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ABSTRACT: The formation and the spectroscopic and structural
properties of 1:1 and 2:1 (ligand-to-dication) complexes of an (18-
crown-6)stilbene with ethane-1,2-diammonium diperchlorate in
MeCN were studied by UV−vis and NMR spectroscopy and by
density functional theory calculations. Prolonged UV irradiation of
2:1 mixtures of the crown stilbene and the diammonium salt led to
the formation of two main photoproducts, namely, the single syn-
“head-to-head” photodimer of the crown stilbene (rctt cyclobutane)
due to supramolecular-assisted [2 + 2] photocycloaddition and a
crown ether derivative of phenanthrene due to a photoinduced
electrocyclization reaction. The rctt cyclobutane was isolated by preparative photolysis, followed by chromatography. The selectivity
of the [2 + 2] photocycloaddition is explained by supramolecular pre-organization of crown stilbene molecules into the 2:1
complexes that have a pseudo-sandwich structure with stacking interactions between the stilbene moieties.

■ INTRODUCTION

Photocycloaddition (PCA) reaction of unsaturated com-
pounds resulting in cyclobutane derivatives is widely used in
organic1−5 and materials chemistry.6,7 The synthesis of 1,2,3,4-
tetraarylcyclobutanes in solutions is complicated by short
lifetimes of the electronically excited states of the starting
reactants (diarylethylenes).8 This problem and also the
problem of low stereospecificity of PCA can be solved by
means of supramolecular pre-organization of olefin mole-
cules.8−10 As a rule, diarylethylenes are assembled to dimers
and heterodimers using metal cations11 or supramolecular
containers12−15 such as cucurbiturils and cyclodextrins. We are
developing a different approach, that is, self-assembly through
hydrogen bonding.16−18 Previously, we showed19−21 that in the
presence of diammonium cations in solutions, bis(18-crown-
6)stilbene (BCS) forms 2:2 complexes. Owing to the ditopic
coordination, the PCA reaction in these complexes proceeds
stereoselectively in a high quantum yield. In this study, we
verified whether the two-site complexation in bisligand
complexes of crown-containing stilbene is necessary for
effective PCA reaction. As investigation objects, we used the
monocrown ether analogue, (18-crown-6)stilbene (E)-S, and
its complexes with alkanediammonium ion +H3N(CH2)2NH3

+

(A2+).

■ RESULTS AND DISCUSSION
Crown stilbene (E)-S was prepared by a previously reported
procedure.18 The complex formation of (E)-S with ethane-1,2-
diammonium (A2+) diperchlorate was studied by NMR
titration in MeCN-d3. Two equilibria may take place upon
the addition of a diammonium salt to a solution of stilbene
(E)-S (Scheme 1).
The complexation of stilbene (E)-S with A2+ induces

downfield shifts of all aromatic and ethylene proton signals
in the 1H NMR spectrum (Figure 1). The greatest shift of
almost 0.12 ppm was observed for 2,5,6-H protons.
Considerable changes are also found in the aliphatic proton
region (Figure S1b). The 3(4)-CH2CH2OAr signals shift
downfield by 0.15 ppm during the titration. The behavior of
the signals of 3(4)-CH2OAr differs from the behavior of other
signals; the direction of their displacement changes during the
titration: they shift upfield in the beginning of the titration and
shift downfield when excess A2+ is present. The upfield shift of
the 3(4)-CH2OAr signal of crown stilbene (E)-S observed in
the deficiency of A2+ (CA/CS ≈ 0.5, Figure S1b) attests to the
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formation of the bis-ligand complex in which the indicated
atoms of one molecule are shielded by the other ligand
molecule.
In the case of the BCS ligand, the formation of the 2:2

bispseudo-sandwich complex with the A2+ ions resulted in
downfield shifts of the H-2,6 signals and upfield shifts of the H-
5 signal and ethylene group signals (Figure S2). The latter
unambiguously indicates the proximity of the two stilbene
moieties in the (BCS)2·(A2+)2 complex. The fact that only
downfield shifts are observed for the aromatic proton signals
upon the formation of the [(E)-S]2·A2+ complex suggests that
the olefinic bonds in this complex are separated by a greater
distance than those in (BCS)2·(A2+)2. One more explanation
for this fact may be a higher population of unstacked
conformers of [(E)-S]2·A2+ compared to the stacked ones
(Figure 5).
Using the results of NMR titration of stilbene (E)-S with

