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Peculiarities of styryl dyes of the benzoselenazole
series crystal packings and their influence on solid
phase [2 + 2] photocycloaddition reaction with
single crystal retention†

Lyudmila G. Kuz'mina,*a Artem I. Vedernikov,b Judith A. K. Howard,c

Stanislav I. Bezzubov,a Michael V. Alfimovb and Sergey P. Gromov*b

New styryl dyes of the 2-benzoselenazole series which contain iodide, triiodide, and tosylate anions were

synthesized. Crystals of these compounds were grown in different crystal forms – solvent free and hydro-

quinone, benzene or ethyl acetate solvated ones. X-ray structural studies of the crystals shows that those

containing tosylate and triiodide anions form the centrosymmetrically related stacking motif, typical for

styryl dye cations and favorable for [2 + 2] photocycloaddition (PCA) reactions. This reaction takes place in

crystals with tosylate anions as a single crystal-to-single crystal process. On the contrary, in the triiodide

dye crystals, the PCA reaction is lacking, probably due to a weak directional interaction of the selenium

atoms with the anions. The iodide dye crystals demonstrate non-typical packing for styryl dyes and mani-

fest as a two-dimensional close packing motif of the cations which is unfavorable for cycloaddition.

Introduction

A reversible photochemical reaction of [2 + 2] photo-
cycloaddition (PCA) in ethylene compounds developed in
1960s to 1980s years of XX century1–3 continues to create
interest, not only as an accessible way to obtain cyclobutane
derivatives,4–32 but as a way of creating new optical
materials.33–36 Many investigations in this field have made it
possible to establish a series of conditions and regularities to
achieve PCA. In particular, this reaction proceeds in concen-
trated solutions and in the solid phase including single crys-
tals under their irradiation with UV or visible light, and some-
times without single crystal decomposition. The last
circumstance allows a fundamental study of topochemical
processes in crystals using PCA transformations in crystals.
This study is based on the previously established fact that the
preorganization of ethylene moieties in the form of a parallel
stacking dimer, with the distance (d) between ethylenic car-

bon atoms not exceeding 4.2 Å, is required to achieve PCA
(Schmidt's criterion1) and that such a dimeric pair may exist
in a crystal. A further study of the topochemical process in-
volves an analysis of crystal packing and a significant target
design is that the crystal packing supports isolated “pre-
organized dimers” and hence the PCA reaction proceeds un-
der irradiation of the initial crystals. X-ray structural analysis
is the most efficient method to determine these metrics.

We chose brightly colored styryl dyes of general formula
R–Het+–HCCH–ArX− (X− is a counterion) as objects of the
study.
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Recently,37,38 we published investigations of styryl dyes of
the 2-benzothiazole series 1 and 2 (Scheme 1) in three crystal
forms for each.

It has been found that in both dyes 1 and 2, the PCA reac-
tion proceeds as a single crystal-to-single crystal process in
two of the crystal forms, whereas the third form turned out
to be stable to irradiation with visible light. Ability of the
styryl dyes to undergo solid phase PCA depends on crystal
packing of the dye. In all cases, the cations in the crystals
form centrosymmetrically related π-stacks, separated as di-
meric pairs with the syn-head-to-tail mutual arrangement of
the adjacent cations. With this arrangement, the ethylene
bonds in a dimeric pair show separations of 3.53–3.81 Å. As a
whole, this geometry is favorable for PCA. However, this reac-
tion proceeds only in the pairs where heterocycle N-ethyl sub-
stituents are oriented away from the centre of the dimer. In
the cases where these substituents are oriented towards the
centre of the dimeric pair, the PCA reaction does not take
place, apparently because of steric factors, since such an ori-
entation of the substituents prevents ethylene groups from
being sufficiently close to one another (Scheme 2).

We suggest that this structural peculiarity of the dimeric
pair geometry influences the feasibility for the PCA reaction
and therefore should be characteristic of not only the styryl
dyes of the 2-benzothiazole series, but also of other styryl dyes
involving N-substituents in the dye. In particular, styryl dyes
of the 2-benzoselenazole series that are geometrically similar
to dyes 1 and 2 and are of particular interest in this respect.
On the other hand, a replacement of the sulfur atom in the
dye by a selenium atom with higher polarizability and ability
to enhance π–π interactions between the cations may lead to
unexpected crystal packing which would prevent PCA. We
were interested to study the ability of these compounds to
form appropriate crystal packing motifs and to participate in
PCA.

