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Abstract. 

We have developed a visible light promoted reaction of intermolecular [2 + 2] cycloaddition of 

heterostilbene molecules containing a phenyl ring with OMe donor groups and a 6-membered 

nitrogen-containing ring as an acceptor, which proceeds under mild conditions in water at room 

temperature. The corresponding cyclobutane derivatives were synthesized with yields of up to 

57%. The efficiency of this photoreaction depends on the nature of the heterocyclic residue and 

the concentration of heterostilbenes. The mild reaction conditions and the absence of additives 

facilitate the reaction. This work provides a convenient and gentle method for the preparation of 

cyclobutanes.

Key words. heterostilbene; intermolecular [2 + 2] photocycloaddition; cyclobutane; 
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1 Introduction

Recently particular attention has been paid to such derivatives as cyclobutanes, which are 

quite important synthetic products that provide a one-step transition from simple molecules to 

more complex ones, and play an important role in the synthesis of natural products and other 

complex structures [1,2]. As pointed out with several excellent natural examples, dimerization 

leads to effective utilization of chemical space; therefore, such natural products provide a highly 

effective route for medicines compared to chemical synthesis [3]. Most of the natural derivatives 

of cyclobutane demonstrate remarkable biological activity; therefore, their preparation is 

promising for the creation of new anticancer, antibacterial and fungicidal drugs [4–7]. Cyclobutane 

compounds derived from chalcones or resveratrol with the resorcinol pattern, can provide HSP90, 



topoisomerase inhibitors and function as MDR agents and need to be explored [8]. The control of 

cyclobutane interaction with DNA is also being actively studied [9]. 

The photochemical symmetry-allowed [2+2]-cyclodimerization of substituted ethenes offers 

a variable method for the synthesis of substituted cyclobutanes. However, when performed in 

solution, the dimerization unavoidably results in the formation of inseparable or poorly separable 

stereoisomers due to the various possible mutual orientations in the transition state and the 

photochemically induced trans-cis isomerization of the substrates. [10]

Currently, many different strategies for the formation of cyclobutane derivatives have been 

developed, in which the transformation can be carried out both in the solid state [11,12], and in 

solution [13]. In recent years, supramolecular chemistry has become an effective strategy for the 

controlled formation of cyclobutanes in solution via [2 + 2] photodimerization reactions [14–20]. 

Molecular containers such as cucurbit[n]urils [21], cyclodextrins [22,23] and self-organizing 

coordination cells [24] are used. All this can provide isolated cavities in which the two 

encapsulated olefins can be pre-oriented, resulting in the formation of stereoselective cyclobutane 

derivatives. Consequently, regioselective photodimerization in the neat condition remains a 

complex problem requiring the development of an accessible synthetic approach to cyclobutane 

derivatives with various substituents. 

Heterostilbene molecules (HST) are well-developed class of the olefins [25]. They can 

participate in the three types of the photochemical reactions, namely, E,Z-photoisomerization, 

photodimerization and photochemical intramolecular cyclization (Scheme 1). The way of the 

photochemical transformation can be controlled by structure of heterostilbenes [20] and the 

condition of their photolysis. In this work, we present the study of the photochemical reactions of 

azine-containing stilbenes E-1-E-5 (Scheme 1) aimed to find regioselective and stereoselective 

formation of cyclobutane derivative in solution. A strategy for constructing of cyclobutane 

derivatives is to provide the dimer pre-organization of HST molecules in solution, the key point 

of the strategy was the applying of the polar molecules for dimer pre-organization. In our case, the 

heterostilbenes possess donor OMe groups in phenyl ring and acceptor 6-membered nitrogen 

containing ring, the synthesis of the compounds were described earlier [26]. Such structural feature 

can lead to the arrangement of stilbene molecules in head-to-tail manner in appropriate solution. 

We speculated that the photocycloaddition reaction was significantly affected by solvent probably 

due to the following possible causes: a) solvent affects the excited state of heterosilbene to increase 

the lifetime; b) solvent effects on the dimer pre-organization of heterosilbenes. To find the 

conditions of cyclobutane formation the type of azine heterocycle fragment, concentration of 

heterostilbene in solution and type of the solvent (MeCN and water) have been varied. Pyridazin-

2-yl (1), pyrazin-2-yl (2), pyrimidin-2yl (3), pyrimidin-6-yl (4), and pyridine-2-yl (5) were used 



as heterocyclic nuclei. We also studied the ground state properties and photoreactivities of these 

compounds E-1 and E-5 with theoretical approaches in the frame of Density Functional Theory 

(DFT and TD-DFT calculations). Theoretical calculations have been performed to gain insight 

into the photophysical properties of two compounds demonstrated different behavior when 

illuminated by light.
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Scheme 1. Photochemical transformations of heterostilbene molecules, and structures of the 
studied compounds.

2 Experimental

Materials and methods

All reagents and solvents were obtained from commercial sources and used as received. For the 

spectroscopic (UV/Vis and fluorescence) studies, MeCN and water from a Milli-Q ultrapure water 

system were used.

2.1. Physical measurements
1H-NMR spectra were recorded in CD3CN and CD3COCD3 on a Bruker 400 and 600 MHz, and 

13C NMR spectra were recorded at 101 or 151 MHz at ambient temperature using 5 mm tubes. 

Chemical shifts were determined with accuracy of 0.01 and 0.1 ppm for 1H and 13C spectra, 

respectively, and are reported relative to the residual signal of the solvent that was used as an 

internal standard. Spin−spin coupling constants for the proton spectra were determined with 

accuracy of 0.1 Hz. The 1H NMR signal assignments were performed using COSY and NOESY 

2D NMR techniques. The 13C NMR signal assignments were performed by means of HSQC and 

HMBC 2D NMR techniques. 1H NMR experiments were performed using the gradient version of 

the WATERGATE pulse sequence. The spectra (averaged 32 scans) were acquired with 32K 

complex points over a spectral width of 15000 Hz (D19 = 100 μs, nulls at 14.7, 4.7, and -5.3 ppm). 