ethanediammonium salt in MeCN-d3 (Figure S3), the stability
constants of complexes of various stoichiometries (Table 1)

were calculated by the parameterized matrix modeling22

according to the putative reaction model (Scheme 1). The
formation of bisligand complexes is also supported by mass
spectrometry data (Figure S4). Spectrophotometric titration
(SPT) was additionally used to measure the stability constants.
The addition of A(ClO4)2 in MeCN to a solution of stilbene
(E)-S resulted in a slight blue shift and an increase in intensity

of the long-wavelength absorption band (Figures S8 and S9).
The isosbestic points slightly changed the positions during the
titration.
The stability constants determined by NMR for the (E)-S−

A(ClO4)2 system proved to be somewhat lower than the
constants measured using the SPT data. This may be
attributable to the larger amount of water in MeCN-d3
compared to that in MeCN. The results (Table 1) attest to
the enhanced stability of the bis-ligand complex [(E)-S]2·A2+
relative to that of (E)-S·A2+, which may be due to additional
intermolecular interactions in the case of stacking conformers.
After short-term (800 s) UV irradiation at λ = 313 nm of a

MeCN solution of free stilbene (E)-S, an additional set of
signals (Z-isomer) appears in the 1H NMR spectrum of
evaporated photolysate due to E−Z photoisomerization
(Figures 2a,b and S11). After long-term (20 h) irradiation of

a solution of (E)-S with the same light, the 1H NMR spectrum
of the photolysate exhibits new signals in the aromatic proton
region at 7.4−8.8 ppm (Figure S12) and two multiplets shifted
downfield relative to the crown ether proton signals (Figure
2c). Two singlets at 8.17 and 7.46 ppm are especially clearly
defined. The only compound that could be characterized by
this set of signals is phenanthrene derivative P (Scheme 2).23

The formation of P is also confirmed by ESI-MS (Figure S6).
In the 1H NMR spectrum of photolysate formed from a (E)-S
and A(ClO4)2 mixture (2:1 molar ratio), apart from the proton
signals of the above-indicated compounds, there are also two

Scheme 1. Complexation of (18-Crown-6)stilbene with the Ethanediammonium Ion

Figure 1. 1H NMR spectra of stilbene (E)-S (CS = 0.002 M)
measured upon the addition of different amounts of A(ClO4)2 (CA) in
MeCN-d3.

Table 1. Stability Constants of the Complexes of Stilbene
(E)-S with Ethanediammonium Ion A2+a

complex logK(NMR) logK(SPT)

(E)-S·A2+ 4.56 4.77
[(E)-S]2·A2+ 4.64 4.82

aIn MeCN-d3 or MeCN. The values were within about ±20%.

Figure 2. 1H NMR spectra in DMSO-d6 of free stilbene (E)-S (a),
products of stilbene photolysis at 313 nm for 800 s (b) and for 20 h
(c), products of photolysis of a 2:1 mixture of (E)-S and A(ClO4)2 at
313 nm for 20 h (d). The photoirradiation was carried out for 0.001
M solutions of stilbene (E)-S (2 mL in a 1 cm cell) in MeCN located
at equal distances from a mercury light.
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distorted doublets in the aliphatic region (4.42 and 4.34 ppm)
with the vicinal 3J constant of 7.2 Hz (Figures 2d and S15).
These signals point to the formation of a cyclobutane ring with
symmetrical positions of substituents. The aromatic region of
the 1H NMR spectrum also contained several new signals and
two singlets at 10.02 and 9.82 ppm, which can be assigned to
the aldehyde protons of benzaldehyde and 4′-formylbenzo-18-
crown-6 ether, respectively. It is noteworthy that the observed
signals of crown compounds in DMSO-d6 correspond to free
ligands since the stability of their complexes is much lower in
DMSO than in MeCN.
The observed cyclobutane multiplets correspond to an

AA′BB′ system. The PCA (photodimerization) reaction of
olefins with two different substituents can give a total of 11
cyclobutane isomers.8 Since [(E)-S]2·A2+ is formed according
to the head-to-head pattern, below we consider only the
cyclobutane isomers C (Figure 3).

