are presented
in Fig. 5. The free energies in solution (Gsoln), the binding free
energies (DGbind), and some other calculated energy quantities are
collected in Table S1 (Supplementary data). The experimental and
TDDFT calculated parameters of the S0–S1 electronic transition of
these compounds are summarized in Table 2 (the calculated
transition energies were corrected by a factor of 0.978).

In the C2-symmetrical (s-cis)2-(dn)2 conformation of (Z)-1
(Fig. 5A, conformational notation is given in Fig. 1), the torsion
angles around the ethylene–benzocrown bond are 34.0�, and the
bond lengths in the Ar��HC¼CH moiety are 1.476 and 1.345 Å. The
Table 1
Quantum yields of the PCA and E–Z photoisomerization reactions in complexes [(E)-
1�Cn

2+]2.a

Compound ’tot ’PCA ’E–Z

(E)-1 0.24b

[(E)-1�C2
2+]2 0.33 0.27 0.06

[(E)-1�C3
2+]2 0.28 0.21 0.07

[(E)-1�C4
2+]2 0.23 0.13 0.10

[(E)-1�C5
2+]2 0.12 0.02 0.10

[(E)-1�C6
2+]2 0.14 0.02 0.12

(E)-1�(EtNH3
+)2 0.26

a MeCN solution, irradiation with 365 nm light, the quantum yields are measured
to within about �20%.

b Ref. [27].



Fig. 5. Most probable conformations of (A) stilbene (Z)-1, (B) complex (Z)-1�
(EtNH3

+)2, and (C) complex (Z)-1�C2
2+ in MeCN, as calculated by the M06-2X/6-31G

(d)/SMD method; hydrogen atoms are not shown, except those of the ammonium
groups.

Table 2
Experimental and TDDFT calculated parameters of the S0–S1 electronic transition of
stilbene (Z)-1 and its complexes with cations.a

Compound lmax Dlmax emax lcalc
b Dlcalc fcalc

(Z)-1 304 12600 304 0.70
(Z)-1�(EtNH3

+)2 301 3 12400 300.5 3.5 0.69
(Z)-1�(Ba2+)2 300 4 12500
(Z)-1�C2

2+ 280 24 12200 274.5 29.5 0.44

a In MeCN, lmax (nm) is the position of the absorption maximum, emax

(M�1 cm�1) is the molar absorptivity at lmax, Dlmax = lmax(ligand) �
lmax(complex), lcalc (nm) is the calculated wavelength of the S0–S1 transition,
fcalc is the oscillator strength, Dlcal = lcal(ligand) � lcal(complex).

b The calculated S0–S1 transition energies were corrected by a factor of 0.978.
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corresponding (s-cis)2-(up)2 conformation of (Z)-1 (Fig. S10A,
Supplementary data) is less stable by only 0.3 kcal mol�1 and the
lcalc value for this conformation is larger by only 3 nm.

In the C2-symmetrical (s-cis)2-(dn)2 conformation of (Z)-1�
(EtNH3

+)2 (Fig. 5B), the main structural parameters of (Z)-1 are very
close to those of free (Z)-1; the torsion angles around the ethylene–
benzocrown bonds are 34.3� and the bond lengths in the
Ar��HC¼CH moiety are 1.476 and 1.344 Å. The corresponding (s-
cis)2-(up)2 conformation of (Z)-1�(EtNH3
+)2 (Fig. S10B) is virtually

isoenergetic: the difference in Gsoln was calculated to be 0.06 kcal
mol�1. Although the two conformations differ in the pattern of
hydrogen bonds, they are characterized by very close wavelengths
of the S0–S1 transition (the lcalc value for the (up)2 conformer is
smaller by only 3 nm).

The most stable conformer of (Z)-1�C2
2+ (Fig. 5C) possesses

nearly C2 symmetry. The torsion angles around the ethylene–
benzocrown bonds are about 46.6�, much greater than those in (Z)-
1 and (Z)-1�(EtNH3

+)2. The ethylene bond is somewhat more
localized: the bond lengths in the Ar��HC¼CH moiety are 1.482
and 1.342 Å. The C��C¼C bond angles are about 124.4�, substan-
tially smaller than those in (Z)-1 (129.7�) and (Z)-1�(EtNH3

+)2
(129.7�). This is indicative of significant steric strain in pseudo-
cyclic complex (Z)-1�C2

2+. The conformations of (Z)-1�C2
2+ with

other patterns of hydrogen bonds, such as that shown in Fig. S10C,
are much less stable (by more than 2 kcal mol�1).

The TDDFT calculations predict well the experimental Dlmax

values for both complexes. The exceptionally large value of Dlmax

for (Z)-1�C2
2+ (24 nm) in comparison with (Z)-1�(EtNH3

+)2 (3 nm)
and (Z)-1�(Ba2+)2 (4 nm) is due to relatively large torsion angles
around the ethylene–benzocrown bonds in the sterically strained
pseudocyclic complex.

Another evidence for the pseudocyclic structure of (Z)-1�C2
2+ is

the fact that the calculated binding free energy for this complex
(DGbind = �28.3 kcal mol�1) is higher than that for (Z)-1�(EtNH3

+)2
(DGbind = �16.6 kcal mol�1). In both cases, the absolute binding
energies are most likely overestimated due to underestimation of
the solvation energies of the EtNH3

+ and C2
2+ ions and due to basis

set superposition errors.