The data were processed using MestReNova version 12.0.0 on a PC workstation using Windows 

10. 



The reaction course and purity of the final products were determined by TLC on silica gel (DC-

Fertigfolien ALUGRAM Xtra SIL60 G/UV254, MACHEREY-NAGEL) and eluent: hexane, 

EtOAc. Column chromatography was conducted over silica gel (Kieselgel, particle size 40–60 μm, 

60 Å, Acros Organics) on a Biotage Isolera Prime flash chromatograph.

Analysis of reaction mixtures by HPLC was carried out on a Dionex UltiMate 3000 

chromatograph controlled by the Chromeleon 7 software, using Diasorb-130-C18T columns (C-

18 sorbent, grain size 7 μm, column size 4.6 × 260 mm). A mixture of MeCN and H2O was used 

as an eluent. 

Electrospray ionization mass spectrometry (ESI-MS) analyses were performed using a Finnigan 

LCQ Advantage mass spectrometer equipped with an octopole ion-trap mass-analyzer, an MS 

Surveyor pump, a Surveyor auto sampler, a Schmidlin-Lab nitrogen generator (Germany), and 

Finnigan X-Calibur 1.3 software for data collecting and processing. High resolution mass spectra 

were recorded on a time-of-flight instrument in a positive-ion mode using ESI method. 

Melting points were measured in capillaries on a Mel-temp II instrument and were not 

corrected. 

Elemental analysis was performed on a Carlo Erba 1108 elemental analyzer.

2.1.2. Steady-state optical measurements

Preparation and handling of the solutions were carried out under red light. Registration of 

electronic absorption spectra under continuous irradiation of the samples was carried out using a 

high-speed fiber-optic spectrophotometer "AvaSpec-2048-USB2, Avantes BV". Fluorescence 

spectra were measured on a Cary Eclipse spectrofluorometer (Agilent). Varian-Cary 300 

spectrophotometer was used to measure electronic absorption spectra. The spectral measurements 

were carried out in air-saturated acetonitrile or water solutions at 20 ± 1 °C; the concentrations of 

the studied compounds were in the range 210−5 M - 210−2 M. 

The light intensity was measured by a Nova P/N 7Z01500 power meter equipped with a 3A-FS 

P/N 7Z02628 thermal power/energy measurement sensor. The photochemical transformations 

were induced by irradiation of acetonitrile or aqueous solutions of compounds 1-5 with a high 

pressure mercury lamp (DRK-120, 120 W). The particular lines of the mercury lamp spectrum 

with λ = 313, 365, and 405 nm were isolated by glass filters from the standard set of colored optical 

glasses. The photo-processes were studied in a 10 mm quartz cell with stirring. 

For obtaining the spectra of the Z-isomers of dyes 1-5 by Fischer’s method, the solutions were 

irradiated at λ = 313 and 365nm until the photostationary states were attained [24].

Quinine bisulfate in 1N sulfuric acid (φfl = 55.0%) [27] were used as a reference for the 

fluorescence quantum yield measurements. The fluorescence quantum yields [28] were calculated 

using equation:



𝜑𝑓𝑙 = 𝜑𝑓𝑙
0

𝑆𝑖 ∙ (1 ― 10 ― 𝐴0) ∙ 𝑛2
𝑖

𝑆0 ∙ (1 ― 10 ― 𝐴𝑖) ∙ 𝑛2
0
   ,  

where φi and φ0 are the fluorescence quantum yields of the studied solution and the standard 

compound, respectively; Ai and A0 are the absorptions of the studied solution and the standard, 

respectively; Si and S0 are the areas underneath the curves of the fluorescence spectra of the studied 

solution and the standard, respectively; and ni and n0 are the refractive indices of the solvents for 

the substance under study and the standard compound (ni = 1.333, water; ni = 1.34, acetonitrile; n0 

= 1.397, 1N sulfuric acid).

Photochemical reactions were carried out with a high-pressure Hg vapor lamp (120 W) and an 

immersed Hg photoreactor (125 W). Electronic absorption spectra were measured on a fiber-optic 

spectrophotometer connected to a computer at 20 ± 1 °C. 

The quantum yield of the backward photocycloaddition reaction was determined by analyzing 

the kinetics of spectral changes upon irradiation of 3.0 × 10−5 M solution of cyclobutane 7 in water 

with 313 nm light. During the fitting procedure using the Sa3.3 program, the quantum yields of 

the backward reaction of E–Z photoisomerization of dye 2 were fixed as known.

2.2. Synthesis of compounds

2.2.1. Synthesis of compounds 1-5.

Synthesis of (E)-3-(3,4-dimethoxystyryl)pyridazine (1), (E)-2-(3,4-dimethoxystyryl)pyrazine (2), 

(E)-2-(3,4-dimethoxystyryl)pyrimidine (3), (E)-4-(3,4-dimethoxystyryl)pyrimidine (4) has been 

described in [19] and (E)-2-(3,4-dimethoxystyryl)pyridine (5) has been described in [29].

