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Organic molecules existing as two or more thermodynamically 
stable isomers find use not only as devices for molecular elec­
tronics and photonics but also for the control of dynamic properties 
of materials, targeted transport of biochemical information and 
signal transfer through biological membranes as well as for 
invention of photochemically and electrochemically switchable 
catalytic, enzymatic, bio- and chemosensor systems.1 Nano­
electronics is one more perspective application of these photo­
chromic compounds.

Several classes of organic compounds capable of cis–trans-
isomerization or pericyclic transformations as well as topological 
isomers of supramolecules are considered as the most promising 
photochromic materials.2–6 A special place is occupied by diaryl­
ethenes being thermally irreversible photochromes with high 
cycling rate. Currently, a broad range of various 1,2-diarylethene 
derivatives have been synthesized,2 differing in the nature of the 
ethene or (het)aryl moieties or the nature of substituents in the 
latter. After the discovery of fullerenes in 1985,7 the range of photo­
chromic compounds was extended due to the use of derivatives 
of the carbon clusters.8–10 The photochromic properties of ful­
lerene adducts may be caused by electronic recombinations in 
both the fullerene cage11 and the attached moiety, including the 
hetarylethene moiety.12–14

In order to extend the scope of application of photochromic 
derivatives of the carbon clusters and to study the effects of 
fullerene and diarylethene on the electronic properties and stability 
of a new photochromic molecule, we synthesized [60]fullero­
pyrrolidine–dithienylethene conjugates by the Prato reaction.15

In fact, 1,3-dipolar cycloaddition of dithienylethene 1a,16 
containing a chlorine atom and an aldehyde group in the molecule, 
to fullerene C60 in the presence of sarcosine affords the corre­
sponding fulleropyrrolidine 2a in ~60% yield (Scheme 1).†

The structure of individual fulleropyrrolidine 2a was reliably 
determined by one- (1H and 13C) and two-dimensional (COSY, 
HSQC, HMBC) NMR spectroscopy and MALDI TOF/TOF mass 
spectrometry (for details, see Online Supplementary Materials). 
The 1H NMR spectrum of compound 2a contains two singlets at 

dH 2.88 and 5.11 ppm corresponding to the methyl and methine 
protons, respectively, and two doublets for the geminal methylene 
protons (dH 4.22 and 4.96 ppm, 2J 9.5 Hz) characteristic of 
pyrrolidinofullerenes.17 In the HMBC experiment, the signal of 
the methine proton (dH 5.11 ppm) of the pyrrolidine ring in 
fulleropyrrolidine 2a correlates with the carbon signals of the 
thiophene ring of the attached photochromic moiety (dC 129.39 and 
153.28 ppm). The presence of a chiral centre in the pyrrolidine 
moiety of molecule 2a in the direct vicinity of the fullerene core 
and of the unsymmetrical heteroaromatic substituent results in 
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†	 The Prato cycloaddition of dithienylethene aldehydes to [60]fullerene 
(general procedure). A solution of C60 (0.14 mmol, 100 mg), sarcosine 
(0.28 mmol, 25 mg) and the corresponding photochromic aldehyde 1a,b 
(0.67 mmol, 20 mg) in chlorobenzene (10 ml) was stirred at reflux 
temperature for 2 h, then the solvent was removed in vacuo. Chromato­
graphic purification on SiO2 (100% toluene as an eluent) afforded the 
target products 2a,b.

	 2-{4-[2-(5-Chloro-2-methylthiophen-3-yl)cyclopenten-1-yl]-5-methyl
thiophen-2-yl}-1-methyl-3,4-fulleropyrrolidine 2a: brown powder, yield 
62% (92 mg). 1H NMR (500 MHz, CDCl3–CS2, 1:5) d: 1.74 (s, 3 H, Me), 
2.04 (s, 3 H, Me), 2.07 (m, 2 H, CH2), 2.77 (t, 2 H, CH2, J 7.5 Hz), 2.84 
(t, 2 H, CH2, J 7.5 Hz), 2.88 (s, 3 H, Me), 4.22 (d, 1H, CH2, J 9.5 Hz), 4.96 
(d, 1H, CH2, J 9.5 Hz), 5.11 (s, 1H, CH), 6.53 (s, 1H, CH), 7.07 (s, 1H, 
CH). 13C NMR (125 MHz, CDCl3–CS2, 1:5) d: 14.39, 14.86, 23.27, 38.64, 
38.76, 40.31, 68.73, 69.93, 79.49, 126.75, 129.39, 133.18, 133.73, 134.81, 
135.06, 135.08, 135.70, 135.88, 136.72, 139.70, 140.05, 140.25, 141.68, 
141.75, 141.98, 142.06, 142.13, 142.22, 142.24, 142.30, 142.67, 142.70, 
142.77, 143.06, 143.16, 143.22, 144.41, 144.44, 144.71, 144.78, 145.22, 
145.33, 145.39, 145.42, 145.44, 145.55, 145.62, 145.67, 145.86, 146.01, 
146.02, 146.15, 146.16, 146.18, 146.23, 146.26, 146.35, 146.39, 146.55, 
146.81, 147.36, 153.19, 153.28, 153.92, 155.91. MS (MALDI-TOF), m/z: 
1068.061 [M – H]+ (C78H19ClNS2).
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the fullerene core of fulleropyrrolidine being responsible for 48 
signals in the 13C NMR spectrum. The structure of fullero­
pyrrolidine 2a was also reliably established by means of MALDI 
TOF/TOF mass spectrometry; the spectrum of 2a exhibited an 
intense fragment ion peak [M – H]+ at m/z 1068.061.

