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Abstract: The face-to-face association of (E)-1,2-di(4-
pyridyl)ethylene (bpen) molecules into rectangular
motifs stabilized for the first time by chalcogen bonding
(ChB) interactions is shown to provide photoreactive
systems leading to cyclobutane formation through sin-
gle-crystal-to-single-crystal [2+2] photodimerizations.
The chelating chalcogen bond donors are based on
original  aromatic,  ortho-substituted  bis(seleno-
cyanato)benzene derivatives 1-3, prepared from ortho-
diboronic acid bis(pinacol) ester precursors and SeO,
and malononitrile in 75-90% yield. The very short
intramolecular Se-Se distance in 1-3 (3.22-3.24 A), a
consequence of a strong intramolecular ChB interaction,
expands to 3.52-3.54 A in the chalcogen-bonded adducts
with bpen, a distance (<4 A) well adapted to the face-
to-face association of the bpen molecules into the
reactive position toward photochemical dimerization.

N oncovalent interactions have been used in the last years
to direct the solid-state organization of reactive molecules
toward topochemical reactions under external stimuli such
as light or heat.l"! This strategy has been applied with success
with olefins when using pincer-like auxiliary molecules or
templates to organize them in a face-to-face arrangement
suitable for [2+2] cycloaddition under UV irradiation.”) One
prototypical example is the association of (E)-1,2-di(4-
pyridyl)ethylene (bpen) with rigid ditopic templates able to
interact with the pyridinyl nitrogen atoms through hydrogen
bonding interactions® (Scheme 1) or metal coordination.®!
Under UV irradiation, the corresponding cyclobutane is
formed, rarely in a single-crystal-to-single-crystal (SCSC)
transformation.’! In many examples, the template is de-
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Scheme 1. a) Templated photodimerization of bpen in molecular
rectangles. b) Examples of ditopic hydrogen bond donors used toward
the formation of such molecular rectangles.

signed as to present two parallel interaction sites to favor
the formation of rectangular motifs of 2:2 stoichiometry,
with the bpen molecules facing each other at a distance
short enough (<4 A) to favor the [242] cycloaddition under
irradiation.””! This strategy was recently extended to c-hole
interactions such as halogen bonding, as shown in
Scheme 2.”) Here the two halogenated (X=I, Br, Cl) aryl
groups are either linked together in the proper geometry
through covalent bonds or through intermolecular n—n
interactions.

Besides halogen bonding, chalcogen bonding (ChB) has
been also the subject of recent investigations for applications
in crystal engineering.”) We can mention first the association
of strong ChB donor and acceptor sites on the same
molecule, as in 1,2,5-telluradiazoles,” 1,2-chalcogenazole N-
oxides,"™" benzo-1,3-chalcogenazoles,'? leading to the
formation of infinite ribbons®'¥ or discrete supramolecular
assemblies.'"" Bidentate chelating molecules bearing two
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Scheme 2. Examples of ditopic halogen bond donors used toward the
formation of molecular rectangles with bpen, and exhibiting [2-+2]
cycloaddition under UV irradiation.
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Scheme 3. Activation of o-hole on selenium atoms and ChB formation
with: a), b) alkynyl (chalcogenomethyl), c), d) selenocyanate derivatives
and e) targeted ChB donors 1-3.

o o 0

B-B

g o R B\O

AcOK, Pd(dppf)Cl, B/O
DMF, 80°C, 18h (\)

R Br

R =H, Me, OMe

]

[

R=H
R =Me
R =0M

noun

e

R SeCN 4 s_y
O,

R SecN 3 R=OMe

Scheme 4. Synthetic route to the ortho-bis(selenocyanato) derivatives
1-3.

Se0,, NC._CN

DMSO, 55-60°C, 18h

activated chalcogen atoms, but able to interact with one
single Lewis base, have been also reported in
organocatalysis!">'* or anion recognition”"® processes, as in
molecules linking two tellurophenes,” two 5-(meth-
ylchalcogeno)-1,2,3-triazole moieties,™ two thiophene
units,”! or two selenocyanate groups.”? Another efficient
ChB activation has been reported in chalcogenoacetylenes
shown in Scheme 3a-b but co-crystal formation with bpen
was either unsuccessful or led to structures which appear
unreactive under irradiation.>** Considering the efficiency
of benzylic selenocyanates (Scheme 3c-d) to engage in ChB
interaction with pyridines,” we turned our attention to
more rigid derivatives and considered aromatic selenocya-
nates 1-3 as possible linkers to favor the face-to-face
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Figure 1. Details of the crystal structures of 1-3. Note the two crystallo-
graphically independent molecules (A, B) in 3. Intramolecular Se--Se
distances amount to 3.245(1) Ain 1, 3.237(1) Ain 2, and 3.216(6) and
3.221(7) A'in 3A and 3B respectively.

