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ral studies and computational
evaluation of cyclophanes incorporating
imidazole-2-selones†

Ahmed Hassoon Mageed * and Karrar Al-Ameed

We report new cyclophanes containing imidazole-2-selone groups linked by xylylene rings. A set of

imidazole-2-selone cyclophanes is synthesized by reaction corresponding to imidazolium cyclophanes

with selenium in the presence of K2CO3. The structural behavior of the new imidazole-2-selone

cyclophanes was determined by 1H and 13C NMR spectra and X-ray diffraction studies. Cyclophanes

incorporating o-xylylene or mesitylene-m-cyclophane linked by selone groups were mutually syn in

both the solid state and solution, and the cyclophanes showed a conformation similar to the cone

conformation of calix[4]arenes. Cyclophanes incorporating p-xylylene or m-xylylene linked by selone

groups showed two conformations in the solution: one mutually syn and the other mutually anti. There

was no interconversion for both conformations observed on the NMR timescale. In the solid state, three

conformations were detected for the p-xylylene-linked cyclophane: one is mutually syn and the other

two are mutually anti and partial cone conformations. In the m-xylylene-linked case, only anti-

conformation was characterized in the solid state. A density functional analysis was conducted to

interpret the stability of the studied compounds and shed light on their origin. The energy preference

analysis is in consistent agreement with the observed geometries and their co-existence.
Introduction

N-Heterocyclic carbenes (NHCs) can be used in various elds for
different purposes, including organo transition-metal chem-
istry, catalysis, and the elds of biochemistry and medicine.1–7

Interestingly, NHCs can act as s-donor and p-acceptor ligands,
which made them interesting chemical structures in different
elds of chemistry.1,8,9 Recently, NMR studies have been re-
ported to determine the p-acceptor strength of NHCs by
measuring the 31P or 77Se NMR chemical shis of NHC–phos-
phinidene or NHC–Se adducts.10–13 In particular, X-ray studies of
NHC–S adducts showed that the NHC–S moiety is planar and
that the C–S bond distance (∼1.70 Å) is longer than a typical
C]S bond distance (∼1.63 Å).14–19 Phosphinidene, selenium
and sulfur adducts can be represented as the resonance hybrid
by two structures (Fig. 1): the neutral hetero-alkene (A) with C]
P/Se/S character and a zwitterionic structure (B) with a C–P/Se/S
character.12,14,15,20,21

Recently, NHC selenium adducts (selones) have received
signicant attention owing to their promising applications,
such as catalysis and their relevance inmedicinal chemistry.22–32
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The rst NHC-based selone was synthesized by reacting o-phe-
nylenediamine with carbon diselenide in CCl4 to form 2-iso-
selenocyanatoaniline 1, and then product 1 was cyclized by the
intermolecular reaction of isoselenocyanate with an amino
group to obtain selone 2 in high yield (Scheme 1A).33 The
interesting procedure of synthesis of stable selone compounds
is by the reaction of an imidazolium salt with base and then the
addition of elemental selenium. For example, diary-
limidazolium salt reacts with selenium to form 1,3-
diarylimidazole-2-selenones 3 (Scheme 1B).34

Previously, we reported the synthesis of some cyclophanes,
including imidazole-2-thione units, such as 4–7, from corre-
sponding imidazolium-linked cyclophanes (Fig. 2), and we
studied their interesting conformational behaviour using X-ray
diffraction and NMR studies.18 Many imidazole-2-selones are
known.12,32,34–42 However, there are no reports of cyclophanes
incorporating imidazole-2-selone moieties. As an extension of
our study with imidazole-2-thiones, herein, we report the rst
synthesis of some cyclophanes, including imidazole-2-selone
moieties, and study their conformational behaviour in solu-
tion and the solid state as well as use DFT calculations.
Imidazole-2-selone cyclophanes may have great potential in
various elds, including medicinal chemistry, catalysis, mate-
rials science, and supramolecular chemistry. Further research is
needed to explore their full potential and to develop their
practical applications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Resonance structures of the NHC sulfur, selenium and phos-
phinidene adducts.
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Results and discussion
Synthesis of the imidazole-2-selones

The cyclophanes incorporating imidazole-2-selone units 8–11
were synthesized by the reaction of the corresponding
imidazolium-linked cyclophane salts with selenium and
potassium carbonate in methanol at 60 °C overnight. The
products were precipitated from the mixture and recrystallized
Scheme 1 (A) The first synthesis of selone by reaction of o-phenylenedia
of an imidazolium salt with Se.

© 2023 The Author(s). Published by the Royal Society of Chemistry
to obtain a white powder with a moderate yield. The confor-
mations of the cyclophanes incorporating imidazole-2-selone
units 8–11 were characterized using X-ray diffraction and
NMR methods.
Structures and conformations of imidazole-2-selones
cyclophanes in solid state

Crystals 8, 10 and 11 were grown by the slow evaporation of
a solution of the relevant compound in CH2Cl2, while
9$(CHCl3)2 was grown by the slow evaporation of a solution of
the compound in CHCl3. The results of crystallographic studies
are summarized in Tables 1 and 2 and Fig. 3–8.