In this connection, we obtained three new dyes with the
same cation and the following anions – iodide (dye 3),
triiodide (dye 4), and tosylate (dye 5) (Scheme 3). Their ability
to undergo the PCA reaction in polycrystalline films and sin-

gle crystals, with or without single crystal decomposition, was
studied.

Results and discussion

Synthesis of dye 3 was first attempted by a condensation of
3-ethyl-2-methylbenzoselenazolium iodide with 3,4-dimethoxy-
benzaldehyde in ethanol in the presence of pyridine. How-
ever, little separable mixture of the dye and compounds of
undetermined composition (probably, the products of
selenazole cycle opening) was obtained. Single crystals of dye
4 having triiodide anion were grown by slow crystallization of
this mixture in MeCN–benzene solution. Apparently in the
course of the synthesis, the iodide anions are partly oxidized
with atmospheric oxygen with the formation of I2. Dye 3 was
successfully synthesized with 47% yield by a condensation of
the reagents on heating in acetic anhydride. Dye 5 was
obtained by melting 3 with ethyl 4-methylbenzenesulfonate
(Scheme 4).

Irradiation with visible light of thin crystalline films of
dyes 3 and 5 has shown that the PCA reaction proceeds only
in the dye with the TsO− anion. A centrosymmetric rctt iso-
mer of the cyclobutane derivative 6 was produced and this
was preceded by a syn-head-to-tail dimeric pair (Scheme 5).

The rate of the photoreaction in 5 turned out to be compa-
rable with that in the related dye 1;37 under similar condi-
tions (irradiation for 10 h) the extent of the conversion is
28% and 25%, respectively. We failed to convert dye 5 fully
into the cyclobutane 6 and to characterize this product by
physico-chemical methods. The reduction in the rate of
photo-conversion of 5 under prolonged irradiation (1H NMR
control) as the product 6 was formed, was accompanied by
the appearance of other compounds, which are probably
products of isomerization and/or decomposition of 6.

Crystals of dyes 3–5 have been grown from different sol-
vent mixtures. We managed to obtain three crystal forms for

Scheme 2 Two possible orientations of N-ethyl substituents of the
dye 1, 2 cations with respect to centre of dimer.

Scheme 3

Scheme 4
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3 (benzene solvate – 3a, hydroquinone solvate – 3b, and ethyl
acetate–water solvate 3c), one for 4, and two for 5 (solvate
free form 5 and water–hydroquinone solvate 5a).

Structures of all crystals were determined by X-ray diffrac-
tion analysis. Fig. 1 shows asymmetric units for all the
crystals.

The unit cell of 3a contains two independent dye cat-
ions, two iodide anions, and solvate benzene molecule. The
unit cell of 3b involves two independent cations, two iodide
anions, and one solvate hydroquinone molecule. The hydro-
quinone molecule is disordered over two positions with the
0.88 : 0.12 occupancies ratio. The independent part of 3c in-
volves one cation, one iodide anion, and two different sol-
vate molecules, ethyl acetate and water, co-located near a
symmetry centre with ratio of occupancies 0.5 : 0.3 respec-
tively. The crystallographically independent part of unit cell
of 4 consists of two cations and two triiodide anions. The
unit cell of 5 involves one independent cation and one in-
dependent tosylate anion having rotational disorder of the
SO3 group over three positions with occupancies ratio 0.52 :
0.40 : 0.08. The unit cell of 5a involves one independent cat-
ion, one anion, and solvate water and hydroquinone
molecules.

The Se–C bond lengths are close in the all molecules and
vary within 1.864–1.885 Å. In all the structures the Het–
HCCH–Ar fragment is near planar, the dihedral angle Het/
Ar is equal to 4.1°/7.3°, 4.4°/9.6°, 4.2°, 5.1°/6.7°, 8.6°, 3.5°, re-
spectively. In the ethylene fragment C1–C2C3–C4, the
length of the C2C3 double bond [1.359Ĳ5)/1.345Ĳ6), 1.345Ĳ8)/
1.348Ĳ9), 1.352(3), 1.344Ĳ4)/1.353Ĳ5), 1.348(4), 1.345(4) Å in 3a,
3b, 3c, 4, 5, 5a, respectively] is essentially localized, which is
important for the PCA reaction to proceed.