+36.1 kcal/mol

+25.2 kcal/mol
+28.0 kcal/mol

Figure 2. Electrostatic potential (ESP) surface (plotted on the
0.002 ebohr™* isosurface of the electronic density) for compound 1.
Color range from —37.7 (red) to +43.9 (blue) kcal mol™".

association of bpen, with possibly a topochemical [2+2]
reactivity under irradiation. We report here the synthesis of
original organic bis(selenocyanato)benzene derivatives 1-3
and their ability to form cocrystals with bpen through strong
NC-Se+Nype, chalcogen bond interactions. The proper
orientation of the photoreactive bpen molecules allows them
to enter into efficient [242] cycloaddition reactions under
UV-irradiation, while also keeping their single-crystal qual-
ity.

The preparation of aromatic selenocyanates is usually
based on the reaction of KSeCN with either diazonium
salts® or more electrophilic diaryliodonium salts,””! both
methods suffering from several drawbacks. More recently,
the ipso-functionalization of arylboronic acids has been
reported to afford aryl selenocyanates in good yields, using
either SeO, and malononitrile,” or Se powder with
TMS—-CN.) Both procedures were developed however only
with mono boronic acids, affording the corresponding

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. a) Details of the solid-state association of rectangular, chalc-
ogen-bonded motifs in (1),(bpen)s. ChB are indicated by orange dotted
lines, and short C--C contact between ethylenic moieties by black
dotted lines. b) Details of the solid-state association after UV-
irradiation and formation of the cyclobutane adducts. Occupation
parameters for the two components (shown with atoms in black and
light grey) are 0.661(6) and 0.339(6).

mono-selenocyanato derivatives. For the preparation of the
desired disubstituted ortho-bis(selenocyanato)benzene de-
rivatives 1-3, we adapted the first procedure (SeO,/malono-
nitrile) to ortho-substituted diboronic derivatives. The
preparation of the ortho-diboronic acids normally involves
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the preparation of intermediate boronic ester through
lithiation of ortho-halogenated aryls, reaction with trimethyl
or tri(isopropyl)borane and hydrolysis with HCLE” To avoid
the isolation and manipulation of the free boronic acids, we
considered a modification of reported procedures, perform-
ing the selenocyanation reaction directly on boronic esters
such as the ortho-diboronic acid bis(pinacol) esters 4-6
(Scheme 4). Their preparation involves a Miyaura borylation
reaction, adapted from the procedure reported earlier®™! by
replacing the iso-propoxy(pinacol)borane with bis(pina-
colato)diborane, while using the same experimental condi-
tions (AcOK in anhydrous DMF at 80°C with Pd(dppf)Cl,
as catalyst). Under these conditions, the precursors 4-6 were
isolated in 50-60 % yields, while the following selenocyana-
tion reaction successfully afforded 1-3 in 75-90 % yields.

All three compounds were purified by chromatography
and recrystallized to afford crystals amenable to single-
crystal X-ray diffraction. As shown in Figure 1, they all
exhibit a recurrent intramolecular chalcogen-bonded motif,
with one NC—Se moiety coplanar with the benzene ring and
pointing toward a lone pair of the neighboring Se atom,
belonging to the second SeCN moiety, which is essentially
perpendicular to the benzene ring. The intramolecular
Se--Se distances lie in the range 3.22-3.24 A, notably shorter
than the contact distance at 3.80 A, and corresponding to a
reduction ratio (RR) of 3.23 A/3.80 A =0.85.

In order to rationalize this behavior and the solid-state
organization (see below) of the three compounds, electro-
static potential (ESP) surfaces were calculated for 1-3
(Figure S1, Table S2 in Supporting Information) and shown
in Figure 2 for compound 1. On the SeCN moiety perpendic-
ular to the benzene ring, we observe two o-holes (in blue),
the strongest one (+36.1 kcalmol™") as anticipated in the
prolongation of the NC—Se bond, and a weaker but non-
negligible one (428.0 kcalmol ) in the prolongation of the
Ca—Se bond, as on the other selenocyanate group (+
252 kcalmol™'). Moving to the methyl- and methoxy-
substituted derivatives 2 and 3, these values are slightly
decreased (see Table S2 in Supporting Information), as a
consequence of the electron-releasing nature of the Me and
OMe substituents.

