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A B S T R A C T

The photochemistry of bis(18-crown-6)-containing 1,3-distyrylbenzene and its 2 : 2 bis-pseudo-sandwich com-
plex with ethane-1,2-diammonium was studied. The UV irradiation of the supramolecular complex resulted in 
the formation of three geometric isomers of tetracrown-containing dicyclobutano[2.2]metacyclopane, differing 
in the orientation of the cyclobutane moieties, with the unsymmetrical isomer (>50 %) predominating. The 
diammonium cations used as the template could be removed after photolysis by simple extraction, and the 
product was obtained in high yield (82 %). The 1H NMR signals of a mixture of geometric isomers of [2.2] 
metacyclophane derivative were assigned resorting to quantum chemistry methods (DFT). The kinetic and 
thermodynamic parameters of thermal isomerization between the endo,endo- and exo,exo-isomers were 
measured. Tetracrown-containing dicyclobutano[2.2]metacyclophanes are homotetratopic ligands that contain 
four binding sites for metal and ammonium cations, which is of interest for the design of photo- and thermo- 
switchable supramolecular devices with a variable complex formation behavior and supramolecular machines 
owing to the butterfly-type thermal isomerization.

1. Introduction

Cyclophanes are bridged aromatic compounds that can efficiently 
bind neutral and charged molecules to give host–guest complexes; 
therefore, they can be used to design molecular recognition systems 
[1–4]. Functionalized cyclophanes can be used to model membrane 
channels [5] and enzymes [6] and for the development of optically 
active catalysts [7]. The incorporation of cyclophanes into polymer 
backbones and side chains may endow macromolecules with new opti-
cal, electronic, and topological properties [8,9]. Chemical synthesis of 
low-molecular-weight cyclophanes requires the use of additional re-
agents [10–12] some of which can be unsafe (BuLi, selenocyanides). One 

more approach to the synthesis of cyclophanes is the use of [2 +
2]-photocycloaddition (PCA) reaction of distyrylbenzene derivatives; 
however, because of side electrocyclization reactions, this approach 
does not provide high purity of the products and gives mixtures of 
cyclophanes with significant amount of fused cyclic products [13,14].

Previously, we performed the self-assembly of crown-containing 
stilbene derivatives through hydrogen bonding and obtained bis- 
ligand complexes using the alkanediammonium ions +H3N(CH2)nNH3

+

(An2+), where n = 2–4 [15–18]. The supramolecular pre-organization 
dramatically increased the quantum yield of PCA and provided for ste-
reospecificity. When diammonium salts are used to assemble crown 
compounds, the template can be easily removed after photocyclization 
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by simple extraction. In the case of PCA in pseudo-sandwich 
(18-crown-6)stilbene complexes (E)-S, the reaction had a moderate 
quantum efficiency [17,18]. but it was stereospecific and gave cyclo-
butane derivative as only one rctt-isomer (Scheme 1). The addition of the 
second crown ether moiety into the molecule sharply (almost 50-fold) 
increased the PCA quantum yield; however, photolysis of bis-ligand 
complexes ((E)-BCS)2⋅(An2+)2 gave 1,2,3,4-tetra(benzo-18-crown-6) 
cyclobutane as a mixture of rctt- and rtct-isomers in which the former 
predominated [15,16].

We assumed that our approach would also be applicable to dis-
tyrylbenzene derivatives. In this study, a similar template, ethane-1,2- 
diammonium perchlorate (A2(ClO4)2), was used for the photochem-
ical synthesis of tetracrown-containing [2.2]metacyclophane from bis 
(18-crown-6)-1,3-distyrylbenzene (E,E)-DSB. Owing to the crown 
ether moieties, the resulting [2.2]metacyclophane derivative is simul-
taneously a host molecule for two types of guests, metal and ammonium 
cations. These compounds may be of interest as photo- and thermoactive 
supramolecular devices (machines) with a controlled complexation 
function, and they can also be used to design coordination polymers or 
metal-organic frameworks [19,20].

The first photochemical synthesis of [2.2]metacyclophane was per-
formed by irradiating a concentrated solution of unsubstituted 1,3-dis-
tyrylbenzene [21]. As a result of chromatographic purification, the 
target product was obtained in 59 % yield as a mixture of three isomers, 
from which the pure unsymmetrical isomer was later isolated. The use of 
supramolecular pre-organization for the photochemical synthesis of 
cyclophanes was first proposed in our study [22]. In Ref. [23], exo, 
exo-dicyclobutano-[2.2]metacyclophane was photochemically obtained 
as the only isomer in the crystalline phase from 2 : 2 associates of 1,3-di 
(vinyl-γ-pyridyl)benzene with 4-chlororesorcinol (template).