Scheme 5

Fig. 1 The asymmetric units of crystals 3a, 3b, 3c, 4, 5, and 5a. Here
and in the next figures all non-hydrogen atoms are drawn in thermal
ellipsoids at the 50% probability level.
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An irradiation of all investigated crystals with visible light
for 12 h causes the PCA reaction in 5 and 5a. This reaction
proceeds with single crystal retaining and results in crystals 6
and 6a, respectively. Crystals of 3c decompose and the possi-
ble reasons for this may be the loss of solvate molecules or/
and accomplishing PCA, but with destruction of the lattice.
In the course of irradiation, the crystals of 3c are first
subjected to cracking and the resultant small crystals become
amorphous. These observations suggest that both of these
processes – solvent loss and PCA – have taken place. Crystals
3a, 3b, and 4 do not change during prolonged irradiation.

X-ray structures of 6 and 6a are shown in Fig. 2.
In crystals of 5, that do not contain any solvate molecules,

the PCA reaction is accomplished fully. In crystals of 5a, the
reaction leads to a mixture of the initial dye and the
cyclobutane rctt-6, with the molar ratio 6 : 1 (the degree of
conversion is 25%). Further irradiation for more than a
month does not result in any increase in the amount of 6
achieved.

Crystal packing of 5 shows stacks of cations separated by
tosylate anions (Fig. 3). The packing stacking motif is con-

trolled by π–π interactions between the centrosymmetrically
related pairs of cationic structural units.39,40 As a result, the
mutual arrangement of the cations in a stack is syn-head-to-
tail (Fig. 4).

Within a stack, the distances between the ethylene carbon
atoms (d) in successive pairs of cations alternate – 4.08 and
3.49 Å. Both distances satisfy the Schmidt's criterion.1 How-
ever, only in pairs with shorter d the N-ethyl substituents are
oriented out of the centres of the pairs, whereas in pairs with
longer d they are oriented towards the pair centres. This
means that PCA can be accomplished only in the pairs with
shorter d, that is, only in crystallographically equivalent pairs
of cations. For this reason, PCA in 5 can proceed without sin-
gle crystal degradation.

The similar packing motif was observed for crystal 5a
(Fig. 5). In this packing isolated stacks of cations are
surrounded by tosylate anions, hydroquinone, and water sol-
vate molecules. The stack in 5a also has syn-head-to-tail
centrosymmetrically related arrangement with alternating
distances in successive pairs of cations (Fig. 6).

Fig. 2 The asymmetric units of crystals 6 and 6a.

Fig. 3 Fragment of crystal packing of 5; hydrogen atoms are omitted
for clarity.

Fig. 4 Structure of a stack in 5; here and in the next figures distances
are given in Å.
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Both distances (3.89 and 3.44 Å) also satisfy the Schmidt's
criterion and the shorter of them is observed in the pair,
where the N-ethyl substituents are oriented out of the centre
of the pair.

A difference between the two crystal packings consists in
the occurrence of solvate molecules in 5a and their lacking in
5. The solvate molecules in 5a participate in the formation of
a system of hydrogen bonds (Fig. 7).

These interactions fix a definite orientation of the SO3

group of anion unlike the situation in crystal structure 5

where this group reveals a rotational disorder. The hydrogen
bond occurrence makes the structure 5a more rigid com-
pared to 5. Apparently, for this reason the PCA reaction in 5a
goes more slowly and not fully. In crystals 5 the disorder of
SO3 group of the anion is indicative of its free rotation about
the C–S bond. This rotation may be accomplished synchro-
nously with the atomic displacements in the course of PCA
thus to accelerate this transformation. By contrast, the posi-
tions of the SO3 group in 5a are fixed by hydrogen bonds and
this somewhat hinders the PCA transformation.

The crystal packing of 3c is also formed of stacks of cat-
ions separated by solvate molecules and iodide anions
(Fig. 8). It should be noted that the solvate molecules of ethyl
acetate are situated in large cavities within the crystal pack-
ing and therefore they have only a few contacts with adjacent
structural units. For this reason, easy elimination of solvate
molecules may take place on crystal storage and especially
during their irradiation that is accompanied by crystal
warming. Indeed, an incandescent 60 W lamp was used for
crystal irradiation at distance of ∼15 cm.

The stacks in 3c also have syn-head-to-tail arrangement
with alternating distances d (Fig. 9).

Fig. 5 Crystal packing of 5a.

Fig. 6 The structure of a stack in 5a.

Fig. 7 System of hydrogen bonds in crystal packing of 5a.