2.2.2. General procedure for the preparation of [2+2]-photocycloaddition products 1a-4a. 

Solution of 1-4 in water (10-2 M) was irradiated with unfiltered light of high-pressure mercury 

lamp for 23h in 5 mm NMR tubes. The precipitate formed during the reaction was washed with 

water and isolated:

3,3 '- (2,4-bis (3,4-dimethoxyphenyl) cyclobutane-1,3-diyl) dipyridazine (1a), yield 6.3 mg 

(57%), m.p. 88-90°C. 1H NMR (CDCl3, 600 MHz, 25 °C): 3.75 (s, 6Н, OСН3), 3.79 (s, 6Н, ОСН3), 

4.80 (m, 2Н, H-a, H-a'), 5.30 (m, 2Н, H-b, H-b'), 6.66 (s, 2Н, H-2, Н-2'), 6.66-6.68 (d, 2Н, Н-5, 

Н-5', 3J = 8.4), 6.82-6.84 (d, 2Н, Н-6, Н-6', 3J = 8.1), 7.14-7.15 (d, 2Н, Н-10, H-10', 3J = 7.9), 

7.27 (t, 2Н, Н-11, H-11'), 9.00 (s, 2Н, H-12, Н-12'); 13С NMR (CDCl3, 151 MHz, 25 °C) δ: 44.2 

(2C, C-a, C-a'), 48.1 (2C, C-b, C-b'), 55.7 (2C, ОСН3), 55.9 (2C, ОСН3), 110.8 (2C, C-5, C-5'), 

111.4 (2C, C-2, C-2'), 120.4 (2C, C-6, C-6'), 126.7 (2C, C-10, C-10'), 128.2 (2C, C-9, C-9'), 131.5 

(2C, C-1, C-1'), 147.7 (2C, C-4, C-4'), 148.6 (2C, C-3, C-3'), 149.2 (4C, C-8, C-8', C-11, C-11'). 

Elemental analysis: calculated (%) for C28H28N4O4 (MW 484.55): C, 69.41; H, 5.82; N, 11.56; 



found C, 69.22; H, 5.30; N, 12.03. ESI-MS 1a in MeCN, m/z: calcd 484.55; found 485.35 [1a + 

H]+, 486.40 [1a + H]2+

2,2 '- (2,4-bis (3,4-dimethoxyphenyl) cyclobutane-1,3-diyl) dipyrazine (2a), yield 6.0 mg 

(50%), m.p. 90-93°C. 1H NMR (CDCl3, 600 MHz, 25 °C): 3.74 (s, 6Н, OСН3), 3.80 (s, 6Н, ОСН3), 

4.71 (dd, 2Н, H-a, H-a', 3J = 9.9, 3J = 7.2), 4.91 (dd, 2Н, H-b, H-b', 3J = 9.9, 3J = 7.3), 6.59 (s, 

2Н, H-2, Н-2'), 6.68-6.69 (d, 2Н, Н-5, Н-5', 3J = 8.2), 6.76-6.78 (d, 2Н, Н-6, Н-6', 3J = 8.3), 8.29 

(d, 2Н, Н-12, H-12', 3J = 2.6), 8.33 (s, 2Н, Н-9, H-9'), 8.48 (s, 2Н, H-11, Н-11'); 13С NMR (CDCl3, 

151 MHz, 25 °C) δ: 44.3 (2C, C-a, C-a'), 49.9 (2C, C-b, C-b'), 55.7 (4C, ОСН3), 110.4 (2C, C-5, 

C-5'), 111.3 (2C, C-2, C-2'), 119.9 (2C, C-6, C-6'), 131.6 (2C, C-1, C-1'), 141.9 (2C, C-12, C-12'), 

143.8 (2C, C-11, C-11'), 145.1 (2C, C-9, C-9'), 147.6 (2C, C-4, C-4'), 148.6 (2C, C-3, C-3'), 155.8 

(2C, C-8, C-8'). Elemental analysis: calculated (%) for C28H28N4O4 (MW 484.55): C, 69.41; H, 

5.82; N, 11.56; found C, 69.84; H, 5.60; N, 11.53. ESI-MS 2a in MeCN, m/z: calcd 484.55; found 

485.35 [2a + H]+, 486.45 [2a + H] 2+, 488.40 [2a + H]4+.

2,2 '- (2,4-bis (3,4-dimethoxyphenyl) cyclobutane-1,3-diyl) dipyrimidine (3a), yield 4.0 mg 

(40%), m.p. 100-102°C. 1H NMR (CDCl3, 600 MHz, 25 °C): 3.76 (s, 6Н, OСН3), 3.79 (s, 6Н, 

ОСН3), 4.90 (dd, 2Н, H-a, H-a', 3J = 10.2, 3J = 7.2), 5.04 (dd, 2Н, H-b, H-b', 3J = 10.2, 3J = 7.1), 

6.65-6.67 (d, 2Н, Н-5, Н-5', 3J = 8.2), 6.71 (s, 2Н, H-2, Н-2'), 6.82-6.84 (d, 2Н, Н-6, Н-6', 3J = 

8.3), 7.01 (t, 2Н, Н-11, H-11'), 8.58-8.59 (d, 4Н, Н-10, H-10', Н-12, H-12', 3J = 2.6); 13С NMR 

(CDCl3, 151 MHz, 25 °C) δ: 44.7 (2C, C-a, C-a'), 46.5 (2C, C-b, C-b'), 55.7 (4C, ОСН3), 110.4 

(2C, C-5, C-5'), 111.3 (2C, C-2, C-2'), 118.4 (2C, C-11, C-11'), 119.9 (2C, C-6, C-6'), 132.5 (2C, 

C-1, C-1'), 147.2 (2C, C-4, C-4'), 148.2 (2C, C-3, C-3'), 156.6 (4C, C-10, C-10', C-12, C-12'), 

169.5 (2C, C-8, C-8'). Elemental analysis: calculated (%) for C28H28N4O4 (MW 484.55): C, 69.41; 

H, 5.82; N, 11.56; found C, 69.38; H, 5.78; N, 11.83. ESI-MS 3a in MeCN, m/z: calcd 484.55; 

found 485.40 [3a + H]+.