The formation of isomers rccc-C and rttc-C from two Z-
isomers of stilbene S is unlikely. The cause is the very short
lifetime of the excited state of Z-stilbene.24 Hence, PCA of
complexes [(E)-S]2·A2+ affords either cyclobutane rctt-C (syn
adduct) or cyclobutane rtct-C (anti adduct). Previously,11 the
PCA reactions of sandwich complexes of (15-crown-5)-
styrylpyridine with Ba2+ ions were shown to give a symmetrical
rctt isomer of cyclobutane, manifested as two doublets of a
similar shape at 4.53 and 4.40 ppm with 3J = 6.4 Hz. It was
shown19 that the product of (BCS)2·(A2+)2 photolysis
contained rctt and rtct cyclobutane isomers, with the former
predominating. The cyclobutane ring protons in the rtct isomer
(singlet at δ 3.40) appear in a higher field than those of the rctt
isomer (singlet at δ 4.26). Thus, photolysis of a mixture of (E)-
S with A(ClO4)2 (Figure S15) gives cyclobutane rctt-C (50%),
phenanthrene P (37%), benzaldehyde (7%), and 4′-formyl-
benzo-18-crown-6 ether (6%).
Oxygen removal from a mixture of (E)-S with A(ClO4)2 by

bubbling argon for 15 min had almost no effect on the
percentage of phenanthrene P in the photolysate, but led to a
decrease in percentage of aldehydes and, accordingly, to an
increase in the percentage of cyclobutane rctt-C (Figure S16).
Preparative photolysis in the presence of argon produced a
sufficient amount of rctt-C for characterization (Figures 3 and
S17).
A photochemical investigation was carried out to evaluate

the efficiency of PCA. The irradiation of a 2:1 mixture of
stilbene (E)-S and diammonium (A2+) salt at λ = 313 nm
induced a decrease in the intensity of the long-wavelength
absorption band of stilbene (E)-S, with the absorption
maximum being shifted to shorter wavelengths (Figure 4). In

the case of short irradiation times, the spectral changes
corresponded to E−Z photoisomerization of stilbene deriva-
tives.18 Longer irradiation induced the formation of several
new bands with peaks at 255, 277, 319, 334, and 350 nm. The
277 nm band referred to the cyclobutane rctt-C·A2+ complex,
while the other bands apparently correspond to the formation
of phenanthrene P and its complexes with A2+.
Using kinetic data of the steady-state photolysis (Figure 4),

the effective quantum yields of electrocyclization ΦEL (4.2 ×
10−3) and PCA ΦPCA (5.7 × 10−3) reactions were found.

Scheme 2. Formation of the Major Photoproducts upon
Photolysis of a Pseudo-Sandwich Complex of (E)-S with the
Ethanediammonium Ion A2+ in MeCN

Figure 3. Probable head-to-head cyclobutane isomers C and fragment
of the 1H NMR spectrum of isolated rctt-C in MeCN-d3.

Figure 4. Steady-state photolysis data for a mixture of (E)-S and
A(ClO4)2 with λ = 313 nm light in MeCN (0.2 cm cell; the (E)-S
concentration is 1 × 10−4 M and the A2+ concentration is 5 × 10−5

M).
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Previously, we estimated the quantum yield of PCA for the 2:2
complex of BCS with A2+.21 Owing to the two-site
coordination, the PCA in (BCS)2·(A2+)2 had a high quantum
efficiency of 0.27, which was almost 50 times higher than ΦPCA
for [(E)-S]2·A2+. The most likely key reason for these
differences is the minor amount of [(E)-S]2·A2+ conformers
that meet the topochemical requirements for the PCA
reaction.25 Also, some role can be played by the absence of
alkoxyl substituents in the benzene ring of (E)-S in comparison
with that of BCS, which is expected to disrupt the stacking
interactions between the aromatic moieties of the ligands in
the pseudo-sandwich complexes.26 For isolated cyclobutane
rctt-C, it was shown that irradiation at λ = 254 nm induced the
retro-PCA reaction (Figure S23).
We performed a conformational analysis for complex [(E)-