Fig. 8 Crystal packing of 3c; hydrogen atoms and solvate molecules
are omitted for clarity.

Fig. 9 Stack of cations in 3c.

CrystEngCommPaper



CrystEngComm, 2016, 18, 7506–7515 | 7511This journal is © The Royal Society of Chemistry 2016

This crystal packing is also favorable for PCA and this re-
action proceeds in the crystals together with their decomposi-
tion, due to solvate elimination.

Crystal packing of 4 is also built of analogous isolated
stacks of cations separated by I3

− anions (Fig. 10).
The stacks in 4 have a more complicated structure since it

involves two crystallographically independent cations
(Fig. 11) arranged in a sequence –B–B–A–A–B–B– (A and B –

crystallographically independent cations).
The most favorable geometry of a cation pair for PCA to

proceed is observed for a centrosymmetric pair of cations
formed by crystallographically independent cations with
dashed atom numbering (e.g. B–B). Nevertheless, PCA was
not observed in this crystal even after prolonged irradiation
for more than a month. The real reason for high stability of
the crystal to irradiation may be connected with two factors.
One of them is that only in one of three independent pairs of
cations in a stack is this reaction possible. Another one is the

weak interactions between the I3
− anions and the selenium

atoms (Fig. 12). The distances between iodine and selenium
atoms are rather short. The Cambridge Crystallographic Data-
base contains 111 entries for structures with Se⋯I contacts;
the maximum of this contact distribution in the range 3.5–
4.5 Å accounts for 4.1 Å.

In both structures 3a and 3b identical complicated pack-
ing motifs were found. This packing motif for 3a is shown in
Fig. 13.

The crystal packing differs from those earlier observed for
all crystals of styryl dyes. Earlier we showed that six canonical
packing motifs exist for planar conjugated molecules and
molecular cations (Fig. 14), four of which (1–4) are favorable
for PCA.21,38,41–43

In the packing motifs 1–4 (Fig. 14) isolated stacks or stack-
ing dimeric pairs of cations occur, which themselves do not
form any π-stacking interactions with the adjacent stacks or
dimeric pairs.

In crystal packing of 3a and 3b cations form layers that al-
ternate with layers of anions and solvate molecules. The
structures of the layers in 3a and 3b are shown in Fig. 15 and
16, respectively.

In both cases the pre-organized dimeric pairs may be se-
lected, with very short distances between the ethylene bonds

Fig. 10 Crystal packing of 4; hydrogen atoms are omitted for clarity.

Fig. 11 Stack of cations in 4. Fig. 13 Fragment of crystal packing of 3a.

Fig. 12 Short contacts between selenium and iodine atoms in 4.
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of the cations (3.36–3.50 Å) and be composed of crystallo-
graphically independent units. These short distances indicate
a strong π–π interaction in the dimeric pairs. However, these
dimeric pairs may be simultaneously related to two different
stacks running along two crossed directions – ii and jj (see
Fig. 15). Interplanar distances between heterocyclic systems
of adjacent dimeric pairs 3.83 Å and between aryl rings 3.44
Å correspond to π–π interactions. This means that any “pre-
organized dimer” participates in a stacking interaction not
only in one stack running along the ii direction, but also in
another crossed stack running along the jj direction (see
Fig. 15).

Thus, an inclusion of the Se atom in a heterocycle instead
of the S atom may result in forming a crystal packing motif
non-typical for planar conjugated molecules that had not
been observed earlier for styryl dyes and styryl heterocycles.

Conclusions

Crystal packings of styryl dyes 3c, 4, 5, and 5a containing I−,
I3
−, and tosylate anions are favorable for [2 + 2] photo-

cycloaddition (PCA). In 5 and 5a this reaction is accom-
plished as a single crystal-to-single crystal process. In 5 this
process is facilitated by synchronous process of atomic dis-
placements in cations in the course of PCA and rotation of
SO3 fragments in anions. An occurrence of weak secondary
bonds between Se and I atoms in 4 prevents PCA from
accomplishing. On irradiation, the crystals 3c decompose be-
cause of both an elimination of solvent molecules (ethyl ace-
tate and water) and PCA accomplishment.

Crystals 3a and 3b demonstrate a non-typical crystal pack-
ing motif for a planar conjugated molecular system unfavor-
able for PCA due to a tendency of selenium compounds to
form two-dimensional systems of π–π stacking interactions.