2. Results and discussion

The bis-crown 1,3-distyrylbenzene (E,E)-DSB was obtained accord-
ing to the method described in Ref. [24]. The ligand DSB can be useful in 
the following areas: optical chemosensors for Cs+, the selectivity of 
which is based on the tweezer effect [25], photocontrollable ion 
extraction [26] and design of supramolecular charge-transfer complexes 
[27,28].

2.1. Complex formation

The complexation of bis-crown (E,E)-DSB with ethanediammonium 
perchlorate A2(ClO4)2 in solution was studied by spectrophotometry 
and NMR spectroscopy. A quantum chemical calculation performed 
earlier [24] demonstrated that unsymmetrical conformation (E,E)-DSB 
predominates in solution.

The addition of ethanediammonium perchlorate to a solution of (E, 
E)-DSB in MeCN induces a blue shift of the long-wavelength absorption 
band by 4 nm (Fig. 1). This attests to the interaction of the A22+

ammonioalkyl groups with the crown ether oxygen atoms of (E,E)-DSB.
When a small amount of the A2(ClO4)2 salt is added to the solution, 

two equilibria can exist (Scheme 2).
The equilibria depicted in Scheme 2 can be written in the following 

way: 

L+A ⇄
K1

L⋅A, (1) 

2 L ⋅ A ⇄
K2

(L)2⋅(A)2, (2) 

where L and A are distyrylbenzene (E,E)-DSB and ethanediammonium 
A22+, respectively, L⋅A is their 1:1 complex, (L)2⋅(A)2 is the 2:2 bis- 
pseudo-sandwich complex, and K1 and K2 are the stability constants of 
L⋅A and (L)2⋅(A)2, respectively.

Slight cation-induced spectral changes were observed during the 
spectrophotometric titration (SPT) (Fig. 1); hence, the absorption 
spectra of the complexes of different stoichiometry differ little. The 
approximation of SPT data by one equilibrium (1) using the parame-
terized matrix modeling method [29,30] was satisfactory, which is 
indicative of some linear correlation of the concentrations. Therefore, a 
simplified complex formation scheme was used: 

Scheme 1. Our previous works.

Fig. 1. Absorption spectra of the (E,E)-DSB–A2(ClO4)2 system in MeCN (1-cm 
cell) with the ligand concentration being constant (1.6 × 10− 5 M) and the 
ethanediammonium perchlorate concentration (A2(ClO4)2) being varied in the 
range from 0 to 1.0 × 10− 4 M. The ionic strength of the solution I = 0.01 M. The 
blue curve is the absorption spectrum of ((E,E)-DSB)2⋅(A22+)2 calculated by 
model (3).
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2L+2A ⇄
K

(L)2⋅(A)2. (3) 

The stability constant K was determined on the basis of SPT data 
(Fig. 1) using equilibrium (3) to be 7.70 × 1016 M− 1 (logK = 16.9). Using 
the law of mass action for equilibria (1) and (2), it is possible to derive 
the following expressions: 

[L⋅A] = K1[L][A],                                                                               

[(L)2⋅(A)2] = K2[L⋅A][L⋅A].                                                                 

After substitution of the first expression into the second one, one gets 

[(L)2⋅(A)2] = K2(K1[L][A])2 = K2K1
2[L]2[A]2,                                       

that is, the constant K in the simplified complex formation scheme (3) 
amounts to K2K1

2. Then the dimerization constant K2 is 7.70 × 1016/K1
2. 

The two styryl moieties in (E,E)-DSB occur in the meta-positions relative 
to each other; therefore, the conjugation between them is low. Hence, 
(18-crown-6)stilbene (E)-S can serve as the model compound. Therefore, 
the stability constant of (E)-S⋅A22+ measured previously (6.54 × 104 

M− 1) was used as K1 [17]. By substituting this value, we found the 
dimerization constant K2 to be 1.8 × 107 M− 1 (logK2 = 7.26). The high 
K2 value allows the synthesis of 2:2 bis-pseudosandwich complexes of 
(E,E)-DSB with A22+ virtually in a pure state (the partial concentration 
of the complex >0.99) at a slight excess of the diammonium salt in dilute 
solutions.