Table 1: Structural characteristics of the ChB interactions in (1),(bpen)s, before and after UV irradiation.

ChB ChB length [A] RR ChB angle [°]
Before irradiation

NC-Sel--N5 2.670(3) 0.77 175.83(9)
NC—Se2--N7 2.754(4) 0.80 173.58(9)
NC—Se3--N8 2.759(4) 0.75 178.27(9)
NC—Se4--N6 2.656(4) 0.77 175.42(9)
After UV irradiation, major component

NC—Sel-+N5 2.727(17) 0.79 170.52(43)
NC—Se2--N7 3.017(14) 0.87 179.50(52)
NC—Se3--N8 2.649(15) 0.77 175.38(50)
NC—Se4--N6 2.732(12) 0.79 176.38(54)
After UV irradiation, minor component

NC-Sel--N5B 2.682(21) 0.78 165.08(57)
NC—Se2--N7B 2.640(25) 0.77 174.57(71)
NC—Se3--N8B 2.850(26) 0.83 172.55(66)
NC—Se4--N6B 2.990(23) 0.87 178.27(63)
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Figure 4. a) Details of the solid-state association within a rectangular
chalcogen-bonded motif in (3) (bpen),. ChB are indicated by orange
dotted lines, and short C--C contact between ethylenic moieties by
black dotted lines. b) Details of the solid-state association of the same
motif, after UV-irradiation and formation of the cyclobutane ring.

The solid-state organization of the three compounds (see
Figures S2-S4 and Table S3 in Supporting Information) is
indeed based essentially on a complex set of chalcogen
bonding interactions involving these three “free” c-holes on
the two Se atoms as ChB donors and, as ChB acceptors,
either the selenium atom of neighboring molecules, the
nitrogen lone pairs of nitriles, or the oxygen atoms of the
methoxy groups in 3. The shortest intermolecular Se--N and
Se--Se distances are associated with a reduction ratio vs. the
van der Waals contact distances in the range of 0.85-0.90,
comparable with those reported in other organic
selenocyanates.®* The main difference to the large set of
benzylic selenocyanates reported so far is the notably larger
o-hole in the prolongation of the C,,—Se bond in 1-3, when
compared with that found along ArCH,-Se bonds in
benzylic selenocyanates.

Elaboration of co-crystals of 1-3 with bpen was realized
by cooling and/or slow evaporation of equimolar quantities
of both components in AcOEt. While 1 and 3 gave co-
crystals with the desired rectangular motifs (see below),
cocrystal with compound 2 crystallizes in the P-1 space
group as a water solvate with a 2:3 stoichiometry, i.e. with a
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formulation (2),(bpen);-H,0, with one 2 and one bpen
molecule in general position, and another bpen and water
molecule on inversion centers, associated with each other
not only by chalcogen bonding but also hydrogen bonding
with the water molecule (See Figure S5 and Table S4 in
Supporting Information). This compound does not present a
favorable relative orientation of the bpen molecules for
possible [2+2] cycloaddition and will not be discussed
further here.

Co-crystal of 1 with bpen crystallizes in the triclinic P-1
space group, with a 4:5 stoichiometry, i.e. a formulation
(1),(bpen)s, with two crystallographically independent 1
molecules, two crystallographically independent bpen mole-
cules, and one extra bpeng, molecule disordered on an
inversion center. The co-crystal can be described as an
alternation of layers along b, with one layer at y=0
incorporating the bpeng, and molecules 1, and one layer at
y="/, with the other bpen molecules (Figure S6). The solid-
state organization (Figure 3a) is characterized by the associ-
ation of four bpen molecules into tetrameric units, linked
together by short Se~Ny,., ChBs (Table 1) and small RR
values in the range of 0.75-0.80. The remaining bpeng
molecule is involved in weaker C—H-+Ny,, hydrogen bonds.
We already note that the intramolecular Se-Se chalcogen
bonds observed in the ChB donors 1-3 alone (see above
Figure 1) have been overridden by the stronger ChB with
the bpen nitrogen atoms, leading to the formation of the
desired rectangular boxes, with face-to-face association of
bpen molecules within the box and intermolecular C.-C
distances of 3.683(10) and 3.752(10) A (Figure 3a). Further-
more, two neighboring boxes are related by inversion center
and also allow for a face-to-face association of bpen
molecules, at even shorter intermolecular C--C distance of
3.670(9) A. Both bpen contact lengths are well below the
Schmidt rules (<4 A) for [2+2] cycloaddition. !