X-ray studies demonstrate that the conformation of cyclo-
phanes incorporating imidazole-2-selone units 8–11 is broadly
similar to that observed in the cyclophanes incorporating
imidazole-2-thione units 4–7. For o-cyclophane 8, the benzene
and imidazole-2-selone rings making a ‘cup shape’ and the
orientation of C]Se groups are exo for the macrocyclic ring to
yield conformation similar to the cone conformation of calix[4]
arenes. The imidazole-2-selone rings are nearly parallel; there-
fore, the cup is slightly attened. Obviously, the bending of the
C]Se bonds out of the N2C2 planes of the imidazole-2-selones
is a result of steric repulsion between the Se atoms (Fig. 3).

The molecule structures form pairs to obtain interlocking
cup conformation. Then, the pairs accumulate into columns
because of interactions between the benzene rings (intermo-
lecular distance between C6 planes is ∼3.343 Å and 3.429 Å)
(Fig. 4).

Mesitylene m-cyclophane 10 also has a conformation similar
to the cone conformation of calix[4]arenes. However, in this
case, the imidazole-2-selone rings are separated. Therefore, the
unfavorable steric interactions between the Se atoms and the
methyl substituents in each of the benzene rings are nonexis-
tent, and the “cup conformation” is now completely pinched.
Obviously, the structure of the m-cyclophane allows for the
separation of the selone rings such that the C]Se bond is not
bent outside the C3N2 plane (cf. the case of o-cyclophane 8). The
mine with carbon diselenide. (B) Synthesis of stable selone by reaction

RSC Adv., 2023, 13, 17282–17296 | 17283
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Table 1 Crystal data of 8, 9, 10 and 11

Complex 8 9$(CHCl3)2 10 11 11′ 11′′

Empirical formula C22H20N4Se2 C24H22Cl6N4Se2 C28H32N4Se2 C22H20N4Se2 C22H20N4Se2 C22H20N4Se2
Formula weight 498.34 737.07 582.49 498.34 498.34 498.34
Wavelength/Å 1.54178 0.71073 1.54178 1.54178 1.54178 0.71073
Crystal system Monoclinic Monoclinic Orthorhombic Orthorhombic Monoclinic Monoclinic
Space group P21/n P21/c Pbcm Pnma P21/c P21/c
a/Å 17.8415 (4) 7.2960 (2) 11.533 (2) 12.3930 (8) 7.1187 (2) 9.1890 (4)
b/Å 10.5984 (3) 19.9813 (5) 12.4756 (13) 18.8028 (13) 14.2693 (6) 12.1051 (4)
c/Å 20.8127 (5) 9.9038 (2) 17.2625 (14) 8.6492 (4) 19.7393 (8) 9.9941 (4)
b/° 100.348 (2) 103.675 (2) — — 98.384 (4) 114.539 (5)
V/Å3 3871.49 (17) 1402.88 (6) 2483.9 (5) 2015.5 (2) 1983.67 (13) 1011.27 (8)
Z 8 2 4 4 4 2
r(calc)/Mg m−3 1.710 1.745 1.558 1.642 1.669 1.637
m/mm−1 4.894 3.230 3.902 4.700 4.776 3.671
Crystal size/mm3 0.09 × 0.06 ×

0.01
0.17 × 0.07 ×
0.04

0.170 × 0.060 ×
0.010

0.275 × 0.040 ×
0.024

0.315 × 0.030 ×
0.020

0.200 × 0.136 ×
0.034

q range for data
collection/°

4.3 to 66.8 2.3 to 30.4 3.8 to 67.4 5.6 to 67.1 3.8 to 66.7 2.5 to 30.9

Reections collected 19 568 29 526 11 654 17 634 17 396 10 805
Independent reections 6875 4884 2302 1856 3530 3329
R(int) 0.0717 0.060 0.1747 0.1109 0.1204 0.0555
Max./min. transmission 1.00/0.918 1.00/0.923 1.00/0.658 1.00/0.695 1.00/0.875 1.00/0.756
Restraints/parameters 0/505 0/163 0/166 0/127 0/253 0/127
Goodness-of-t on F2 1.001 1.000 1.001 1.003 1.000 1.000
R1[I > 2s(I)] 0.0487 0.0383 0.0738 0.0721 0.0588 0.0469
wR2[I > 2s(I)] 0.1011 0.0838 0.1780 0.1832 0.1342 0.1053
R1 (all data) 0.049 0.038 0.074 0.072 0.059 0.047
wR2 (all data) 0.123 0.094 0.241 0.216 0.165 0.126
Dr(max/min)/e Å−3 1.51/−0.51 0.56/−0.48 1.02/−1.01 1.50/−0.46 1.17/−0.66 0.95/−1.25
CCDC number 2247962 2247957 2247960 2247959 2247961 2247958

Fig. 2 Cyclophanes incorporating imidazole-2-thione moieties.