The reaction of (E,E)-DSB with A22+ was also studied by NMR 
spectroscopy (Figs. S2–S5 in ESI). The addition of an equimolar amount 
of A2(ClO4)2 to a solution of (E,E)-DSB in MeCN-d3 induces a consid-
erable broadening of 1H NMR signals for the 1,3-distyrylbenzene de-
rivative spectrum and a downfield shift of signals of aromatic and 
ethylene protons. The absence of shielding of some protons in the ((E,E)- 
DSB)2⋅(A22+)2 complex is probably caused by the shift of aromatic 
moieties of the ligand in the complex relative to each other, as a result of 
which the protons do not fall into the shielding area.

A study of an equimolar mixture of (E,E)-DSB and A2(ClO4)2 by 
electrospray ionization mass spectrometry (Fig. S35) did not provide 
unambiguous evidence for the presence of ((E,E)-DSB)2⋅(A22+)2 com-
plexes in solution. However, the spectrum did show the signals for the 
[DSB + A2-H]+ and [2 × DSB + A2]2+ ions.

2.2. Photochemistry of the free ligand

The irradiation of a solution of crown-containing 1,3-distyrylben-
zene (E,E)-DSB in MeCN at λ = 313 or 365 nm (Fig. 2) leads to a 
considerable decrease in the long-wavelength absorption band (330 nm) 
and a shift of the absorption maximum to shorter wavelength (280 nm). 
The observed spectral changes correspond to E–Z photoisomerization of 
stilbene derivatives (Scheme 3, Fig. S6).

Long-term photoirradiation induces a slight increase in the absorp-
tion intensity in the 370–400 nm range, which is probably due to the 
side formation of crown-containing fused aromatic compounds upon 
electrocyclization reactions of Z-isomers of DSB.

Measurement of the quantum yields of E–Z photoisomerization of 
DSB in air-saturated solutions is a challenging task. For obtaining reli-
able data, it is necessary to know the absorption spectrum of (E,Z)-DSB. 
However, it is difficult to isolate the mixed isomer. Nevertheless, using 
global analysis of spectral data [29,30], Fischer method [31], and the 
spectra of the quasi-photostationary states (Fig. 3, S39), it is possible to 
roughly estimate the quantum yields for the first step of E–Z photo-
isomerization (φEZ and φZE). It is noteworthy that the start of photolysis 
is accompanied by a sharp decrease in the absorbance at the absorption 
maximum (Fig. S39). In the case of irradiation at 313 nm, this period 
lasts for up to ~100 s, after which the slope of the kinetic curve de-
creases, which attests to the presence of two photoprocesses (formation 
of (E,Z)-DSB and (Z,Z)-DSB).

Since one styryl moiety has a slight effect on the other one (the ab-
sorption maxima of the trans-isomers of DSB and S are close to each 
other), the E–Z photoisomerization of one styryl moiety of (E,E)-DSB 
should not have a considerable effect on the φEZ value of the second 

Scheme 2. Complexation of (E,E)-DSB with A22+.

Fig. 2. Spectrophotometric data for steady-state photolysis of (E,E)-DSB in MeCN, 1 cm cell: (a) irradiation wavelength λ = 313 nm, (E,E)-DSB concentration of 1.8 
× 10− 5 M, light intensity Iact = 2.3 × 10− 9 mol cm− 2⋅s− 1; (b) irradiation wavelength λ = 365 nm, (E,E)-DSB concentration of 1.5 × 10− 5 M, light intensity Iact = 1.9 ×
10− 9 mol cm− 2⋅s− 1.
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moiety.
The quantum yield of the forward E–Z photoisomerization of (E,E)- 

DSB proved to be somewhat lower than that for (18-crown-6)stilbene 
(E)-S (Table 1). Apparently, this is due to increased rate of intersystem 
crossing for distyrylbenzene (E,E)-DSB and, as a consequence, a rela-
tively high yield of triplet states [33]. Attention is attracted by the 
quantum yield of the Z–E photoisomerization for (E,Z)-DSB, which is 
twice lower than the analogous quantum yield for (Z)-S. The latter 
almost does not fluoresce, unlike (E,Z)-DSB, in which the styryl moiety 
occurs in the E-configuration and which probably has a considerable 
contribution of the radiative deactivation of the S1 state.

2.3. Photochemistry of bis-pseudo-sandwich complex

Long-term photoirradiation of an equimolar mixture of (E,E)-DSB 
and A2(ClO4)2 in MeCN at λ = 313 nm gives rise to new signals in the 1H 
NMR spectrum of the photolysis products (Fig. S16). In particular, six 
multiplets with similar integrated intensity appear in the region of 
cyclobutane protons (4.2–4.8 ppm) (Fig. 4); they can be assigned to 
complexes formed by geometric isomers of rctt-[2.2]metacyclophane 
derivatives MC⋅(A22+)2. These isomers may include endo,endo-, exo,exo- 
and endo,exo-isomers, which differ from one another by the relative 
spatial orientation of the cyclobutane moieties (Scheme 4). The un-
symmetrical endo,exo-MC⋅(A22+)2 is present in the greatest amount. The 
1H NMR spectra were assigned resorting to the results of quantum 
chemical calculations (see Chapter 2.4.).