Experimental section
General

The melting points (uncorrected) were measured in capil-
laries on a Mel-Temp II apparatus. 1H and 13C NMR spectra
were recorded on a Bruker DRX500 instrument (500.13 and
125.76 MHz, respectively) in DMSO-d6 at 25 °C using the sol-
vent as an internal standard (δH 2.50 ppm and δC 39.43
ppm). 2D NOESY and heteronuclear correlation (HSQC and
HMBC) spectra were used to assign the proton and carbon
signals (atom numbering is shown in Schemes 3 and 5). The
absorption spectra of solutions of dyes 3 and 5 (C = 2 × 10−5

M) in acetonitrile were measured on a Cary 4000 spectropho-
tometer (Agilent) in a range of 200–600 nm (at an interval of
1 nm) in 1 cm quartz cells. The elemental analysis was
performed in the Laboratory of Microanalysis of A. N.
Nesmeyanov Institute of Elementoorganic Compounds of the
Russian Academy of Sciences (Moscow, Russian Federation).
The samples for elemental analysis were dried at 80 °C in
vacuo.

Preparations

3,4-Dimethoxybenzaldehyde and ethyl 4-methyl-
benzenesulfonate were purchased from “Sigma-Aldrich”.
3-Ethyl-2-methyl-1,3-benzoselenazol-3-ium iodide was pre-
pared according to a published procedure.44

2-[(E)-2-(3,4-Dimethoxyphenyl)vinyl]-3-ethyl-1,3-benzo-
selenazol-3-ium iodide (3). A mixture of 3-ethyl-2-methyl-1,3-
benzoselenazol-3-ium iodide (227 mg, 0.65 mmol), 3,4-
dimethoxybenzaldehyde (161 mg, 0.97 mmol), and acetic an-
hydride (3 mL) was heated at 140 °C (oil bath) in darkness
for 14 h. The solvent was evaporated in vacuo and the black
residue was dissolved in MeOH (5 mL) at heating. After

Fig. 14 Canonical types of crystal packings of flat conjugated
molecules; the lines represent projections of the molecules; the red
brackets indicate the dimeric pairs.

Fig. 15 Structure of cation layer in 3a.

Fig. 16 Structure of cation layer in 3b.
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cooling to −10 °C, a precipitate thus formed was filtered off,
washed with cold MeOH (4 × 1.5 mL) and dried in air in
darkness to give dye 3 (152 mg, yield 47%) as a red-brown
powder, mp 221–223 °C (dec.). Calcd. for C19H20INO2Se: C,
45.62; H, 4.03; N, 2.80. Found: C, 45.46; H, 4.09; N, 2.76%.
1H NMR: δ = 1.46 (t, J = 7.2 Hz, 3 H, MeCH2), 3.89 (s, 3 H, 4′-
MeO), 3.90 (s, 3 H, 3′-MeO), 4.95 (q, J = 7.2 Hz, 2 H, CH2N),
7.16 (d, J = 8.5 Hz, 1 H, 5′-H), 7.68 (br s, 1 H, 2′-H), 7.69–7.73
(m, 2 H, 6-H, 6′-H), 7.81 (m, 1 H, 5-H), 7.86 (d, J = 15.5 Hz, 1
H, HCCHHet), 8.24 (d, J = 8.5 Hz, 1 H, 4-H), 8.27 (d, J =
15.5 Hz, 1 H, HCCHHet), 8.44 (dd, J = 8.1 Hz, J = 0.8 Hz, 1
H, 7-H) ppm. 13C NMR: δ = 14.04 (MeCH2), 45.22 (CH2N),
55.82 (4′-MeO), 56.00 (3′-MeO), 111.70 (5′-C), 111.92 (2′-C),
113.39 (HCCHHet), 117.91 (4-C), 125.79 (6′-C), 127.19 (1′-
C), 127.33 (7-C), 127.78 (6-C), 128.86 (5-C), 129.75 (7a-C),
142.09 (3a-C), 149.03 (3′-C), 151.54 (HCCHHet), 152.97 (4′-
C), 180.71 (2-C) ppm. UV–vis (MeCN): λmax = 437 nm (ε =
33 800 M−1 cm−1).