S]2·A2+ in MeCN using DFT calculations (Figure S24, Table
S1). Figure 5 shows two low-energy stacked conformers of
[(E)-S]2·A2+ with the syn orientation of the olefinic bonds
relative to each other. These structures differ in the
conformations of (E)-S (s-trans and s-cis) associated with
rotation around the single bond between the benzocrown
moiety and the olefinic bond. They are very close in the Gibbs
free energy in solution (Gsoln); the difference was calculated to
be as low as 0.09 kcal mol−1 in favor of the syn-(s-trans)2
conformer. The low-energy unstacked conformer of complex
[(E)-S]2·A2+ (Figure 5) was found to be more stable than the
stacked syn-(s-trans)2 conformer; the difference in Gsoln was
calculated to be 1.59 kcal mol−1. This suggests the coexistence
of the stacked and unstacked conformers in MeCN, the
population of the former being relatively low. It should be
noted that it is almost impossible to reliably estimate the
relative populations of different conformers since a large
number of low-frequency vibrational modes in these structures
leads to a low accuracy in calculating the thermal correction to
the Gibbs free energy.

Figure 5 also shows the low-energy syn conformer of
complex (BCS)2·(A2+)2, whose stacked structure is predeter-
mined by two-site coordination. The olefinic bonds in this
conformer are almost parallel to each other (the angle between
them is 0.76°) and are separated by a distance of 3.69 Å. This
structure meets rather well the topochemical criteria for the
PCA reaction. In contrast, the geometric parameters of the
stacked syn conformers of complex [(E)-S]2·A2+ are less
suitable as regards the PCA reaction: the distances between the
olefinic bonds in these conformers are larger by 0.25−0.27 Å
than that in complex (BCS)2·(A2+)2, the angles between these
bonds being also larger (6.05° for syn-(s-cis-(E)-S)2·A2+ and
16.49° for syn-(s-trans-(E)-S)2·A2+). The results of DFT
calculations correlate with the experimental data obtained for
complex [(E)-S]2·A2+: both the lack of aromatic proton
shielding (Figure 1) and the low efficiency of PCA (ΦPCA = 5.7
× 10−3) can be explained by two factors, first, a smaller
population of stacked conformers of [(E)-S]2·A2+ compared to
unstacked ones and, second, a long distance between the
olefinic bonds in the stacked conformers.

■ CONCLUSIONS
In summary, (18-crown-6)stilbene (E)-S can bind the
ethanediammonium ion A2+ in MeCN to form 1:1 and 2:1
(stilbene-to-dication) complexes, the latter having a pseudo-
sandwich structure. UV irradiation of a 2:1 mixture of (E)-S
and A2+ gives mainly cyclobutane rctt-C and phenanthrene P.
The fact that the PCA reaction of stilbene (E)-S occurs
selectively to produce the single cyclobutane isomer rctt-C is
explained by the supramolecular pre-organization of stilbene
molecules into a pseudo-sandwich complex [(E)-S]2·A2+.
Cycloadduct rctt-C was isolated by preparative photolysis,
followed by chromatography. In comparison with the
previously studied complex (BCS)2·(A2+)2 formed due to
two-site coordination, the [(E)-S]2·A2+ complex (one-site

Figure 5. DFT-calculated geometries of selected stacked and unstacked conformers of complex [(E)-S]2·A2+ and the low-energy syn conformer of
complex (BCS)2·(A2+)2; hydrogen atoms are not shown except those of the ammonium groups.
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coordination) is characterized by a much lower PCA quantum
yield. This is caused by a small population of stacked
conformers in the case of [(E)-S]2·A2+ as well as by less
favorable arrangement of the olefinic bonds for the PCA
reaction. The results of this study extend the scope of
applicability of PCA reactions by the use of monocrown
diarylethylenes and supramolecular organization. They may be
useful for developing synthetic routes to macrocyclic cyclo-
butane derivatives, which are of interest as new types of
photoswitchable host molecules. It was also shown that while
considering the photochemistry of dimeric structures of
aromatic olefins, one should take into account the possibility
of photoinduced electrocyclic reactions.