A low-intensity singlet is present at 9.83 ppm; together with the 
signals at 6.9–7.8 ppm, this is indicative of the formation of 4′-for-
mylbenzo-18-crown-6 ether (<5 %). The photolysate virtually does not 
show signals at 8–9 ppm, indicating the absence (<1 %) of products of 
photoinduced electrocyclic reactions, that is, derivatives of fused aro-
matic compounds such as phenanthrene or tetraphene. Photolysis of a 
similar solution with the same light, but over a shorter period of time, 
results in the appearance of signals for (E,Z)-DSB and dis-
tyrylcyclobutane (E)-DSC in the 1H NMR spectrum of the photolysate 
(Figs. S7 and S8). The latter compound gives rise to a characteristic 
doublet with a maximum at 4.44 ppm (Fig. S8). Thus, the products 
obtained upon photolysis attest to E–Z photoisomerization and PCA (two 
steps), which are depicted in Scheme 4.

The preparative photolysis produced MC derivatives in amounts 

Scheme 3. Photoconversions of crown-containing 1,3-distyrylbenzene.

Fig. 3. Spectrophotometric data for the steady-state photolysis of (E,E)-DSB at 
313 nm: MeCN, 1 cm cell, C(DSB) = 1.8 × 10− 5 M, light intensity Iact = 2.3 ×
10− 9 mol cm− 2⋅s− 1. The green curve is the spectrum of (E,Z)-DSB calculated 
using the Fischer approximation. The red dots designate the absorption spectra 
calculated using the kinetic equation for reversible unimolecular photoreac-
tions with quantum yields for the forward (φEZ) and reverse (φZE) reactions 
being 0.35 and 0.19, respectively.

Table 1 
Spectral characteristics of the photoisomers of crown compounds S and DSB and 
E–Z photoisomerization quantum yields.a

S DSB

λmax
E /nm 326 331

εmax
E × 10− 3/M− 1 cm− 1 29.4 52.5

λmax
Z /nm 291 327

εmax
Z × 10− 3/M− 1 cm− 1 10.3 30.8

φEZ 0.39 0.35
φZE 0.40 0.19

a In MeCN, the error of measurement of quantum yields is ±30 %. The data for 
S were taken from Ref. [32]. The presented data for (Z)-DSB refer to the mixed 
(E,Z)-isomer of DSB.

Fig. 4. 1H NMR (DMSO‑d6, 296 K, cyclobutane proton region) spectrum of the 
photolysate obtained from a mixture of (E,E)-DSB (1.5 × 10− 3 M) and A2 
(ClO4)2 (1.5 × 10− 3 M) in MeCN by irradiation with light at 313 nm wavelength 
for 4 h.
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sufficient for the study. The diammonium salt was removed from the 
photolysate by simple extraction; the product yield was 82 %. The 
structures of the obtained cyclic MC products were confirmed not only 
by NMR data but also by mass spectrometry (Fig. S37). We failed to 
isolate individual MC isomers using recrystallization and TLC. For the 
latter, we used SiO2 and Al2O3 plates and polar eluents (DMF, MeCN, 
acetone etc.) without or with perchloric acid additives. The tetracrown- 
containing [2.2]metacyclophanes MC formed a strong complex with the 
sorbent of TLC plates. It is noteworthy that the ratio of geometric iso-
mers in solution changes after the photochemical synthesis of MC 
(Table 2, Fig. S27): the fraction of endo,endo-MC substantially decreases, 
while the content of exo,exo-MC increases. However, this does not occur 
immediately, but takes three weeks.

The irradiation of a solution of ((E,E)-DSB)2⋅(A22+)2 in MeCN with a 
monochromatic light at λ = 313 and 365 nm (Fig. 5) caused a dramatic 
drop of the absorbance in the long-wavelength spectral region, which 
was greater than that observed upon photolysis of free distyrylbenzene 
(E,E)-DSB (Fig. 2).