We expected that the use of dithienylethene 1b with two 
aldehyde groups could afford bis-adduct with two C60 fragments. 
However, the Prato reaction of fullerene C60 with dithienylethene 
1b involved only one aldehyde group giving the monoadduct 2b.‡ 
An increase in the reaction time and temperature and varying the 
reactant ratio did not cause the formation of bis-adduct.

In order to examine the photochromic properties of the 
resulting open and closed forms of compounds 2a,b, we performed 
theoretical calculations of their 3D structure (Figure 1). The 
geometric parameters of the open and closed forms of fullerene 
adducts with dithienylethenes in the antiparallel and parallel 
conformation states were calculated by the PBE/3z method 
implemented in the PRIRODA program package.18–21

According to published data,22–24 diarylethenes with the thio­
phene rings can exist in the parallel and antiparallel conformation 
states. In the former case, two heterocyclic rings are symmetrical 
with respect to the mirror plane, whereas the point group of 
symmetry of the latter state corresponds to the C2 type.

The key factor responsible for the photochromic properties 
of  hetarylethenes is the distance between the thiophene-ring 
a-carbon atoms involved in the ring closure, which should not 
exceed 4.2 Å.25 In the antiparallel open type isomer 2a(o), the 
theoretical distance between these carbon atoms is 3.642(3) Å, 
while the distance between these a-carbon atoms in 2b(o) is 
3.653(4) Å. In isomers 2a(o) and 2b(o), which occur in parallel 
conformations, these distances are longer being 4.359(6) and 
4.346(5) Å, respectively. Therefore, the formation of the closed 
forms 2a(c) and 2b(c) is possible only owing to the antiparallel 

confiormational isomers. Moreover, the possibility of increasing 
the quantum yields of the closed isomers 2a(c) and 2b(c) can 
be  achieved due to the large dihedral angle between the two 
thiophene rings, which are 67.12(7)° and 63.38(5)° for the anti­
parallel conformers 2a(o) and 2b(o), respectively. In the parallel 
conformers of open forms 2a(o) and 2b(o), these angles are 
61.84(9)° and 71.77(6)°, respectively.

Simultaneously the molecular orbitals of the open and closed 
forms of 2a and 2b were analyzed by the B3LYP/6-31G(d) method 
using Gaussian software26 (Figure 2). The highest occupied 
molecular orbital (HOMO) of the closed form 2a(c) was shown to 
be located on the fullerene cage, whereas the lowest unoccupied 
molecular orbital (LUMO) is on the attached moiety. The energy 
difference between the two orbitals for compound 2a(c) is about 
5.09 eV, which is comparable with published data.27 Similar 
results were obtained for other forms of compounds 2a and 2b.

Considering the above calculation data, one can conclude that 
in compounds 2a,b, the fullerene cage is a potent acceptor of 
electron density, which readily migrates to the attached dithienyl­
ethene moiety upon ring closure or ring transformation. This is 
reflected in an increase in the quantum yield of the closed forms 
of the adducts on exposure to light and, hence, an increase in the 
performance of such compounds as molecular switches.

Thus, we synthesized fulleropyrrolidines containing dithienyl­
ethene moieties and theoretically predicted the photochromic 
properties of these compounds. The calculations of the geometric 
parameters of the open and closed forms of the fullerene adducts 
in the antiparallel and parallel conformation states demonstrated 
that introduction of a fullerene moiety as an electron acceptor 
into a dithienylethene molecule would maximize the quantum 
yield of the ring closure reaction of the open forms of the 
photochromes.
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‡	 2-{4-[2-(5-Formyl-2-methylthiopen-3-yl)cyclopent-1-yl]-5-methylthio
phen-2-yl}-1-methyl-3,4-fulleropyrrolidine 2b: brown powder, yield 60% 
(89 mg). 1H NMR (400 MHz, CDCl3–CS2, 1:5) d: 1.92 (s, 3 H, Me), 2.01 
(s, 3 H, Me), 2.10–2.20 (m, 2 H, CH2), 2.74–2.83 (m, 4 H, 2 CH2), 2.87 (s, 
3 H, Me), 4.22 (d, 1H, CH2, J 9.5 Hz), 4.95 (d, 1H, CH2, J 9.5 Hz), 5.09 
(s, 1H, CH), 7.05 (s, 1H, CH), 7.43 (s, 1H, CH), 9.69 (s, 1H, CH). 13C NMR 
(100 MHz, CDCl3–CS2, 1:5) d: 14.84, 15.53, 23.32, 38.84, 38.88, 40.28, 
68.72, 69.94, 79.36, 129.13, 133.08, 134.53, 135.01, 136.64, 137.22, 
137.61, 139.52, 140.04, 140.26, 140.28, 140.67, 141.72, 141.77, 141.87, 
142.06, 142.09, 142.13, 142.20, 142.25, 142.29, 142.70, 142.73, 142.80, 
143.09, 143.26, 144.43, 144.69, 144.81, 145.24, 145.35, 145.43, 145.53, 
145.63, 145.66, 145.82, 146.04, 146.12, 146.17, 146.25, 146.27, 146.31, 
146.39, 146.51, 146.70, 147.37, 152.94, 153.07, 153.74, 155.73, 181.30. 
MS (MALDI-TOF), m/z: 1062.159 [M – H]+ (C79H20NOS2).
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Figure  1  Open and closed antiparallel isomers of compounds 2a,b.
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Figure  2  HOMO and LUMO of compounds 2a,b.
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