17284 | RSC Adv., 2023, 13, 17282–17296 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Bond lengths (Å) and angles (°) in imidazole-2-selones

Compound Se–C N–C N–C–Se

8 1.850 (6), 1.827 (6) 1.475 (7), 1.480 (7) 126.4 (4), 127.3 (4)
1.843 (6), 1.847 (6) 127.8 (4), 127.2 (4)

9 1.841 (2) 1.357 (3), 1.359 (3) 126.98 (16), 127.39 (17)
10 1.861 (10) 1.382 (13), 1.344 (14) 124.8 (9), 127.7 (7)
11 1.867 (8) 1.337 (10), 1.353 (9) 126.3 (6), 125.6 (6)
11′ 1.849 (3) 1.359 (4), 1.366 (4) 126.8 (2), 127.8 (2)
11′′ 1.855 (7), 1.842 (7) 1.353 (9), 1.362 (9) 126.8 (5), 127.6 (5)

1.380 (9), 1.380 (9) 127.8 (5), 125.7 (5)

Fig. 3 Crystal structure (50% probability level for the displacement
ellipsoids) of a single molecule of 8. Selected bond lengths (Å) and
angles (°): Se11–C112 1.850 (6), Se12–C132 1.827 (6), C11–N111 1.475
(7), C11–C142 1.520 (9), N111–C112–Se11 126.4 (4), N113–C112–Se11
127.3 (4), N131–C132–Se12 127.8 (4), N133–C132–Se12 127.2 (4).

Fig. 4 Crystal structure (50% probability level for the displacement ellip

© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed conformation of 10 is similar to the conformation of
the corresponding imidazole-2-thione 6 and contradicts the
conformation of the parent imidazolium-linked cyclophane, in
which the C2–H in the imidazolium moieties is oriented into
the cavity formed between the mesitylene rings. The corre-
sponding orientation of the imidazole thione or selone groups
in 6 or 10 might be unfavorable because of the electron repul-
sion between the electron-rich C]S/Se groups.

In contrast to 8 and 10, m-cyclophane 9 has an anti confor-
mation (Fig. 6), which is similar to the 1,2-alternate conforma-
tion of calix[4]arene. The imidazole-2-selone rings are parallel,
with their C]Se groups located in opposite directions c.

X-ray diffraction shows three crystal structures of p-cyclo-
phane. First, in the crystal structure of p-cyclophane 11, the C]
Se groups in the imidazole-2-selone rings are oriented in the
same direction to obtain a syn conformation (Fig. 7). The mac-
rocycle of p-cyclophane 11 is in the form of approximately
parallelepiped. The two imidazole-2-selone rings are almost
parallel (dihedral angle 1.68°) and occupy opposite faces sepa-
rated by a distance of about 6.517 Å, and the aryl groups are
approximately parallel (dihedral angle 8.55°) and occupy two
soids) of a column of interlocked pairs of 8.

RSC Adv., 2023, 13, 17282–17296 | 17285
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Fig. 5 Crystal structure (30% probability level for the displacement ellipsoids) of a single molecule of 10. Selected bond lengths (Å) and angles (°):
Se1–C2 1.861 (10), N1–C2 1.382 (13), C2–N3 1.344 (14), C4–C5 1.340 (15), N3–C2–Se1 127.7 (7), and N1–C2–Se1 124.8 (9).

Fig. 6 Crystal structure (50% probability level for the displacement ellipsoids) of a single molecule of 9. Selected bond lengths (Å) and angles (°):
Se1–C1 1.841 (2), N2–C1 1.357 (3), C1–N5 1.359 (3), C4–C5 1.334 (3), N2–C1–Se1 126.98 (16), N5–C1–Se1 127.39 (17).
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opposite faces separated by a distance of about 5.198 Å. The
dihedral angles between the imidazole-2-selone and aryl group
planes within the macrocycle are 89.84° and 89.72°. Obviously,
there is some strain within the macrocycle. The bond between
carbon methylene and carbon arene ring slightly deviates from
the plane of the aryl group by 7.6 (4)°, and the bond between
carbonmethylene and nitrogen atom in the selone ring deviates
from the plane of the imidazole-2-selone moiety by 12.3 (6)°.

Second, in the crystal structures of p-cyclophane (11′ and 11′
′), the C]Se groups in the imidazole-2-selone rings are oriented
in opposite directions to obtain an anti conformation (Fig. 8).
The macrocycle of p-cyclophane 11′ is also in the form of
17286 | RSC Adv., 2023, 13, 17282–17296
a parallelepiped (Fig. 8a). The two imidazole-2-selone rings are
parallel (dihedral angle 0°) and occupy opposite faces separated
by 6.283 Å; the aryl groups are also parallel (dihedral angle 0°),
and the distance between the two opposite faces is about 5.464
Å. The dihedral angles between the imidazole-2-selone and aryl
group planes within the macrocycle are 89.71 (10)°. As observed
in 11, there is also some strain within the macrocycle in 11′. The
bond between carbon methylene and carbon arene ring slightly
deviates from the plane of the aryl group by 6.4 (3)°, and the
bond between carbon methylene and nitrogen atom in the
selone ring deviates from the plane of the imidazole-2-selone
moiety by 10.9 (3)°. In contrast to 11 and 11′, the macrocycle
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Crystal structure (30% probability level for the displacement ellipsoids) of a single molecule of 11. Selected bond lengths (Å) and angles (°):
Se1–C1 1.867 (8), N2–C1 1.337 (10), C1–N5 1.353 (9), C4–C3 1.282 (11), N2–C1–Se1 126.3 (6), N5–C1–Se1 125.6 (6).