The absorption maximum observed in the spectrum after long-term 
irradiation (>10000 s) of complex ((E,E)-DSB)2⋅(A22+)2 at λ = 313 nm 
is 280 nm; in combination with the low absorption coefficient, this at-
tests to the formation of [2.2]metacyclophane MC derivatives (Scheme 
4). The absorbance in the 380–420 nm range does not grow, which 
implies the absence of fused aromatic by-products in the photolysis of 

the bis-pseudo-sandwich complex. It is worth noting that, along with 
two successive [2 + 2] photocycloaddition reactions (Scheme 4), pho-
toirradiation may induce E–Z photoisomerization of both the starting 
complex and cyclobutane derivative (E)-DSC⋅(A22+)2.

Photolysis of the bis-ligand complex at λ = 365 nm also leads to the 
disappearance of the long-wavelength absorption band (Fig. 5b). No 
absorption of the final products, [2.2]metacyclophanes MC, should be 
present at the irradiation wavelength. The complexes that absorb light in 
this region include the (E,E)-DSB, (Z,E)-DSB, and (E)-DSC complexes 
with the A22+ ions. Therefore, the quantum yields were measured on the 
basis of kinetic data obtained using monochromatic light at λ = 365 nm. 
The 1H NMR spectrum of the photolysate formed after short-term irra-
diation (15 min, λir = 365 nm) indicates that E–Z photoisomerization 
and PCA reaction giving cyclobutane (E)-DSC occur in parallel (Figs. S9 
and S10). The content of (Z,E)-DSB relative to the starting (E,E)-DSB was 
18 %, and that of (E)-DSC was 48 %. This means that the quantum yield 
of PCA is much higher than that of E–Z photoisomerization in ((E,E)- 
DSB)2⋅(A22+)2. Due to the difficulty of recording the spectra of (Z,E)- 
DSB complexes with A22+, the E–Z photoisomerization was neglected in 
the calculation of the quantum yields of the first (φPCA1) and second 
(φPCA2) PCA steps. The kinetics of photolysis can be described by a 
system of two differential equations: 

dcEE/dt = (φr-PCA1εCBcCB – φPCA1εEEcEE)IactF, (4) 

dcCB/dt = (φPCA1εEEcEE – φr-PCA1εCBcCB – φPCA2εCBcCB)IactF, (5) 

where Iact is the actinic light intensity, F = (1–10–D))/D, D is the 
absorbance of the solution at the irradiation wavelength (λir), φr-PCA1 is 
the quantum yield of retro-PCA reaction of complex (E)-DSC⋅A22+, cEE is 
the total partial concentration of (E,E)-DSB, εEE is the molar absorption 
coefficient of ((E,E)-DSB)2⋅(A22+)2 divided by 2, cCB and εCB are the 
partial concentration and the molar absorption coefficient of complex 
(E)-DSC⋅A22+. The absorbance of the solution can be represented as D =
DEE + DCB, where DEE is the absorbance of complex ((E,E)- 
DSB)2⋅(A22+)2 at λir, DCB is the absorbance of complex (E)-DSC⋅A22+ at 
λir. The calculated kinetic curves for the particular components of the 
mixture and the measured quantum yields are shown in Fig. 6. During 
photolysis, the partial concentration of the starting bis-ligand complex 
exponentially decreases, while that of complex MC⋅(A22+)2 increases. 
The kinetic curve for distyrylcyclobutane (E)-DSC⋅A22+ has a maximum, 

Scheme 4. Key photoreactions proceeding in the ((E,E)-DSB)2⋅(A22+)2 complex.

Table 2 
Percentages of geometric isomers of [2.2]metacyclophane MC depending on the 
conditions of photolysis.a

Conditions endo,exo-MC endo,endo-MC exo,exo-MC

365 nm (LED), − 14 ◦C 54 42 3
365 nm (LED), 20–25 ◦C 50 38 12
365 nm (LED), 35 ◦C 55 29 16
365 nm (Hg) 54 29 17
313 nm (Hg) 53 35 12
After salt extraction b 53 11 36

a Equimolar mixtures of (E,E)-DSB (1.5 × 10− 3 M) and A2(ClO4)2 (1.5 × 10− 3 

M) in 2 ml MeCN were irradiated; photolysates were evaporated and dissolved in 
0.5 mL of DMSO‑d6; the product composition was determined from 1H NMR 
spectroscopy data; the type of light source used (LED or mercury lamp) is 
indicated in parentheses.