4,4 '- (2,4-bis (3,4-dimethoxyphenyl) cyclobutane-1,3-diyl) dipyrimidine (4a), yield 4.0 mg 

(35%), m.p. 95-97°C. 1H NMR (CDCl3, 400 MHz, 25 °C): 3.76 (s, 6Н, OСН3), 3.80 (s, 6Н, ОСН3), 

4.58 (dd, 2Н, H-a, H-a', 3J = 9.9, 3J = 7.4), 4.90 (dd, 2Н, H-b, H-b', 3J = 10.1, 3J = 7.3), 6.63 (s, 

2Н, H-2, Н-2'), 6.67-6.69 (d, 2Н, Н-5, Н-5', 3J = 7.8), 6.75-6.77 (d, 2Н, Н-6, Н-6', 3J = 8.6), 6.98 

(t, 2Н, Н-11, H-11', 3J = 5.4), 8.43-8.44 (d, 2Н, Н-12, H-12', 3J = 5.4), 9.12 (s, 2Н, Н-8, H-8'); 
13С NMR (CDCl3, 101 MHz, 25 °C) δ: 44.5 (2C, C-a, C-a'), 48.8 (2C, C-b, C-b'), 55.8 (4C, ОСН3), 

110.8 (2C, C-5, C-5'), 111.5 (2C, C-2, C-2'), 119.9 (2C, C-6, C-6'), 131.3 (2C, C-1, C-1'), 147.6 

(2C, C-3, C-3'), 148.6 (2C, C-4, C-4'), 155.8 (2C, C-12, C-12'), 158.2 (2C, C-8, C-8'), 168.6 (2C, 

C-10, C-10'). Elemental analysis: calculated (%) for C28H28N4O4 (MW 484.55): C, 69.41; H, 5.82; 

N, 11.56; found C, 69.57; H, 5.90; N, 11.71. ESI-MS 4a in MeCN, m/z: calcd 484.55; found 

487.50 [4a + H]3+.



2.2.3. Synthesis of the photocyclization products 1b and 5b. 

Synthesis of 8,9-dimethoxypyridazino[1,6-a]quinolin-11-ium perchlorate (1b) and 8,9-

dimethoxypyrazino[1,2-a]quinolin-11-ium perchlorate (2b) has been described in [26], 8,9-

dimethoxybenzo-[c]quinolizinium derivative 5b has been described in [29].

2.3. X-ray crystallographic data and refinement details.

Single crystals of 1a and 3a were grown from saturated methanol solutions by slow evaporation 

of the solvent. X-ray diffraction data for 1a were collected at the “XSA/Belok” station (λ = 0.79312 

Å) of the Kurchatov synchrotron radiation source [30], with a Rayonix SX-165 CCD detector. In 

total, 180 frames were taken using direct geometry (θ = 0°) with an oscillation range of 1° in the 

φ scanning mode in different orientations relative to the direction of the photon beam. Data 

reduction and empirical absorption correction were performed with the XDS [31] program 

package. Data collection for sample 3a was performed on a Bruker SMART APEX II 

diffractometer equipped with a Photon-II area-detector and a graphite monochromator for MoKα 

radiation (λ = 0.71073 Å, phi and omega scans). Frames were integrated using the Bruker SAINT 

software package [32] by a narrow-frame algorithm. A semiempirical absorption correction was 

applied with the SADABS [33] program using the intensity data of equivalent reflections. The 

structures 1a and 3a were solved using the SHELXT [34] program and refined by the full-matrix 

least-squares technique against F2hkl in anisotropic approximation for non-hydrogen atoms with 

SHELXL [35] program. Hydrogen atoms were placed in calculated positions and refined in the 

riding model with Uiso(H) = 1.5Ueq(Cm) for methyl groups and 1.2Ueq(Ci) for other carbon 

atoms to which corresponding H atoms are bonded. The structure 1a was refined as an inversion 

twin with calculated BASF parameter equal to 0.50 and an extinction coefficient equal to 0.14. 

The cyclobutane fragment in 1a is disordered by two positions with relative occupancies 0.9:0.1; 

the minor component was refined isotropically. The whole molecule in 3a is disordered by two 

positions with relative occupancies 0.9:0.1; the minor component was refined isotropically with a 

common Uiso value and SAME instruction applied. Detailed crystallographic information is given 

in Table S1. CCDC 2123240-2123241 contain supplementary crystallographic data for this paper. 

The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/structures.

2.4. Quantum chemical calculations

All calculations have been performed with the Gaussian 16, Revision B.01 [36] using default 

procedures, algorithms and integration grids. Ground state geometry optimizations of the isomers 

of E-1 and E-5 were performed using density functional theory (DFT) with the PBE0 [37] 

functional and the 6-311G(d,p) basis set. Molecular structures were confirmed to be real minima 

http://www.ccdc.cam.ac.uk/structures


or a transition state on the potential energy surface by subsequent calculation of harmonic 

vibrational frequencies at the same level of theory. The minima structures showed positive force 

constants for all normal modes of vibration while the transition indicated only one negative force 

constant along the reaction coordinate.

Molecular excitation energies were calculated using TD-DFT (time-dependent density 

functional theory) with and without the Tamm–Dancoff approximation (TDA) [38]. We performed 

a functional test on the absorption properties of E5 and E1) with B3LYP, PBE0 [37], M062X [39], 

ωB97XD [40] and CAM-B3LYP [41] functionals. The corresponding results are presented in 

Table S2 and Table S3, respectively. A comparison of the calculated results with the experimental 

data for clearly suggests that PBE0 has better performance in terms of its closest peak position to 

the experimental one. Thus, all absorption spectra and emission properties were calculated at 

PBE0/6-311G(d,p) level. The absorption spectra were plotted using GaussSum program [42] with 

the full width at half maximum set as 0.2 eV. For the S2 geometries the time-dependent density 

functional theory (TD-DFT) was applied. Meanwhile, the integral equation formalism polarizable 

continuum model (IEFPCM) [43,44] was always used to simulate the solvent (acetonitrile).

Results and discussion

Compounds 1-5 were prepared according to Scheme 1 as E-isomers, according to the spin-

spin coupling constants of the double bond protons Ha and Hb, 3J =15-16 Hz (Figs. S1-S5 in 

Electronic Supporting Information (ESI)). 