Fig. 8 (a) Crystal structure (30% probability level for the displacement ellipsoids) of a single molecule of 11′. Selected bond lengths (Å) and angles
(°): Se1–C1 1.849 (3), N2–C1 1.359 (4), C1–N5 1.366 (4), C4–C3 1.347 (5), N2–C1–Se1 126.8 (2), N5–C1–Se1 127.8 (2). (b) Crystal structure (30%
probability level for the displacement ellipsoids) of a single molecule of 11′′. Selected bond lengths (Å) and angles (°): Se1–C11 1.855 (7), Se2–C21
1.842 (7), N15–C11 1.353 (9), C11–N12 1.362 (9), C14–C13 1.338 (11), N22–C21 1.380 (9), C21–N25 1.380 (9), C24–C23 1.331 (11), N15–C11–Se1
126.8 (5), N12–C11–Se1 127.6 (5), N22–C21–Se2 127.8 (5), N25–C21–Se2 125.7 (5).
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of p-cyclophane 11′′ adopts a conformation similar to the partial
cone conformation of calix[4]arenes (Fig. 8b). The imidazole-2-
selone rings are approximately parallel (dihedral angle
15.76°), and the C]Se bond in one of the selone rings is
© 2023 The Author(s). Published by the Royal Society of Chemistry
directed slightly into the cavity formed between the arene rings.
Evidently, the aryl groups are now unparallel (dihedral angle
44.32°).
RSC Adv., 2023, 13, 17282–17296 | 17287
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Table 3 1H NMR dataa for imidazole-2-selones

Compound CH3 CH2 H4/H5 Aromatics

8 — 4.65 (4H, d, 2JH,H 15 Hz) 5.88 (4H, s) 7.67–7.65, 7.54–7.52
5.80 (4H, d, 2JH,H 15 Hz) (8H, AX pattern)

9b — 5.73 (4H, d, 2JH,H 15 Hz) 7.31 (4H, s) 7.43–7.39 (4H, m)
4.96 (4H, d, 2JH,H 15 Hz) 7.35–7.31 (8H, m)
5.89 (4H, d, 2JH,H 15 Hz) 7.11 (4H, s) 6.25 (2H, s)
5.02 (4H, d, 2JH,H 15 Hz) 6.18 (2H, s)

10 2.40 (12H, s) 5.62 (4H, d, 2JH,H 15 Hz) 5.79 (4H, s) 7.01 (2H, s)
1.55 (6H, s) 4.80 (4H, d, 2JH,H 15 Hz)

11c — 5.54 (4H, d, 2JH,H 15 Hz) 7.42 (4H, s) 7.18 (8H, s)
4.66 (4H, d, 2JH,H 15 Hz)
5.22 (4H, d, 2JH,H 15 Hz) 7.15 (4H, s) 7.48 (8H, s)
4.81 (4H, d, 2JH,H 15 Hz)

a Recorded at 500.10 MHz and ambient temperature from solutions in DMSO-d6.
b Normal type indicates anti conformation, italics type indicates

syn conformation, and bold type indicates overlapping signals of both conformations. c Normal type indicates anti conformation; italics type
indicates syn conformation.
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Conformation of imidazole-2-selone cyclophanes in a solution
state

The NMR spectra of the imidazole-2-selone ligands in DMSO-d6
solution at room temperature showed signals predicted for the
suggested conformations (Table 3). The 1H NMR spectrum of 8
is consistent with the structure shown in the solid state, in
which the cyclophane macrocycle adopts a cone conformation.
H4/H5 protons in the imidazole-2-selone ring show a remark-
ably upeld chemical shi (∼5.88 ppm), which is an indication
that the H4/H5 hydrogen atoms are shielded by the anisotropy
of the cyclophane's benzene rings. Notably, the benzylic protons
(exo and endo environments) show the pair of sharp doublets
(∼5.81 and ∼4.65 ppm), which implies that the cone confor-
mation of 8 is rigid on the NMR timescale. Obviously, the 1H
NMR spectrum of the 8 shows signals consistent with those
seen in the corresponding imidazole-2-thione 4,18 while the 1H
NMR spectrum of the parent imidazolium cyclophane 122+

appears broad signals because the imidazolium cyclophane is
rapidly interconverted to several conformations in solution43

(Fig. 9). Presumably, the conformational ability of the
imidazole-2-thione and imidazole-2-selone cyclophane struc-
ture decreased owing to an increase in bulkiness of the thione
and selone groups in 4 and 8, respectively, compared to the
imidazolium groups in 122+.