b Composition for pure MC in DMSO‑d6 after reaching equilibrium.
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which is to be expected.
The obtained φPCA1 (0.16) value is lower than that for analogous 

complex of bis(18-crown-6)stilbene (φPCA = 0.27) [16]; however, it is 
high for this type of photoreactions. In the case of (18-crown-6)stilbene 
(one coordination site), the effective quantum yield of PCA in the 
bis-ligand complex with A22+ is 0.0057 [17,18], which is more than an 
order of magnitude lower than that for ((E,E)-DSB)2⋅(A22+)2. The 
quantum yield of the second PCA step (φPCA2 = 0.049) is almost three 
times less than φPCA1. Since the calculation was carried out based on the 
number of reacted molecules, for a correct comparison we multiply the 
second value φPCA2 by two. In this case, φPCA1 exceeds φPCA2 by only 60 
%, which can be explained by a change in the orientation of the double 
bonds in the second styryl moiety after the first PCA step. The performed 
estimation of the quantum yields for two PCA reactions takes into ac-
count the reversibility of the first PCA reaction in complex ((E, 
E)-DSB)2⋅(A22+)2. If retro-PCA (φr-PCA1) is neglected, then φPCA1 = 0.16 
and φPCA2 = 0.047 with a similar standard deviation.

As factors influencing the composition of a mixture of geometric 
isomers of [2.2]metacyclophane MC formed photochemically from 
complex ((E,E)-DSB)2⋅(A22+)2, we evaluated the effect of the irradiation 
wavelength and solution temperature on the photolysis (Table 2).

The change in the irradiation wavelength of photolysis from 313 nm 

to 365 nm induces a slight decrease in the content of endo,endo-MC and 
some increase in the content of exo,exo-MC. In general, the wavelength 
and the type of irradiation source have little effect on the resulting 
mixture of the MC geometric isomers. An increase in the solution tem-
perature in the photolysis of complex ((E,E)-DSB)2⋅(A22+)2 leads to a 
decrease in the proportion of endo,endo-MC and a parallel increase in the 
proportion of exo,exo-MC. It is noteworthy that the isomer ratio ob-
tained upon LED irradiation at a temperature of − 14 ◦C is very close to 
that obtained for unsubstituted 1,3-distyrylbenzene [21]. The effect of 
temperature can be attributed to a change in the ratio of conformations 
of the starting complex ((E,E)-DSB)2⋅(A22+)2 pre-organized towards the 
formation of particular geometric isomers of MC⋅(A22+)2.

The photoirradiation of a mixture of free metacyclophanes MC in 
MeCN solutions with LED light with a maximum emission at 275 nm for 
1580 s induced an increase in the absorbance over a broad range 
(240–370 nm) (Fig. S41). The maximum in the long-wavelength part of 
the spectrum was at 328 nm, indicating the formation of a mixture of (E, 
E)-DSB and (E,Z)-DSB isomers of the starting 1,3-distyrylbenzene. The 
conversion of metacyclophanes MC to the starting distyrylbenzene DSB 
was less than 25 % provided that only (E,E)-isomer was formed. In the 
case of longer irradiation times (4300 and 8300 s), the pattern of the 
absorption spectrum considerably changed: the absorption intensity in 
the 320–345 nm range decreased, while those in the short- and long- 
wavelength regions increased. Long-term photolysis of MC with high- 
energy light might induce the formation of electrocyclic reaction prod-
ucts and fused aromatic compounds. Similar spectral changes were 
induced by irradiation of complex MC⋅(A22+)2 with the same light (275 
nm, LED). Therefore, the two-step PCA reaction in complex ((E,E)- 
DSB)2⋅(A22+)2 can be considered reversible.

2.4. Density functional theory (DFT) calculations

The correctness of assignment of 1H NMR signals for the geometric 
isomers of metacyclophane MC was verified by DFT calculations 
including the solvent (MeCN). For model cyclobutane rctt-C (Scheme 1), 
four conformers (Fig. S42) differing in the orientation of the crown ether 
substituent relative to the C(cyclobutane)–C(aryl) single bond were 
constructed: s-trans,trans, s-cis,cis, s-trans,cis, and s-cis,trans. Four C2- 
symmetrical (or quasi-symmetrical in the case of endo,exo-MC) con-
formers were obtained on the basis of these structures for each MC 
isomer.

The s-trans,cis-rotamer was the lowest-energy conformer for each MC 
isomer (Table S1). Their structures are depicted in Fig. 7. In the case of 
cyclobutane rctt-C, the s-trans,cis-rotamer is also most favorable in en-
ergy (Table S2). Note that for each MC isomer, the conformers are close 

Fig. 5. Spectrophotometric data for the steady-state photolysis of complex ((E,E)-DSB)2⋅(A22+)2 in MeCN, 1 cm cell: (a) irradiation wavelength λir = 313 nm, Iact =

2.33 × 10− 9 mol cm− 2⋅s− 1, (E,E)-DSB concentration of 1.73 × 10− 5 M, A2(ClO4)2 concentration of 3.0 × 10− 5 M, I = 0.01 M; (b) irradiation wavelength λir = 365 nm, 
Iact = 4.50 × 10− 9 mol cm− 2⋅s− 1, (E,E)-DSB concentration of 1.71 × 10− 4 M, A2(ClO4)2 concentration of 2.5 × 10− 4 M, I = 0.01 M. The blue curve is the calculated 
spectrum of cyclobutane (E)-DSC⋅(A22+)2; the inset shows the approximation of the kinetic curve by equations (4) and (5).