Optical characteristics

The UV/Vis spectra of 1-5 in aqueous or acetonitrile solutions are characterized by intense 

long wavelength absorption bands centered at 330-350 nm which can be assigned to an efficient 

intramolecular charge transfer from the methoxy group to the heterocyclic rings. The absorption 

bands at about 245 nm correspond to the electronic transitions in the heterocyclic and phenyl 

fragments of 1-5 (Figure 1). The long wavelength absorption band of the 2-pyridine derivative 5 

is shifted hypsochromically as compared to compounds 2-4 in accordance with the more acceptor 

character of the heterocyclic rings containing two nitrogen atoms (Table 1) [45]. 

Fluorescence characteristics of E-1 – E-5 measured in acetonitrile or aqueous solutions are 

presented in Table 1. Fluorescence quantum yields of E-1 – E-5 are low in acetonitrile, and 

compounds E-1 – E-3 do not fluoresce in aqueous solution indicating that the efficient stabilization 

of the polar excited state increases the probability of the photochemical conversion in competition 

with the emission.



Table 1. Optical and photochemical charateristics of compounds 1-5 and 1a-4a.

λabs, nm ΦE –Z / ΦZ–E
λfl, 
nm Фfl

λfl, 
nm Фfl

φretro-

photocycloaddition
Samples

MeCN water MeCN water MeCN water MeCN water

Yield 
of 1a-
4a in 
water, 

%
1 330 332 0.07/

0.16
- / - 460a <0.001 - 0 - - -

2 350 348 0.45/
0.41

- / - 468b 0.18 - 0 - - -

3 334 333 0.83/
0.08

0.43/0.45 430b 0.004 - 0 - - -

4 346 346 0.29/
0.41

0.36/0.54 455b 0.012 505 0.021 - - -

5 332 330 0.60/
0.40

0.54/0.28 410b 0.018 461 0.014 - - -

1a 276 282 - - - - - - c c 57
2a 274 274 - - - - - - c 0.002 50
3a 282 282 - - - - - - c c 40
4a 282 280 - - - - - - 0.007 0.04 35

a λex = 330 nm;  b λex = 340 nm;  c the quantum yield has not been determined.

Photochemical transformations

E-Z-photoisomerization

Irradiation of the acetonitrile solutions of stilbene derivatives E-1 – E-5 at concentration 

310-5 M with filtered light (λ = 365 nm) of high pressure mercury lamp resulted in the decrease 

of the absorption intensities along with a slight blue shift of the absorption maxima that is 

indicative for the formation of photostationary mixtures of E- and Z-isomers of 1-5 (Scheme 1, 

Fig. 1a). The spectral changes observed upon irradiation with light in acetonitrile and water 

solutions are presented in Figs S24-S33 in ESI. The irradiation of the compounds E-1-E-5 in 

acetonitrile results in the decrease of absorption intensity and small hypsochromic shift of long 

wavelength band (Figs. S24, S26, S28, S30, S32 in ESI).  The irradiation of water solution of 

heterostilbenes causes small spectral changes (Figs. S25, S27, S29, S31, S33 in ESI). The observed 

spectral changes upon the photolysis at 313nm and 365nm light were used for calculations of 

quantum yields of E-Z-isomerization by Fischer’s method (see Experimental part). Compounds E-

3-E-5 demonstrated high quantum yields of direct and back E-Z-isomerization in both water and 

acetonitrile solutions (Table 1). In aqueous solutions, in the case of compounds E-1 and E-2, the 

spectral changes observed upon irradiation turned out to be minimal, which made it impossible to 

determine the quantum yields of photoisomerization in water for these compounds (Table 1, Fig. 

1b and Figs S27, S29, S31, S33 in ESI).

The NMR observations confirm the formation of photostationary mixtures of E- and Z-

isomers of 1-5 in acetonitrile, according to obtained spin-spin coupling constants of the double 



bond protons Ha and Hb, 3J =15-16 Hz for E-isomers, and 3J = 12-13 Hz for Z-isomers (see for 

example Figs. S1-S5, S57 in ESI).
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Figure 1. Spectral changes during photolysis of E-1 in acetonitrile (a) and water (b) with light λ = 
365 nm, CE-1 = 310-5 M.

The absorption of E-1 and E-5 were simulated in ACN solvent using density functional theory 

(DFT) with the PBE0 [37] functional and the 6-311G(d,p) basis set. The absorption wavelengths 

(λ in nm) oscillator strengths (f) are collected in Table S2 and S3 in ESI and also displayed in 

Figure S61 and S62 in ESI. The maximum absorption was calculated at 338 nm and 345 nm for 

the most stable isomer of E-5 and E-1, what is in excellent agreement with experiment 

(experimental λabs = 332 nm and 330 nm, respectively). The HOMO and LUMO orbitals, shown 

in Figure 2 are largely delocalized on the whole conjugated skeleton of the molecule. Interestingly 

the E-Z isomerization induces some little changes in the absorption spectra similar to what was 

found in experiment, i.e. a decrease in the intensity and small blue-shift (Figure S62 in ESI). 

HOMO LUMO

a)

b)

Figure 2. Molecular orbitals (HOMO and LUMO) implied in the maximum absorption excitation: 
a) E-1; b) E-5.



The conjugated chain connecting the heterocyclic units exhibit three partial double bonds 

(scheme 2). Therefore, 8 distinct isomers can be drawn and will be labeled with a sequence of 

three letters Z and/or E starting from the pyridine or pyridazine unit and indicating the approximate 

setting of the three dihedral angles α, β and γ as Z (0° < α < 90°) or E (90° < α < 180°), respectively 

(see for example the EEE isomer of compound E-1 in Scheme 2). 
NN

OCH3

OCH3

  

Scheme 2: EEE isomer of compound E-1

The different isomers that can be formed from E-1 and E-5 were studied using DFT 

calculations (Tables S2 and S3 in ESI). Unambiguously the calculations show that ZEZ is the most 

stable isomer while the second more stable is ZEE. These results indicate that the E to Z 

isomerization around the double bond connecting the pyridine or pyridazine have a strong impact 

on the stability of the isomer while the E to Z around the double bond connecting the benzene ring 

have only a moderate influence on the stability of the isomer.