The 1H NMR spectrum (DMSO-d6 solution at room temper-
ature) of 10 is also consistent with the cone-type conformation
in the solution, as observed in the solid state. Again, the 1H
NMR chemical shi of the H4/H5 protons in the imidazole-2-
selone ring is markedly upeld chemical shi (∼5.79 ppm,
compared with∼8.02 ppm seen for H4/H5 protons in the parent
imidazolium cyclophane 132+). Notably, the corresponding
protons in imidazole-2-thione 6 are signicantly upeld (∼5.63
ppm). This upeld shi observed in 10 and 6 also indicates that
the H4/H5 protons are shielded by the ring resonance of the
benzene groups and, therefore, shows that the conformation in
the solution is consistent with that seen in the solid state. H4/
H5 protons in 132+ show a far downeld (8.02 ppm), and this
indicates that the H4/H5 protons are deshielded by the effects
17288 | RSC Adv., 2023, 13, 17282–17296
of the benzene groups because of cyclophane formed in the 1,3-
alternate type conformation and also due to the positive charge
effects in the imidazolium rings. Interestingly, the pair of sharp
doublets (i.e., an AX pattern) for the benzylic protons (exo and
endo environments) indicates that rapid interconversion
between the two equivalent forms of this conformation does not
occur in the solution. This provides additional evidence that the
cone conformation is rigid in solution, as observed in the solid
state. Rigidity of conformation has been shown similarly for the
precursor imidazole-2-thione 6 and imidazolium-linked cyclo-
phane 132+ (Fig. 10).18,43

The 1H NMR spectrum of 9 shows two sets of signals with
integrals in equal ratios (Fig. 11). These signals were assigned to
two conformations based on different orientations of the two
imidazole-2-selone moieties: one of them has syn conformation,
and the other has anti conformation. In each conformation, the
benzylic protons show one pair of doublets, indicating that both
conformations of 9 are rigid on the NMR timescale (i.e. the
rotation of imidazole-2-selone rings about their N–N axes do not
occur in the solution). This result is consistent with the case for
imidazole-2-thione 5 (ref. 18) and contradicts the parent imi-
dazolium cyclophane 142+, which has conformational lability.43

The two conformations are present in nearly equal amounts in
the NMR timescale, and it is not able to assign the set signals in
each conformation based on splitting patterns and chemical
shis. However, the crystals formed of 9 show only anti
conformation based on the X-ray study (see above), while the
powder formed of 9 presents as a syn conformation.

In both conformations of 9, the splitting patterns and
chemical shis of the different proton environments are
similar. Therefore, we are not able to assign a special confor-
mation to a special set of signals in NMR. Notably, the similarity
of signals in NMR shows that there is no interesting difference
in shielding because of, for example, the resonance in arene
rings. This interpretation is consistent with that seen in the
solid state in which the arene rings are directed with their
planes approximately parallel to the N–N axes of the imidazole-
2-selone rings, so the environments of the CH2 and H4/H5
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Downfield region of the 1H NMR spectra (500 MHz, DMSO-d6) for solutions of (a) the ligand of imidazole-2-selone 8, (b) the ligand of
imidazole-2-thione 4 and (c) its precursor imidazolium-linked cyclophane salt 12$2Br.
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protons are away from the regions of shielding. These consid-
erations apply to the anti and syn conformations.

The 1H NMR spectra of 11 again show two sets of signals
that are perhaps assigned to syn and anti conformations
(Fig. 12). Obviously, both conformations are present in nearly
equal amounts in the NMR timescale. Again, we are not able
to assign the set signals to exact conformation based on
chemical shis and splitting patterns. Interestingly, the
recrystallisation of 11 provided three types of crystals (as
observed in the X-ray diffraction). The yellow needle crystals
can be attributed to the syn conformation, and the colorless
plate crystals can be attributed to the anti conformation
based on the X-ray study, while the colorless needle crystals
© 2023 The Author(s). Published by the Royal Society of Chemistry
formed the other conformation attributed to the partial cone
conformation. Notably, for anti and syn conformations of
solutions of 11 in DMSO-d6 and in acetone-d6, arene ring
protons H2′/H3′ should be shown as two environments.
Therefore, in both cases, H2′/H3′ protons show one sharp
single signal (even in acetone-d6 at −25 °C). These consid-
erations suggest that the arene rings are rapidly rotated
about their C1′–C4′ axis on the NMR timescale (Fig. 13);
therefore, a partial cone conformation does not appear in the
solution, as seen in the solid state. The observed that two sets
of NMR signals for syn and anti conformations indicate that
the selone moieties are not rotated about their N–N axes on
the NMR timescale.
RSC Adv., 2023, 13, 17282–17296 | 17289
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Fig. 10 Downfield region of the 1H NMR spectra (500 MHz, DMSO-d6) for solutions of (a) the ligand of imidazole-2-selone 10, (b) the ligand of
imidazole-2-thione 6 and (c) its precursor imidazolium-linked cyclophane salt 13$2Br.
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This result shows that both conformations are rigid in
solution, as seen in the solid state. Obviously, the rigidity of
conformation is similar to the precursor imidazole-2-thione 7
and imidazolium-linked cyclophane 152+ (Fig. 12).18,43