2-[(E)-2-(3,4-Dimethoxyphenyl)vinyl]-3-ethyl-1,3-benzo-
selenazol-3-ium 4-methylbenzenesulfonate (5). A mixture of
compound 3 (50.7 mg, 0.101 mmol) and ethyl
4-methylbenzenesulfonate (101.4 mg, 0.507 mmol) was heated
at 120 °C (oil bath) in darkness for 5 h. After cooling to room
temperature, the reaction mixture was washed with benzene
(6 × 2 mL) and the insoluble substance was dried in air in
darkness to give dye 5 (41.2 mg, yield 75%) as an orange-
brown powder, mp 231–234 °C. Calcd. for C26H27NO5SSe: C,
57.35; H, 5.00; N, 2.57. Found: C, 57.17; H, 5.03; N, 2.59%.
1H NMR: δ = 1.46 (t, J = 7.2 Hz, 3 H, MeCH2), 2.28 (s, 3 H,
MeAr), 3.89 (s, 3 H, 4′-MeO), 3.90 (s, 3 H, 3′-MeO), 4.95 (q, J =
7.2 Hz, 2 H, CH2N), 7.11 (d, J = 8.0 Hz, 2 H, 3″-H, 5″-H), 7.16
(d, J = 8.2 Hz, 1 H, 5′-H), 7.47 (d, J = 8.0 Hz, 2 H, 2″-H, 6″-H),

7.68 (br s, 1 H, 2′-H), 7.69–7.73 (m, 2 H, 6-H, 6′-H), 7.81 (m, 1
H, 5-H), 7.86 (d, J = 15.4 Hz, 1 H, HCCHHet), 8.24 (d, J =
8.6 Hz, 1 H, 4-H), 8.27 (d, J = 15.4 Hz, 1 H, HCCHHet), 8.44
(d, J = 8.1 Hz, 1 H, 7-H) ppm. 13C NMR: δ = 14.00 (MeCH2),
20.67 (MeAr), 45.17 (CH2N), 55.79 (4′-MeO), 55.91 (3′-MeO),
111.71 (5′-C), 111.88 (2′-C), 113.42 (HCCHHet), 117.93
(4-C), 125.41 (2″-C, 6″-C), 125.80 (6′-C), 127.22 (7-C, 1′-C),
127.81 (6-C), 127.93 (3″-C, 5″-C), 128.86 (5-C), 129.80 (7a-C),
137.45 (4″-C), 142.08 (3a-C), 145.74 (1″-C), 149.08 (3′-C),
151.58 (HCCHHet), 153.00 (4′-C), 180.86 (2-C) ppm. UV–vis
(MeCN): λmax = 437 nm (ε = 35 300 M−1 cm−1).

2,2′-[2-c,4-t-BisĲ3,4-dimethoxyphenyl)cyclobutane-1-r,3-t-
diyl]bisĲ3-ethyl-1,3-benzoselenazol-3-ium) bisĲ4-methyl-
benzenesulfonate) (rctt-6). An emulsion of dye 5 (18.2 mg,
33.5 μmol) in MeCN (0.5 mL) was evaporated in a glass Petri
dish to form a thin polycrystalline film of the dye (spot diam-
eter ∼7 cm). The obtained sample was irradiated with light
from an incandescent lamp (60 W) from a distance of ∼15
cm for 100 h. During the experiment, samples were mechani-
cally taken several times to study the film composition by the
1H NMR method (the spectra were recorded immediately af-
ter the samples were dissolved in DMSO-d6; this is necessary
because of the fairly fast isomerization of the rctt isomers of
cyclobutane obtained from the styryl dyes of similar
structure45).

An analysis of the ratio of integral intensities of the same
type signals from dye 5 and cyclobutane rctt-6 showed that
the degree of phototransformation within 10 h was 28%, that
within 40 h was 51%, and that within 100 h was 63%. The
last sample contained also an impurity of unknown
byproducts (∼20 mol%), which probably are products of
solid-phase isomerization of rctt-6 and/or its destruction.