Photocycloaddition

Prolonged irradiation of E-1 – E-5 with λ>330 nm resulted in more complex spectral 

changes depending on the solvent nature and the concentration of E-1 – E-5 used. 

It was shown that irradiation of aqueous solutions of E-1 – E-4 with a concentration above 

210-2 M leads to a decrease in the intensity of the long-wavelength absorption band in the spectral 

region 330-350 nm, which indicates a decrease in conjugation in the chromophoric system (Fig. 

3a, Figs. S34-S42 in ESI). At the same time, a new blue-shifted band appeared at 270-280 nm, 

which is the characteristic absorption region of non-conjugated aromatic and heteroaromatic 

fragments. By analogy with [20], it can be assumed that during photolysis 1-4 undergo the [2+2] 

photocycloaddition reaction at the ethylene double bonds with the formation of the corresponding 

cyclobutane derivatives 1a-4a (Scheme 1). It is interesting to note that the solubility of the 

resulting photolysis products in water is very low, so that during photolysis they precipitate out of 

solution (Fig. S41 in ESI). For this reason, a low-intensity peak of cyclobutane is observed on the 

HPLC chromatogram, while the peak of the starting compound constantly decreases during 

photolysis until it disappears (Fig. 3b).
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Fig. 3 (a) Spectral changes and (b) HPLC chromatogram (eluent acetonitrile:water = 65:35) during 
photolysis of E-1 (C1 = 210−2 M) in an aqueous solution with 365 nm light for 60 min. To measure 
the UV-Vis spectra, the solutions after photolysis were diluted to 310-5 M.

The formation of cyclobutane derivatives 1a-4a was confirmed by NMR studies (Figs. 4, 

5 and Figs. S6-S21 in ESI) and ESI-MS (Figs. S52-55 in ESI), and this [2+2] photocycloaddition 

reaction turned out to be regio- and stereoselective. 
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Fig. 4 Fragments of 1H NMR spectra (400 MHz) in 50% CD3CN / 50% D2O. Spectral 

changes during photolysis of E-2 (C2 = 810−2 M) with light λ>330 nm for 0 min (a); 5 min (b); 10 

min (c); 40 min (d). 

As a result of the photoaddition reaction of compounds E-1-E-4, only one isomer of 

cyclobutanes 1а-4а is formed out of eleven possible ones (Fig. 4). In addition, the signals of the 

protons of the cyclobutane ring appear in the form of a symmetric spin system AA′BB ′ with 



vicinal coupling constants 3Jab = 3Ja′b′ = 9.9 and 3Jab′ = 3Ja′b = 7.3 Hz (Fig. 4). This also indicates 

the transoid geometry of the Ha and Hb protons in 2a.

The mutual position of the substituents in the cyclobutane structure was established using 

two-dimensional NOESY NMR spectroscopy (Fig. 5 and Figs. S9, S13, S17, S21 in ESI). For 

example, in the structure of the isomer of cyclobutane 2a, strong through-space interactions are 

observed between protons H-9, H-6, H-2 and protons of the cyclobutane ring, which means that 

these protons are located close to each other on the same side of the cyclobutane ring (Fig. 5). 
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Fig. 5 NOESY spectrum of 2a (CDCl3, 600 MHz) 

A similar structure of cyclobutane derivatives with head-to-tail arrangement of 

heterocyclic and phenyl fragments was obtained for 1a, 3a and 4a (Figs. S6-S21 in ESI).

In solid state the X-Ray analysis of 1a and 3a were performed (Figs. 6, S60 and Table S1 

in ESI). The X-ray data demonstrated the similar structures of cyclobutanes produced from 1a and 

3a.

 
Fig. 6 General view of crystal structures 1a and 3a in thermal ellipsoid representation for 

non-hydrogen atoms (p=50%), the atoms of the independent part are labeled. The minor disorder 
components in both structures are omitted for clarity.



For the photocycloaddition reaction to proceed with high regio- and stereoselectivity, the 

two reacting molecules must be appropriately pre-organized, forming dimers either in the ground 

state or in an excited state, that is, excimers [46–52]. From the quantum-chemical calculations, it 

could be also be seen that the isomers exhibit significant polarity. However the situation is 

contrasted either the compound contain a pyridine (E-5) or pyridazine (E-1) unit. The calculated 

dipole moment of E-5 is found between 1.86 D and 4.75 D for the highest polar isomer (EZZ) 

(Table S2 in ESI). Interestingly the isomers of E-1 show a much more pronounced polarity with 

values of the dipole moment going from 4.14 D to 8.93 D for the EZZ (Table S3 in ESI). A strong 

dipole moment could favor the formation of a complex through dipole-dipole interaction at the 

ground state before the [2+2] cycloaddition. The calculations results presented here on the 

monomer suggest that the complex dimer formation are more favored for E-1 than for E-5. 

We tested the possibility of self-organization of E-1-E-4 into dimers or excimers, which 

could provide high regio- and stereoselectivity of photocycloaddition. For this purpose, we 

investigated the dependence of the spectral characteristics of aqueous solutions E-1-E-4 on 

concentration. To detect the formation of dimers, we analyzed the changes in the absorption 

spectra of solutions of E-1 of various concentrations from 110-5 M to 810-2 M in water, acetonitrile 

and a mixture water:acetonitrile = 1:1. In the absorption spectra of E-1, normalized at a wavelength 

of 242 nm, at concentrations above 210-2 M, a change in the shape of the spectra and their 

broadening were observed in water (Fig. 7A), and in a mixture water:acetonitrile = 1:1 (Fig. 7B), 

which may indicate the formation of dimers (E-1)2 in the ground state. For acetonitrile solutions 

E-1, no change in the shape of the absorption was observed with increasing concentration (Fig. 