Fig. 6. Partial concentrations of complex ((E,E)-DSB)2⋅(A22+)2, cyclobutane 
derivative (E)-DSC⋅(A22+)2, and metacyclophanes MC⋅(A22+)2 derived from the 
kinetics of photolysis of the starting complex at λ = 365 nm by solving kinetic 
equations (4) and (5) with the quantum yields presented in the Figure.
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in energy, their relative energies ΔEtot do not exceed 1 kcal/mol. A 
similar situation is observed for the conformers of cyclobutane rctt-C.

The calculated 1H NMR chemical shifts of the rctt-C conformer most 
favorable in energy are 4.54 and 4.45 ppm; this is close to the chemical 
shifts present in the experimental 1H NMR spectrum (4.47 and 4.39 
ppm, respectively). The difference between the experimental and 
calculated chemical shifts, equal to − 0.06, was used as a correction for 
the calculated 1H chemical shifts for metacyclophane MC isomers. All 
three geometric isomers of MC showed relatively good convergence of 
experimental and calculated proton chemical shifts (Fig. 7). Exceptions 
are the H-b,b′ proton signals of exo,exo-MC and the H-b′ proton signal of 
endo,exo-MC, the order of arrangement of which does not coincide with 
experimental values. An interesting feature of endo,endo-MC is inversion 
of the positions of H-a,a′ and H-b,b′ signals compared to those for exo, 
exo-MC. The H-b,b′ protons in the calculated endo,endo-(s-trans,cis)-MC 
structure are located very closely to the H-2 protons of the central 
benzene ring; the distances are in the 2.02–2.33 Å range, which leads to 
deshielding of H-b,b′. The NOESY spectrum contains the corresponding 
cross-peak between H-b,b′ and H-2 (Fig. S25). In the case of exo,exo-(s- 
trans,cis)-MC, the distances between H-b,b′ and H-2 amount to ~4.6 Å, 
and those between H-a,a′ and H-2 are 2.39–2.64 Å. Therefore, in the case 
of the exo,exo-isomer, the H-a,a′ signals are located in a low field. In the 
case of unsymmetrical endo,exo-(s-trans,cis)-MC isomer, the arrange-
ment of the H-a,a′,b,b′ protons is mixed. It is noteworthy that in an 
earlier study [21], the H-a,a′ signals of the endo,endo-isomer of a similar 
[2.2]metacyclophane derivative without crown-ether moieties were 
placed to a low field, which appears to be incorrect.

2.5. Thermal isomerization of dicyclobutano[2.2]metacyclophane 
derivatives

As noted above, after the photosynthesis of [2.2]metacyclophane MC 
derivatives in solution, the ratio of MC geometric isomers in MeCN-d3 

changes with time. This was observed for both free MC (Figs. S27 and 
S28) and complex MC⋅(A22+)2 (Fig. S29). The proportion of the exo,exo- 
isomer increases (from 0.10 to 0.33), the proportion of the endo,endo- 
MC decreases (from 0.34 to 0.11), while the content of the unsymmet-
rical endo,exo-MC (~0.55) does not change. At room temperature, the 
equilibrium for free MC in MeCN-d3 is established in approximately 
three weeks (Fig. S27). After that, the ratio of stereoisomers remains 
invariable. Heating of an equilibrium mixture of the MC geometric 
isomers in DMSO‑d6 up to 130 ◦C induces minor changes in the pro-
portions of these isomers (Fig. S30). Heating of the initial MC solution in 
MeCN-d3 at 65 ◦C immediately after extraction of A22+ ions substan-
tially accelerates the thermal isomerization (Fig. 8, S28).