UV-irradiation of single crystals of (1),(bpen)s provided
indeed a single-crystal-to-single-crystal transformation. As
shown in Figure 3b, refinement of the crystal structure of
the cyclized compound showed, besides the unreacted
bpen,, molecule disordered on an inversion center, two
components with occupation parameters at 0.661(6) and
0.339(6), corresponding to a 2/3-1/3 statistical distribution
expected if the [2+2] reactivity within a rectangular box is
the same as the reactivity of inversion-related bpen mole-
cules between the boxes, which leaves the two outer bpen
molecules unreacted. This striking behavior is, to our knowl-
edge, completely new, and can be compared only with
another example of tetrameric association of bpen molecules

Table 2: Structural characteristics of the ChB interactions in (3) (bpen),, before and after UV irradiation.

ChB ChB length [A]
Before irradiation

NC—Sel--N4 2.679(7)
NC—Se2--N3 2.683(7)

After UV irradiation

NC—Sel--N3 2.863(19)
NC—Se2--N4 2.819(18)

RR ChB angle [°]
0.78 178.88(6)
0.78 177.16(6)
0.83 176.2(4)
0.82 172.2(3)
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linked through hydrogen bonding by indolocarbazole, but in
that case only the inner bpen molecules reacted with each
other.” It also demonstrates that the ChB interactions
provided by this motif of two selenocyanate moieties in
ortho position are robust enough to force the face-to-face
association of the bpen molecules and to stand the severe
deformations induced by the photocyclization. Indeed, the
small RR values before cyclization (Cf. Table 1) observed in
the range 0.75-0.80 (Figure 3a) and characteristic of strong
ChB, increase to only 0.77-0.87 in the photo-cyclized
products (Figure 3b).

The success of this approach is further confirmed in the
co-crystal obtained with the dimethoxy-substituted ChB
donor 3 and bpen. It crystallizes indeed in the triclinic
system, space group P-1, with one ChB donor 3 and two
bpen molecules, all in general position, corresponding to a
1:2 stoichiometry, better described as inversion centered
rectangular motifs (3),(bpen),, separated from each other by
extra bpen molecules (Figure S7).

Within the rectangular motifs (Figure 4a), the bpen
molecules are associated in a face-to-face manner through
ChB with 3 through strong and linear NC—Se-Ny,., inter-
actions (Table 2). Contacts between the ethylenic carbon
atoms of bpen molecules [3.851(7) A] are longer than those
observed in (1),(bpen);s (3.67-3.75 A), nevertheless shorter
than the 4 A limit. Indeed, UV-irradiation of single crystals
of (3)(bpen), led to single-crystal-to-single-crystal trans-
formation (Figure 4b), with the desired cyclobutane forma-
tion while the other bpen molecule interspersed between the
rectangles stays unmodified (Figure S8). The ChB interac-
tions (Table2) are slightly elongated during the photo-
chemical transformation, with RR values evolving from 0.78
to 0.82-0.83.

In conclusion, we have unraveled here for the first time
the use of chalcogen bond donors such as 1 and 3 to
assemble photoreactive bpen molecules into face-to-face
dimers, allowing for rare single-crystal-to-single-crystal
transformations, with the added originality of the striking
reactivity of the tetrameric motif isolated with 1. The
structural ~ adaptability = of  this ortho-substituted
bis(selenocyanato) motif is highlighted by the evolution of
the intramolecular Se--Se distance, from the short 3.22-
3.24 A values in the molecules alone (cf. Figure 1) due to a
strong intramolecular Se-Se ChB, to a notably larger
distance of 3.52-3.54 A in the chalcogen-bonded adducts
with bpen, well adapted for the face-to-face association of
the bpen molecules into reactive position toward photo-
chemical dimerization and cyclobutane formation. Further-
more, as already illustrated by the numerous hydrogen-
bonded systems derived from resorcinol derivatives
(Scheme 1b),*7 the three different substitution patterns
explored here (R=H, Me, OMe) on the 4,5 positions of the
aryl ring let us anticipate many other possibilities by varying
the nature of these substituents on all four 3-, 4-, 5- and 6-
positions of the benzene ring. We are now focused on
exemplifying this structuring motif to other photo- or
thermo-reactive molecules with chalcogen bond acceptor
capability, toward the elaboration of novel materials with
optical or conducting properties.
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