7C), which indicates that dimers are not formed in this case. Fluorescence of E-1 in 

water:acetonitrile = 1:1 is very weak, and the long-wavelength fluorescence that is characteristic 

of excimers was not observed in either acetonitrile or water for any concentration of E-1 (Fig. S56-

57). Most likely, the photocycloaddition reaction leading to the formation of 1a in an aqueous 

solution or in a mixture water:acetonitrile = 1:1 proceeds through direct excitation of (E-1)2 dimers 

formed in solutions with a high concentration of E-1.
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Fig. 7 Absorption spectra of E-1 normalized at 242 nm. (A) С1 = 3.210-4 M (1), 6.410-2 M (2), 

H2O, 20°С; (B) С1 = 810-5 M (1), 810-4 M (2), 110-2 M (3), 210-2 (4), 410-2 M (5), 610-2 M (6), 



710-2 M (7), 810-2 M (8), H2O:MeCN=1:1, 20°С; (C) С1 = 810-5 M (1), 810-2 M (2), MeCN, 

20°С.

On the other hand, the formation of cycloadducts 1a-4a was not detected in acetonitrile even at 

high concentrations of E-1-E-4 up to 810−2 M (Fig.8) , probably due to the fact that dimers of 

compounds E-1-E-4 in acetonitrile are not formed.
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Fig. 8 a) Spectral changes during photolysis of 610−2 M E-1 in acetonitrile with 365 nm light for 
150 min. To measure the spectra, the solutions after photolysis were diluted to 310-5 M; b) HPLC 
chromatogram of 310−5 M E-1 after irradiation for 240 min with 365 nm light, eluent 
acetonitrile:water = 65:35.

Retro-photocycloaddition reaction of cyclobutanes 1a-4a was observed in water upon 

irradiation with 313 nm light. HPLC analysis showed that, for example, after irradiation of a 

solution of cyclobutane 4a in water with 313 nm light, a mixture of isomers E-4 and Z-4 was 

detected (Figs.9a-c and Figs. S49, S50). For 2a and 4a, the quantum yields of the retro-

photocycloaddition reaction were determined (Table 1).
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Fig. 9 HPLC analysis of retro-photocycloaddition reaction of 4a in H2O upon irradiation with 313 
nm light during 0 min (a); 60 min (b); 120 min (c), leading to the formation of E-4 and Z-4 isomers. 
Eluent MeCN:H2O=65:35.

Electrocyclization



Prolonged irradiation of 210−5 M E-1 in air saturated H2O with λ>330 nm resulted in the 

appearance of the novel absorption band with maximum at 380 nm (Fig. 10) which can be assigned 

to heteroaromatic compound 1b (Scheme 1) formed as a result of C-N oxidative photocyclization 

by analogy with 2-styrylquinolines studied earlier [53]. Indeed, the formation of C-N 

photocyclization product 5b has been proven by NMR data (Fig. S56).
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Fig. 10 a) Spectral changes during photolysis of E-1 in H2O with light λ>330 nm for 75 min, C1 = 
210−5 M; b) HPLC chromatogram of solution E-1 showing a decrease in the concentration of E-1 
and an increase in the concentration of the electrocycle 1b when irradiated with light λ> 330 nm; 
eluent acetonitrile:water = 65:35.

Similar products of oxidative electrocyclization reaction were obtained upon irradiation 

with λ>330 nm of 2·10−5 ÷ 1·10−3 M aqueous solutions E-2-E-5. It should be noted that at such 

concentrations, no photocycloaddition products 1a-4a were formed. Apparently, dimers are not 

formed at low concentrations E-1-E-4, and for this reason the photocycloaddition reaction does 

not proceed under these conditions. 

It was found that the direction of the photochemical reaction can be controlled by changing 

the composition of the solvent and the concentration of the compounds. For example, photolysis 

of 310−2 M E-1 in a mixture water:acetonitrile = 1:1 leads to the simultaneous formation of 

cyclobutane 1a and electrocyclic product 1b (Scheme 1 and Fig. 10). The HPLC data showed that 

electrocycle 1b was predominantly formed during photolysis and the ratio 1a:1b = 1 : 2.5. 
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Fig. 10 a) Spectral changes during photolysis of E-1 in H2O:MeCN =1:1 with 365 nm light for 
250 min, C1 = 310−2 M. To measure the spectra, the solutions after photolysis were diluted to 310-

5 M, b) HPLC chromatogram of the solution of E-1 after irradiation with 365 nm light for 250 min; 
eluent acetonitrile:water = 65:35.

Thus, the concentration of the irradiated solution and the nature of the solvent can be 

changed to control the photochemical reaction. In aqueous solutions, an increase in the 

concentration of E-1 - E-4 leads to a shift in the photochemical reaction from electrocyclization 

products 1b - 2b, 5b to cyclobutanes 1a - 4a. These results confirm our assumptions that the high 

regioselectivity of the cycloaddition reaction is mainly determined by the arrangement of stilbene 

molecules to the dimer at an olefin concentration of 10–2 M or more. On the other hand, in 

acetonitrile, the main photochemical conversion of compounds E-1-E-5 is the electrocyclization 

reaction with the formation of benzo[c]quinolizinium cation 5b and its aza- analogs 1b-2b in both 

dilute and concentrated solutions [19]. It should be noted that the photocycloaddition reaction was 

not observed for the pyridine derivative E-5 in all solvents and at all concentrations used, most 

likely because the polarity of E-5 is insufficient for pre-organization of E-5 into dimers, which is 

not the case for compounds E-1-E-4 containing two nitrogen atoms in heterocyclic moieties. Thus, 

heterocyclic moieties also affect the efficiency of photocyclization.