In the 13C NMR spectra of the imidazole-2-selone ligands,
the signal for the C]Se occurs in the range of 157 ppm, which is
close to that reported for the related imidazole-2-selone,13,34,44

but slightly upeld compared to that of the C]S (∼163 ppm) in
imidazole-2-thione ligands.18

DFT analysis

To investigate the relative stability of the different conforma-
tions of imidazole-2-selone cyclophanes, we conducted a series
of calculations employing density functional theory (DFT) to
interpret the origin of the stability of the crystal structures that
we isolated experimentally. Four compounds were investigated
with their possible spatial conformations 8 and 10 with three
17290 | RSC Adv., 2023, 13, 17282–17296
possible conformations: syn, where the two selone rings are
oriented opposite to the xylylene rings; anti, where the C]Se
group in selone rings is located on the opposite side of each
other; and syn_in, where the two selone rings point toward the
direction of the two aromatic rings. The other two conforma-
tions (9 and 11) have only two conformations (syn and anti)
owing to their semi planar nature.

Fig. 14 shows the relative energies of the different confor-
mations calculated using the Beck functional (BP86). The
negative values indicate the energy preference of the syn geom-
etries over the anti ones. From rst glance, one can assume that
pairs 8 and 10, and 9 and 11 have the same energy trend in their
conformational preferences. This assumption seems to be true
for the latter geometries (9 and 11), where anti conformers tend
to be marginally more stable over the syn structures in the semi
planar molecules, which can explain the crystal co-existence of
the two conformers. However, the above assumption is not true
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Downfield region of the 1H NMR spectra (500 MHz, DMSO-d6) for solutions of (a) the ligand of imidazole-2-selone 9 and (b) its precursor
imidazolium-linked cyclophane salt 14$2Br.
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for the 8 and 10 compounds. Although both the anti symmetric
structures are not energetically preferred in these systems, the
energy trends are contrasted when it comes to syn_in
conformers. In 8 compounds, we see syn < syn_in < anti trend,
and the 10 compound stability order is syn < anti < syn_in, where
the syn_in is the least stable conformer. These computed gures
agree with the experimental geometries for syn geometry that we
isolated and reported in the experiments.

To shed light on the origin of the stability of the different
conformers, we were inspired by Walsh's prominent orbital–
structure correlation diagram.45 For that, we illustrated the four
of the highest occupied molecular orbitals (HOMOs) of both syn
and anti conformers of 10 (Fig. 15). These energies contribute to
a signicant share inuencing the nal total energy of the
system. The Kohn–Sham relative molecular orbitals were repre-
sented (eV) to facilitate the obvious contrast energy levels of the
two conformers. The eigenvalues of the molecular states of the
syn conformers recorded obvious stability over all the orbital
energies of the anti conformers. The HOMO of the anti c desta-
bilized the HOMO orbitals by 0.27 eV, while the HOMO-2 and
HOMO-3 increase by only 0.10 eV and 0.11 eV, respectively.
Similar justication can be drawn for the other conformational
stabilities of the other of the structures shown in Fig. 14.

Conclusion

Imidazole-2-selone cyclophanes can be synthesized by reacting
imidazolium cyclophanes with selenium in the presence of amild
© 2023 The Author(s). Published by the Royal Society of Chemistry
base. These cyclophanes are stable white powdered compounds
and were thoroughly characterized using X-ray diffraction, NMR
spectroscopy, and mass spectrometry. Similar to the imidazole-2-
thione cyclophanes, the imidazole-2-selone cyclophanes with
selone groups connected by o-xylylene or mesitylene-m-xylylene
rings exhibit only the syn conformation, while those with selone
groups connected by m-xylylene or p-xylylene rings exhibit both
syn and anti conformations. Unlike the parent imidazolium
cyclophanes, which are conformationally labile, the synthesized
thione and selone cyclophanes are signicantly more conforma-
tionally rigid. Therefore, no interconversion between the syn and
anti conformations can be detected on the NMR timescale. The
geometrical analysis of various compounds was carried out by
DFT calculation, and the calculations included the different
possible conformations that resulted from orienting the selone
groups in different directions. These calculations agree with the
experimental data, which conrmed the stability of both anti and
syn conformers in 9 and 11 compounds and the unique stability
of syn geometries in 8 and 10.