Nishimura and co-authors observed a similar process for unsub-
stituted dicyclobutano[2.2]metacyclophane CBM [30]. In this case, 
heating of a mixture of endo,endo- and exo,exo-isomers did not result in 
the appearance of the unsymmetrical endo,exo-isomer in the solution. It 
was assumed [34] that the thermal isomerization of CBM occurs through 
rotation of the central benzene rings by 180◦ via the intermediate un-
symmetrical conformer. In our opinion, this interpretation of the ther-
mal isomerization mechanism is most likely (Scheme 5). It can also be 
assumed that the thermal isomerization is accompanied by homolytic 
cleavage of C–C bond in the cyclobutane ring [35] followed by confor-
mational change of this moiety and radical recombination. One more 
alternative mechanism is the Cope rearrangement [36,37]. In particular, 
there is a known rearrangement of cis-1,2-divinylcyclobutane to cis,cis-l, 
5-cyclooctadiene, which occurs on heating to 120 ◦C [38]. In the case of 
MC, the double bonds of the central benzene rings of [2.2]meta-
cyclophane MC can act as vinyl groups (Scheme S1).

Heating of an MeCN-d3 solution of MC⋅(A22+)2 at 65 ◦C (Fig. S29) 
also results in a change in the stereoisomer ratio. However, in this case, 
the 1H signals are highly broadened and cannot be unambiguously 
assigned. Using the obtained spectral data on the thermal isomerization 
of endo,endo-MC to exo,exo-MC, we calculated the rate constants of the 

Fig. 7. Structures of the lowest-energy conformers of tetracrown-containing [2.2]metacyclophanes MC calculated by the B3LYP/6-31G(d)/SMD(MeCN) method; the 
crown ether moieties are not shown for clarity. The lower right picture is a part of the 1H NMR spectrum of isolated MC in MeCN-d3 with superimposition of 
calculated chemical shifts (vertical lines) of particular MC geometric isomers.
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forward (k1) and reverse (k–1) reactions, the equilibrium constant Kt, 
and the activation energy Ea (Table 3).

The rate constant of the forward reaction endo,endo-CBM ⇄ exo,exo- 
CBM measured from the initial segment was 0.44 × 10− 6 s− 1 at 20 ◦C 
[34], which does not differ much from k1. Our estimate of Ea for the 
endo,endo-CBM (26 kcal mol− 1) based on published data [34] also 
proved to be close to the measured Ea value for endo,endo-MC. Pro-
nounced geometrical changes during the endo,endo-MC ⇄ exo,exo-MC 
reaction open up prospects for the use of these MC isomers in the design 
of supramolecular machines.

3. Conclusions

This study addresses the complex formation of bis(18-crown-6)- 
containing 1,3-distyrylbenzene (E,E)-DSB with ethanediammonium 
ions A22+ in MeCN. High stability of the 2 : 2 bis-pseudo-sandwich 
complex was confirmed. The photochemistry of free 1,3-distyrylbenzene 

derivative and its supramolecular complex ((E,E)-DSB)2⋅(A22+)2 was 
studied. The photoirradiation of this complex induces E–Z photo-
isomerization and [2 + 2] photocycloaddition (PCA) reactions occurring 
in parallel. The measured quantum yields for two steps of PCA in com-
plex ((E,E)-DSB)2⋅(A22+)2 are 0.078 and 0.064. These values are high for 
PCA reactions involving diarylethylenes. The complexes of tetracrown- 
containing dicyclobutano[2.2]metacyclophanes MC⋅(A22+)2 formed 
upon two-step PCA are mixtures of three geometric isomers with rctt- 
oriented substituents in the cyclobutane moieties. The irradiation 
wavelength and the type of light source have little influence on the ratio 
of geometric isomers of the resulting [2.2]metacyclophane derivatives. 
A decrease in the solution temperature in the photolysis of the starting 
complex results in a higher fraction of the endo,endo-isomer and a lower 
fraction of the exo,exo-isomer of MC. The pure target MC product 
without ethanediammonium ions was obtained by simple extraction. 
The quantum-chemical DFT calculation was used to assign the signals of 
cyclobutane protons for all three MC geometric isomers. An inversion of 
the position of the endo,endo-MC signals relative to the exo,exo-MC 
signals in the 1H NMR spectrum was detected. The photochemical syn-
thesis of complexes MC⋅(A22+)2 is followed by thermal isomerization at 
room temperature in which the content of the endo,endo-isomer de-
creases and the content of the exo,exo-isomer increases. The hypothe-
sized mechanism of the thermal isomerization of MC and MC⋅(A22+)2 is 
rotation of the central benzene rings through 180◦. The tetracrown- 
containing [2.2]metacyclophanes MC obtained by the photochemical 
process are of interest for supramolecular chemistry as building blocks 
of complex self-assembling systems, photo- and thermally controlled 
supramolecular devices, and supramolecular machines due to the 
butterfly-type thermal isomerization.
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