■ EXPERIMENTAL SECTION
General. 1H NMR spectra were recorded on a Bruker

AVANCE III 500 MHz BioSpin (500.20 MHz) instrument in
DMSO-d6 or MeCN-d3 using the solvent as the internal
standard (δH 2.50 and 1.94 ppm, respectively). Electrospray
ionization (ESI) mass spectra were acquired using an Exactive
Orbitrap mass spectrometer (ThermoFisher Scientific, Ger-
many) and a home-made electrospray ion source. The working
resolution of the mass spectrometer in the reported experi-
ments was 10000 (FWHM), the accuracy of m/z measure-
ments was better than 5 ppm, and the mass spectrum
registration time was 1 min. The electrospray ion source
characteristics were as follows: quartz capillary inner diameter
of 50 μm, capillary high voltage of ±3 kV, and sample solution
flow rate of 1.0 μL/min. Electronic absorption spectra were
recorded on a Specord 250 Plus spectrophotometer in quartz
cells with ground-in stoppers. All manipulations with solutions
of compound S were performed in a darkroom under red light
(daylight induces the E−Z photoisomerization). Steady-state
photolysis was carried out using glass-filtered light (λ = 313
nm) of a DRSh-250 high-pressure mercury lamp (250 W). The
313 nm spectral line was isolated with an efficiency of 99.0%
using a combination of optical filters UFS-2 (3 mm thick) and
ZhS-3 (2.5 mm thick). Low-pressure mercury lamp (4 W) with
an appropriate light filter was used as a light source with λ =
254 nm. The intensity of actinic light was measured by
chemical actinometry. Isolation of cyclobutane derivative rctt-
C was done by TLC on DC-Alufolien Aluminiumoxid 60 F254
neutral (Typ E) (Merck). Chloroform was chemical pure
(99%). MeCN (special purity grade, water content <0.03%, v/
v, Cryochrom) was used to prepare the solutions. Ethane-1,2-
diammonium diperchlorate A(ClO4)2 was obtained according
to the known procedure.27

18,18′-((1R,2S,3R,4S)-3,4-Diphenylcyclobutane-1,2-
diyl)bis(2,3,5,6,8,9,11,12,14,15-decahydrobenzo[b]-
[1,4,7,10,13,16]hexaoxacyclooctadecine) (rctt-C). A mix-
ture of crown stilbene (E)-S (20.4 mg, 49.2 μmol) and
ethanediammonium diperchlorate A(ClO4)2 (6.83 mg, 26.2
μmol) in MeCN (12 mL) was saturated with argon for 15 min.
Then, the solution was irradiated at 313 nm for 80 h. The
photolysate was concentrated to 2 mL, and then water (18
mL) was added. The resulting mixture was extracted with
chloroform. The extracts (3 × 15 mL) were combined and
evaporated to dryness in air at room temperature. The residue
was dissolved in a minor amount of MeCN, separated in a thin
film on a neutral Al2O3 plate, and eluted with a CHCl3/MeCN
mixture with a gradual increase in the MeCN fraction to 50%.
The major (dark at 254 nm light) fraction was collected.
Alumina was transferred on a glass filter and washed with pure

MeCN (10 ml). The solution was evaporated to dryness in air
for 2 days. This gave ∼2 mg (∼5%) of a white powder. 1H
NMR (500 MHz, MeCN-d3): δ (ppm) 7.21−7.16 (m, 2H),
7.13 (t, 2H, J = 7.6 Hz), 7.04 (t, 1H, J = 7.3 Hz), 6.78 (dd, 1H,
J = 8.3, 2.0 Hz), 6.78 (d, 1H, J = 8.2 Hz), 6.68 (d, 1H, J = 8.2
Hz), 4.47 (d, 1H, J = 7.2 Hz), 4.39 (d, 1H, J = 7.2 Hz), 4.04−
3.99 (m, 2H), 3.99−3.93 (m, 2H), 3.75−3.69 (m, 2H), 3.69−
3.63 (m, 2H), 3.62−3.48 (m, 14H). HRMS-ESI: calcd for
C48H60NaO12

+ [M + Na]+ 851.3977; found, 851.4030.
Spectrophotometric Titration (SPT). Titration experi-

ments were conducted in MeCN in 0.2 and 4.75 cm cells. In
the (E)-S−A(ClO4)2 system, the total concentration of
stilbene (E)-S was maintained, and the total concentration of
the salt A(ClO4)2 increased incrementally starting from zero.
The stability constants and the absorption spectra of pure
complexes [(E)-S]2·A2+ and (E)-S·A2+ were determined by
globally fitting the SPT data to a definite complexation
model22