Experimental section
General procedures

Nuclear magnetic resonance spectra were recorded using
a Bruker ARX500 (500.13 MHz for 1H and 125.77 MHz for 13C) or
Bruker ARX 600 (600.13 MHz for 1H, 150.90 MHz for 13C)
spectrometer at ambient temperature. 1H and 13C NMR chem-
ical shis were referenced to solvent resonance of the solvent
RSC Adv., 2023, 13, 17282–17296 | 17291
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Fig. 12 Downfield region of the 1H NMR spectra (500 MHz, DMSO-d6) for solutions of (a) the ligand of imidazole-2-selone 11 and (b) its
precursor imidazolium-linked cyclophane salt 15$2Br.
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(DMSO). When necessary, assignments were determined by
1H–13C HSQC (heteronuclear single quantum correlation) and
1H–13C HMBC (heteronuclear multiple bond coherence)
spectra. Microanalyses were performed by The School of
Chemistry and Molecular Bioscience, University of Queensland,
Australia. High-resolution mass spectra were measured using
Agilent LCMS 6510 Q-TOF and Waters LCT Premier XE spec-
trometers using the APCI method with MeCN : H2O (9 : 1) as the
solvent.
Synthesis of imidazole-2-selones

1. Synthesis of compound 8. A solution of o-cyclophane salt
12$2Br (306 mg, 060 mmol) in CH3OH (5 mL) was added to
a mixture of selenium (99 mg, 1.25 mmol) and K2CO3 (165 mg,
1.25 mmol) in CH3OH (15 mL). The mixture was reuxed for
48 h. The mixture was ltrated, and the solution was extracted
with CHCl3. The solvent was evaporated to obtain product 8 as
a white powder (198 mg, 67%). Found: C, 51.92; H, 3.99; N,
10.92% C22H20N4Se2(H2O)0.5 requires C, 52.08; H, 4.17; N,
11.04%. 1H NMR (500 MHz, DMSO-d6): 7.67–7.65 (m, 4H, H4′/
H5′), 7.54–7.52 (m, 4H, H3′/H6′), d 5.88 (s, 4H, H4/H5), 5.81–5.79
17292 | RSC Adv., 2023, 13, 17282–17296
(d, 2JH,H= 15 Hz, 4H, benzylicHCH), 4.67–4.64 (d, 2JH,H= 15 Hz,
4H, benzylic HCH). 13C NMR (125.75 MHz, DMSO-d6): d 155.75
(C2), 134.94 (C1′/C2′), 133.72 (C3′/C6′), 129.63 (C4′/C5′), 118.49
(C4/C5), 50.91 (CH2). HRMS (APCI+): calcd for C22H20N4Se2 [M +
H]+, m/z 501.0097 found, m/z 501.0052.

2. Synthesis of compound 9. A solution of m-cyclophane
salt 14$2Br (209 mg, 0.40 mmol) in CH3OH (5 mL) was added to
a mixture of selenium (67 mg, 0.85 mmol) and K2CO3 (118 mg,
0.85 mmol) in CH3OH (10 mL). The mixture was reuxed for
48 h. The mixture was ltrated, and the solution was extracted
with CHCl3. The solvent was evaporated to obtain product 9 as
a white powder (120 mg, 60%). Found: C, 52.11; H, 3.97; N,
10.91% C22H20N4Se2(H2O)0.5 requires C, 52.08; H, 4.17; N,
11.04%. 1H NMR (500 MHz, DMSO-d6): syn; d 7.43–7.39 (m, 4H,
H5′), 7.35–7.31 (m, 8, H4′/H6′), 6.18 (s, 2H, H2′), 7.11 (s, 4H, H4/
H5), 5.89 (d, 2JH,H = 15 Hz, 4H, benzylic HCH), 5.02 (d, 2JH,H =

15 Hz, 4H, benzylic HCH). anti; d 7.43–7.39 (m, 4H, H5′), 7.35–
7.31 (m, 8, H4′/H6′), 6.25 (s, 2H, H2′), 7.31 (s, 4H, H4/H5), 5.73
(d, 2JH,H = 15 Hz, 4H, benzylic HCH), 4.96 (d, 2JH,H = 15 Hz, 4H,
benzylic HCH). 13C NMR (125.75 MHz, DMSO-d6): syn; d 157.80
(C2), 137.52 (C1′/C3′), 128.48 (C5′), 126.20 (C4′/C6′), 122.12 (C2′),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The syn and anti conformations of 7 (ref. 18) and 11. In each conformation, the asterisk refers to two equivalent protons on the arene
rings. The rotation of this ring around its C1′–C4′ axis leads to the labeled protons replacing places with the unlabeled protons so that all the
protons in the arene rings are equivalent.
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120.42 (C4/C5), 51.29 (CH2). anti; d 156.95 (C2), 137.29 (C1′/C3′),
128.37 (C5′), 125.82 (C4′/C6′), 121.89 (C2′), 119.96 (C4/C5), 51.22
(CH2). HRMS (APCI+): calcd for C22H20N4Se2 [M + H]+, m/z
501.0097 found, m/z 501.0067.