Table 1 X-ray structure determination summary for 3a, 3b, 3c, and 4

Compound 3a 3b 3c 4

Solvate 0.5C6H6 0.5C6H6O2 0.5EtOAc + 0.3H2O
Empirical formula C22H23INO2Se C22H23INO3Se C21H24.3INO3.3Se C19H20I3NO2Se
M 539.27 555.27 549.09 754.05
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P1̄ P1̄ P1̄ P21/c
a/Å 11.6009(7) 11.8766(3) 7.3704(4) 15.2110(3)
b/Å 13.0363(8) 12.7576(4) 10.8423(5) 14.7644(3)
c/Å 15.2941(9) 15.3353(4) 14.5069(7) 21.064(4)
α/° 106.333(2) 105.4770Ĳ10) 107.977(2) 90
β/° 96.656(2) 97.1060Ĳ10) 100.703(2) 108.775(1)
γ/° 106.040(2) 105.1850Ĳ10) 93.136(2) 90
V/Å3 2085.7(2) 2113.78Ĳ10) 1075.69(9) 4478.89Ĳ16)
Z 4 4 2 8
μ/mm−1 3.297 3.259 3.202 5.825
Crystal size/mm3 0.33 × 0.07 × 0.06 0.38 × 0.32 × 0.30 0.08 × 0.07 × 0.06 0.56 × 0.14 × 0.05
Colour Red Red Red Violet
T/K 120 120 120 120
Data collected 31 365 25 381 15 978 51 154
Unique data (Rint) 10 980 (0.098) 11 152 (0.0160) 4342 (0.0286) 13 042 (0.0481)
2θ range/° 2.43–29.00 2.82–29.00 2.83–26.50 2.82–30.00
No. of variables 493 511 279 474
R1 [I > 2σ(I)] 0.0619 0.0258 0.0234 0.0283
wR2 (all data) 0.1586 0.0331 0.0461 0.0543
GOF 1.038 1.020 1.032 0.893
Δρmax,min/e Å−3 2.10/−0.95 1.30/−1.00 0.61/−0.56 1.53/−1.17
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1H NMR for rctt-6: δ = 1.36 (t, J = 7.1 Hz, 6 H, 2 MeCH2),
2.28 (s, 6 H, 2 MeAr), 3.66 (s, 6 H, 2 MeO), 3.70 (s, 6 H, 2
MeO), 4.50–4.59 (m, 2 H, 2 CHH'N), 4.62–4.71 (m, 2 H, 2
CHH'N), 5.31 (dd, J = 9.4 Hz, J = 8.2 Hz, 2 H, 2 CHAr), 5.41
(dd, J = 9.4 Hz, J = 8.2 Hz, 2 H, 2 CHHet), 6.95 (d, J = 8.3 Hz,
2 H, 2 5′-H), 7.08–7.12 (m, 6 H, 2 2′-H, 2 3″-H, 2 5″-H), 7.22
(br d, J = 8.3 Hz, 2 H, 2 6′-H), 7.47 (d, J = 7.9 Hz, 4 H, 2 2″-H,
2 6″-H), 7.74 (m, 2 H, 2 6-H), 7.85 (m, 2 H, 2 5-H), 8.27 (d, J =
9.2 Hz, 2 H, 2 4-H), 8.46 (d, J = 8.6 Hz, 2 H, 2 7-H) ppm.

X-ray structural analysis

X-ray diffraction data for crystals 3a, 3b, 3c, 4, 5, 5a, 6, and
6a were collected on a SMART-6 K (4, 5, 5a, 6, 6a) or Bruker-
D8 Venture (3a, 3b, 3c) diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 A) and ω-scan.
Absorption correction based on measurement of equivalent
reflections was applied.46

The structures of the initial compounds 3a, 3b, 3c, 4, 5,
and 5a were solved by direct methods and refined by full ma-
trix least-squares on F2 with anisotropic thermal parameters
for all non-hydrogen atoms (except O atoms of disordered hy-
droquinone in 3b and SO3 group in 5). In all these structures
H atoms were placed in calculated positions and refined
using a riding model in 3a, 3b, 3c, 4, and 5. In 5a H atoms
were refined in isotropic approximation.

Structures of PCA products 6 and 6a also were solved by
direct methods. Structure 6a simultaneously contains initial
compound 5 and cyclobutane rctt-6 in the molar ratio 6 : 1.

Structures 6 and 6a were refined in anisotropic approxima-
tion for all non-hydrogen atoms. Atoms H were placed in cal-
culated positions and refined using a riding model.

All the calculations were performed using SHELXTL-Plus47

and Olex-2 (ref. 48) software. A summary of the crystallo-
graphic data and structure determination parameters is pro-
vided in Tables 1 and 2.

The experimental data for all structures are deposited in
the Cambridge Crystallographic Data Centre (CCDC) registra-
tion numbers are 1474550 (3a), 1474551 (3b), 1474552 (3c),
1474553 (4), 1474554 (5), 1474558 (5a), 1474555 (6), and
1474556 (6a).
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