X Yoooo+ · +K
S A S A1:1 2 (1)

X Yooooo· + ·+ +K
S A S S A2 2:1

2
2 (2)

where S and A2+ are the stilbene molecule (E)-S and
alkanediammonium dication A2+, respectively, S·A2+ is their
1:1 complex, S2·A2+ is the pseudo-sandwich 2:1 complex, and
K1:1 and K2:1 are the stability constants of S·A2+ and S2·A2+,
respectively. The calculation took into account the results of
two SPTs carried out in different cells and with two different
absolute concentrations of the ligand (Figures S8 and S9).

■ 1H NMR TITRATION
The experiment was conducted in MeCN-d3 in a 5 mm NMR
tube (Norell). The chemical shifts were estimated by
approximation of the multiplets by a sum of Lorentzian
functions after baseline correction using polynomials of
different orders. The dependences of chemical shifts δ on
the concentration CA at a constant concentration CS for various
protons were adequately approximated by global analysis22

using two equilibria (1 and 2) under the following assumption

= [ ] + [ · ] + [ · ]+ + C( S S A 2 S A )/S
2

1:1 2
2

2:1 S (3)

where δS, δ1:1, and δ2:1 are the chemical shits of S, S·A2+, and
S2·A2+ signals, respectively.

■ PCA QUANTUM YIELDS
A mixture of the stilbene (E)-S (1 × 10−4 M) and A(ClO4)2 (5
× 10−5 M) in MeCN (0.2 cm cell) was steady-state irradiated
at 313 nm. The total effective quantum yield Φtot of the
stilbene S consumption was derived from the kinetics of the
absorption spectra using the kinetic equation for irreversible
unimolecular photoreactions

=dC t
dt

I
l

D
D

( )
10

(1 10 )D
S

tot
3 S

tot

tot

(4)

= = +D C l D C l C l,S EZ S tot EZ S P P

where CS is the overall concentration of the E- and Z-isomers
of stilbene S, mol L−1; I is the actinic light intensity, mol·
cm−2s−1; l is the cell length, cm; εEZ is the molar absorptivity of
the E−Z photostationary mixture at the irradiation wavelength,
L mol−1cm−1; εP is the molar absorptivity of the photolysate at
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the irradiation wavelength, L mol−1cm−1; and CP is the
concentration of the photolysate, mol L−1. The quasi−
photostationary equilibrium between the E- and Z-isomers of
stilbene S, rapidly attained due to efficient photoisomerization,
was taken as the starting point (the red curve in Figure 4, the
black curve in Figure S22a). The Φtot value (0.0011) was
determined from the initial segment of the kinetic curve. Then,
Φtot was multiplied by the fraction of cyclobutane rctt-C (0.50)
in the photolysate mixture, thus giving ΦPCA (Figure S15). The
considered photolysis products included cyclobutane rctt-C,
phenanthrene P, benzaldehyde, and 4′-formylbenzo-18-crown-
6 ether (F). In the case of determination of ΦEL, the Φtot value
was multiplied by the fraction of phenanthrene P (0.37) in the
photolysate (Figure S15). The measured quantum yields are
effective values because we did not take into account the partial
concentration of the [(E)-S]2·A2+ complex in solution and the
contribution of its optical density to the observed optical
density.
Density Functional Theory (DFT) Calculations. DFT

calculations were performed using the Gaussian 09 program
package.28 Geometry optimizations were carried out with the
M06-2X functional29 and the 6-31G(d) basis set. The default
optimization criteria were tightened three times using the
internal option IOp(1/7 = 100). The SMD polarizable
continuum model30 was employed to simulate the effects of
MeCN as the experimental solvent. All geometry optimizations
were followed by frequency calculations to verify the nature of
stationary points and to compute the thermochemical
quantities. The thermochemical analysis was carried out
using a scale factor of 0.9678 for harmonic frequencies.31

The Gibbs free energy in solution (Gsoln) was calculated by the
formula

= +G E Gsoln soln corr (5)

where Esoln is the electronic energy in solution and ΔGcorr is the
thermal correction to the free energy, including the zero-point
vibrational energy.
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