3. Synthesis of compound 10. A solution of mesityl-
cyclophane salt 13$2Br (235 mg, 0.40 mmol) in CH3OH (5 mL)
was added to a mixture of selenium (68 mg, 0.85 mmol) and
K2CO3 (120 mg, 0.85 mmol) in CH3OH (10mL). Themixture was
reuxed for 48 h. The mixture was ltrated, and the solution
was extracted with CHCl3. The solvent was evaporated to obtain
product 10 as a white powder (134 mg, 58%). Found: C, 53.88;
H, 5.23; N, 8.86% C28H32N4Se2(CHCl3)0.4 requires C, 54.12; H,
5.18; N, 8.89%. 1H NMR (DMSO-d6, 500 MHz): d 7.01 (s, 2H,
H5′), 5.79 (s, 4H, H4/H5), 5.64–5.61 (d, 2JH,H = 15 Hz, 4H,
benzylic HCH), 4.81–4.78 (d, 2JH,H = 15 Hz, 4H, benzylic HCH),
2.40 (s, 12H, CH3), 1.55 (s, 6H, CH3).

13C NMR (DMSO-d6, 125.75
MHz): d 156.45 (C2), 138.33 (C2′), 136.92 (C4′/C6′), 133.39 (C1′/
C3′), 129.86 (C5′), 118.53 (C4/C5), 46.96 (Cbenzylic), 19.57 (CH3),
17.66 (CH3). HRMS (APCI+): calcd for C28H33N4Se2 [M + H]+, m/z
585.1036. Found, m/z 585.1043.

4. Synthesis of compound 11. A solution of p-cyclophane
salt 15$2Br (152 mg, 0.30 mmol) in CH3OH (5 mL) was added to
a mixture of selenium (50 mg, 0.65 mmol) and K2CO3 (90 mg,
© 2023 The Author(s). Published by the Royal Society of Chemistry
0.65 mmol) in CH3OH (10 mL). The mixture was reuxed for
48 h. The mixture was ltrated, and the solution was extracted
with CHCl3. The solvent was evaporated to obtain product 11 as
a white powder (105 mg, 52%). Found: C, 52.32; H, 3.93; N,
10.79% C22H20N4Se2(H2O)0.5 requires C, 52.08; H, 4.17; N,
11.04%. 1H NMR (500 MHz, DMSO-d6): syn; d 7.48 (s, 8H, H2′/
H3′), 7.15 (s, 4H, H4/H5), 5.23–5.20 (d, 2JH,H = 15 Hz, 4H,
benzylic HCH), 4.82–4.79 (d, 2JH,H = 13 Hz, 4H, benzylic HCH).
anti; d 7.18 (s, 8H, H2′/H3’), 7.42 (s, 4H, H4/H5), 5.56–5.53 (d,
2JH,H = 15 Hz, 4H, benzylic HCH), 4.68–4.65 (d, 2JH,H = 15 Hz,
4H, benzylic HCH). 1H NMR (500 MHz, acetone-d6): syn; d 7.66
(s, 8H, H2′/H3′), 6.99 (s, 4H, H4/H5), 5.88–5.85 (d, 2JH,H = 15 Hz,
4H, benzylic HCH), 4.64–4.61 (d, 2JH,H = 15 Hz, 4H, benzylic
HCH). anti; d 7.28 (s, 8H, H2′/H3′), 7.29 (s, 4H, H4/H5), 5.47–5.44
(d, 2JH,H= 15 Hz, 4H, benzylicHCH), 4.84–4.81 (d, 2JH,H= 15 Hz,
4H, benzylic HCH). HRMS (APCI+): calcd for C22H20N4Se2 [M +
H]+, m/z 501.0097 found, m/z 501.0089.
Computational details

In this study, Kohn–Sham DFT was utilized to calculate the
compounds under investigation. To optimize the geometry of
the compounds, we utilized the general gradient
RSC Adv., 2023, 13, 17282–17296 | 17293
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Fig. 14 The conformation relative energies in kcal mol−1 for imidazole-2-selones.

Fig. 15 The occupied frontier orbitals of 10 conformers.
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approximation (GGA) functional BP86,46,47 which was
composed of the Becke 1988 exchange functional and the
Perdew 86 correlation functional. For more accurate energies
on the optimized geometries, Ahlrichs' triple zeta valence
polarized (def2-TZVP)48 basis set was employed, as well as the
resolution of the identity (RI) approach and corresponding
auxiliary basis sets,49 along with Grimme's D3 dispersion
correction.50 All calculations were carried out using the Tur-
bomole 7.3 package.
17294 | RSC Adv., 2023, 13, 17282–17296
X-ray crystal structure determination

Crystals 8, 10 and 11 were grown by the slow evaporation of
a solution of the relevant compound in CH2Cl2, and crystals of
9$(CHCl3)2 were grown by the slow evaporation of a solution of
the compound in CHCl3. Crystallographic data were collected at
100(2) K using either an Oxford Diffraction Gemini or an Oxford
Diffraction Xcalibur diffractometer with Mo Ka or Cu Ka radi-
ation. Following multi-scan or analytical absorption corrections
and solution by direct methods, the structures were rened
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
against F2 with full-matrix least-squares using the program
SHELXL-2015.51 Water molecule hydrogen atoms were rened
with geometries restrained to ideal values. All remaining
hydrogen atoms were added at calculated positions and rened
using riding models with isotropic displacement parameters
based on those of the parent atoms. Anisotropic displacement
parameters were employed throughout the non-hydrogen
atoms.
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