For deep analysis of the mechanisms of the photocyclization reaction the reaction pathway 

was optimized using the DFT and TD-DFT calculations by scanning the N….C distance starting 

from the ZZE isomer of heterostilbenes E-1 and E-5. This procedure provides better precision than 

determination of the reaction path from the calculation of excitation energies using single-point 

TD-DFT and based on the ground states optimized geometries. 

As seen in the Figure 11, the reaction proceeds through a transition state in ground state 

and the energies barriers for cyclization of E-5 and E-1 were found to be 120.4 kJ.mol-1 (28.8 

kcal.mol-1) and 108.0 kJ.mol-1 (25.8 kcal.mol-1) respectively. These energies barriers values 



hampered the thermal reaction and are consistent with no cyclization reaction in ground state as 

observed experimentally.
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Fig. 11 Potential energy surfaces of a) E-1 and b) E-5 along the C…N (distance of the tow atoms 
that form a single bond by electrocyclization). Solid black line show energy of S0 state. Solid red 
line represent S1-S0 vertical energies calculated using the optimized S1 geometries. Blue line show 
energy of relaxed S1 state. Geometries are optimized by BPE0/6-311G(d,p) in ACN solvent using 
DFT and time-dependent DFT.

As shown in Figure 11 the photocyclization occurs at the S1 potential energy surface with 

a very small activation energy for E-1, which would occur easily. The excited molecule in the S1 

evolves to a minimum obtained for a C…N distance of to 2.9 Å very close to the Franck-Condon 

region. From this minimum and by decreasing the C…N distance, a transition structure was found 

at 2.3775 Å (see Figure S63 in ESI) and confirmed by vibrational analysis. The energy barrier of 

10 kJ.mol-1 is calculated at PBE0/6-311G(d,p) level. From the transition state, the S1 energy 



decreases and a crossing point is found in which the C…N distance is about 1.9 Å and where 

efficient relaxation to the ground state is expected toward product or reactant.

Replacement of the pyrazidine (E-1) by a pyridine (E-5) group have an important effect on 

the excited state electrocyclic reaction. Indeed, no minimum and transition state could be located 

on the excited state PES for the compound E-5. In other word, after excitation of the molecule, the 

electrocyclization proceeds with no barrier and the system evolves until the conical intersection 

region.

In order to understand the difference in the photoreactivity between the excited cyclization 

reaction between E-5 and E-1 we analyzed the evolution of the LUMO orbital along the excited 

reaction pathway. During the electrocyclic reaction, the energy of this orbital is the result of several 

bonding and antibonding evolution and as a result its energy can increase or decrease. 

In the first stage of the reaction, the energy of the LUMO of E-1 increases and rapidly 

decreases when the conical intersection is reached. This energy profile similar to the energy of the 

S1 state and can be explain by the increase of the C-N bond length that causes an energy penalty 

of the LUMO (see Figure S64 in ESI). Once the transition state in excited state passed, the C-N 

bond length do not change significantly and the energy of the LUMO is then dominated by the 

development of the bonding character between the reactive N and carbon atoms.

By contrast the evolution of the LUMO of E-5 shows quite different behavior and 

continuously decreases until the conical intersection, a similar evolution for the S1 energy. From 

this analysis it can be concluded that the S1 energy evolution is mainly driven by the bonding 

character of the LUMO.

The calculated absorption spectra of electrocyclic producs 1b and 5b demonstrates good 

agreement between experimental and calculation data obtained in this paper (Figs. S65, S66 in 

ESI). 

Conclusion

We have illustrated a novel protocol in synthetic organic photochemistry to tune the 

direction of phototransformation aimed to prepare the required photoproduct in native condition. 

Stilbene derivatives E-1-E-5 can participate into parallel reactions of E-Z-photoisomerization 

followed by electrocyclization and intermolecular [2+2] - photocycloaddition with the formation 

of tetrasubstituted cyclobutane. The photophysical processes such as luminescence can compete 

with the photochemical transformation. We found that water effectively stabilizes the polar excited 

state, increasing the probability of photochemical conversion over emission. Photolysis of E-1-E-

5 in a dilute aqueous solution (at an olefin concentration below 10-2M) leads to a regioselective 

electrocyclic reaction through the formation of a novel C-N bond with the formation of 



benzo[c]quinolizinium cation 5b and its aza-analogues 1b-2b. In a solution of E-1-E-4 with a 

concentration of more than 10-2 M, the spatial arrangement of stilbene molecules in a head-to-tail 

orientation provides a regio- and stereoselective photocycloaddition reaction, which gives only 

one isomer of cyclobutane in a sufficiently high yield (up to 57%). For the organization of stilbene 

molecules into dimers, their polarity is important. Thus, the pyridine derivative E-5 is not capable 

of dimerization; however, stilbenes E-1-    E-4 with two nitrogen atoms in the heterocyclic ring 

are able to form dimers. The mild reaction conditions and the absence of additives facilitate the 

reaction. This work provides a convenient and gentle method for producing cyclobutanes.
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We have developed a visible light promoted reaction of intermolecular [2 + 2] cycloaddition of 
heterostilbene.

The efficiency of intermolecular [2 + 2] cycloaddition depends on the nature of the heterocyclic 
residue and the concentration of heterostilbenes.

Photolysis of heterostilbenes in a dilute aqueous solution (at an olefin concentration below 10-2M) 
leads to a regioselective electrocyclic reaction

In a solution of heterostilbenes with a concentration of more than 10-2 M, the spatial arrangement 
of stilbene molecules in a head-to-tail orientation provides a regio- and stereoselective 
photocycloaddition reaction, which gives only one isomer of cyclobutane in a sufficiently high 
yield (up to 57%). 

This work provides a convenient and gentle method for controlling the direction of photochemical 
transformations of heterostilbenes to obtain cyclobutanes or heteroaromatic cations.

Highly regioselective and stereoselective photodimerization of azine-containing 
stilbenes in neat condition: An efficient synthesis of novel cyclobutanes with 

heterocyclic substituents
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