3.4. Crystal structure of complex (E)-1�C62+�2ClO4
��2C6H6�MeCN

Fig. 6A shows the independent components of crystalline
complex (E)-1�C6

2+�2ClO4
��2C6H6�MeCN (CCDC number 1510931,

crystal data and details of the structure determination are
presented in the Supplementary data). The disordered positions
of some structural units, including the conformationally mobile
crown-ether moieties of molecule (E)-1, decrease the reflectivity of
the crystal and, hence, the accuracy of X-ray experiment.
Nevertheless, the experimental accuracy was quite satisfactory,
which allows us to discuss the subtle details of the structures of the
components and the whole complex.

The ethylene bond in molecule (E)-1 is largely localized: the
bond lengths in the C(2)��C(1)¼C(1A) unit are 1.471(4) and 1.320
(5) Å, respectively. The 18-membered macroheterocyclic moieties
of (E)-1 are in the typical crown-like conformation, most favorable
for binding the primary ammonium ions. The N(1)H3

+ group of the
diammonium ion (as well as its symmetrical equivalent N(1A)H3

+)
is coordinated to the 18-crown-6 ether moiety of stilbene via the
formation of three directional hydrogen bonds, N(1)H . . . O(1,3,5);
the lengths of these bonds are 2.01, 1.92, and 2.04 Å, and the angles
at hydrogen atoms are 176�, 175�, and 163�, respectively. These
parameters correspond to a medium-strength hydrogen bond. The
hexamethylene chain of the diammonium ion has a transoid
conformation in which all carbon atoms are virtually in one plane
parallel to the mean plane of the stilbene moiety of molecule (E)-1.
However, the terminal groups CH2CH2��CH2NH3

+ have a gauche
conformation, which is likely to be most favorable for efficient
interaction of the ammonium group with the macrocycle.

In the (E)1�C6
2+�2ClO4

��2C6H6�MeCN structure, the stilbene
molecule is arranged in a special position, so that the midpoint of
the C(1)¼C(1A) ethylene bond coincides with the center of
symmetry of the crystal. The hexanediammonium ion also
occupies a special position, and its midpoint coincides with
another center of symmetry of the crystal. Therefore, the whole



Fig. 6. A: Independent components of crystalline complex (E)-1�C6
2+�2ClO4

��2C6H6�MeCN; thermal ellipsoids are drawn at the 40% probability level; hydrogen bonds are
shown by dash lines; additional letters “A” indicate that atoms belong to symmetrically related sites. B: Polymeric structure [(E)-1�C6

2+]n resulting from hydrogen bonding in
the crystal; disordered fragments, perchlorate anions, solvate molecules, and most of the hydrogen atoms are omitted for clarity.

86 E.N. Ushakov et al. / Journal of Photochemistry and Photobiology A: Chemistry 340 (2017) 80–87
structure has a centrosymmetric type of connectivity, resulting, in
particular, in an ideally planar conformation of the stilbene moiety
in (E)-1. One more consequence of the centrosymmetric structure
of the complex is that the ammonium groups are coordinated to
the crown-ether moieties on different sides relative to the mean
plane of stilbene moiety in (E)-1, and two NH3

+ groups of one
diammonium ion are linked to the crown-ether moieties of two
(E)-1 molecules. In the given space group ðP1Þ, this inevitably leads
to the formation of hydrogen-bonded polymeric structure, [(E)-
1�C6

2+]n (Fig. 6B).
Thus, co-crystallization of stilbene (E)-1 with 1,6-hexanediam-

monium diperchlorate does not lead to the formation of
pseudocyclic 2:2 complexes, which are observed in dilute
solutions. Instead, a linear supramolecular polymer [(E)-1�C6

2+]n
with alternating (E)-1 molecules and diammonium ions is formed.
This indirectly indicates that in concentrated solutions, (E)-1 and
C6

2+ can form supramolecular assemblies of higher order than
complexes [(E)-1�C6

2+]2.

4. Conclusions

We elucidated the detailed picture of the hydrogen bond-
directed self-assembly of bis(18-crown-6)stilbene and alkane-
diammonium ions of the structure +H3N(CH2)nNH3

+, where n = 2–6,
into supramolecular associates of different composition, such as
pseudocyclic 2:2 complexes formed by the E isomer of bis(18-
crown-6)stilbene. Also we determined how the number of
methylene units in alkanediammonium ion affects the quantum
yields of the [2 + 2] photocycloaddition and E–Z photoisomeriza-
tion reactions occurring in the 2:2 complexes. The
photocycloaddition quantum yield was found to increase with
decreasing the number of methylene units, reaching the highest
value (0.27) in the case of 1,2-ethanediammonium ion.

Generally, the efficiency of photocycloaddition in pseudocyclic
structures in solution is dependent not only on the spacing and
orientation of the reacting bonds but also on other factors, such as
steric strain in the pseudocycle [8]. In the case of 2:2 complexes of
(E)-bis(18-crown-6)stilbene, the spacing of the two olefinic bonds
is likely to be the main factor affecting the photocycloaddition
efficiency.

It was shown for the first time that the Z isomer of bis(18-
crown-6)stilbene is able to form pseudocyclic 1:1 complexes even
with very short alkanediammonium ions, such as 1,2-ethane-
diammonium ion. The peculiar spectral properties of these
complexes arise from large torsion angles around the ethylene–
benzocrown single bonds.

X-ray diffraction analysis revealed that co-crystallization of (E)-
bis(18-crown-6)stilbene with 1,6-hexanediammonium diperchlo-
rate affords a supramolecular polymer composed of alternating
stilbene molecules and diammonium ions.

The results of this study can be used for the targeted design of
photoactive supramolecular assemblies and for the development
of photochemical synthesis of multitopic receptors such as
tetracrown cyclobutanes.
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