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The chalcogen bond (ChB) is a noncovalent attraction between an electrophilic chalcogen

atom and a nucleophilic (Nu) region in the same (intramolecular) or another

(intermolecular) molecular entity: R–Ch/Nu (Ch = O, S, Se or Te; R = substituents; Nu =

nucleophile). ChB is comparable to the hydrogen and halogen bonds both in terms of

strengths and directionality. However, in contrast to the monovalent halogen atoms, usually

the divalent or tetravalent chalcogen atoms are able to display more than one electrophilic

centre (on account of the existence of two or three species bonded to the chalcogen

atom), which provides an additional opportunity in the use of this type of noncovalent

binding in synthetic operations. In this work, the role of ChB at the secondary coordination

sphere of metal complexes through copper(II)-mediated activation of dioxygen or of one

nitrile group of a 1,2,5-selenadiazole-3,4-dicarbonitrile ligand to form a carbimidate or an

imino-carboxylic acid is demonstrated. DFT calculations allowed evaluation of the strength

of the ChBs and proved their relevant structure directing role in the solid state

architectures. The effect of metal-coordination on the s-hole opposite to the coordinated

Se]O bond has been analysed using molecular electrostatic potential (MEP) surfaces and

explains the greater ability of the coordinated selenoxide derivatives to form strong ChBs.
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Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049–001 Lisbon, Portugal. E-mail: organik10@

hotmail.com; kamran.mahmudov@tecnico.ulisboa.pt; pombeiro@tecnico.ulisboa.pt; Tel: +351 920210423
bExcellence Center, Baku State University, Z. Xalilov Str. 23, Az 1148 Baku, Azerbaijan
cDepartment of Chemistry, Faculty of Science, Helwan University, Ain Helwan, Cairo 11795, Egypt
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noncovalent interactions in enzyme catalysis, a variety of articial systems has
already been developed for catalytic transformations,1,2 molecular recognition,3

etc. In contrast to a mono activation/attraction mode, the use of dual noncovalent
centres in organocatalysis or chemical sensors gives an additional opportunity to
improve the functional properties of catalysts or receptors (Scheme 1a).1–3 More-
over, replacement of one noncovalent centre in the dual activation mode via
engineering of the secondary coordination sphere of metal complexes can
enhance the reaction rate and/or selectivity or binding constant in cooperative
catalysis or molecular sensing, respectively (Scheme 1b).4

Secondary coordination sphere decoration by employing a wide range of weak
forces, such as hydrogen and halogen bonds, hydrophobic, charge transfer, van
der Waals, cation–p, anion–p or p–p interactions, has been well explored as
a synthetic strategy for the selective functionalization of a target/desired bond
among multiple bonds in a substrate molecule in metal-mediated synthesis or
catalysis.1,2,5 The bond parameters (strength, directionality and tunability) as well
as two electrophilic centres on the chalcogen atom (multiplicity) can make ChB
a useful supramolecular tool in building of the secondary coordination sphere of
metal complexes.6 Due to the only recent recognition of the chalcogen bonding by
IUPAC,7 its crucial role in coordination chemistry was not necessarily highlighted
in most of the original publications, and we refer the reader to our recently
published review on this topic that discusses several relevant examples taken
from the Cambridge Structural Database.8

On the other hand, metal-mediated synthesis allows the reactivity of the metal
ion to transform a proligand, activating it through an in situ reaction, usually to
produce coordination compounds with organic scaffolds that are not normally
accessible by conventional organic synthesis.9 For example, the H-bond driven
reaction of an arylhydrazone (A) with ethylenediamine results in the formation of
diimidazoline (B),10 whereas the Cu(II)-mediated activation of one cyano group at
this ligand leads to a coordination compound (C) which allows liberation of the
organic part (D) through the cooperation of a resonance assisted hydrogen bond
and ionic interactions (Scheme 2).11 Compound D can only be isolated by a metal-
mediated pathway, and used as a starting material in the synthesis of B (Scheme
2). We anticipate that, like hydrogen bonding, the chalcogen bond can also be
employed in the Cu(II)-mediated synthesis, a matter that has not yet been
explored.
Scheme 1 Schematic illustration of dual noncovalent centres (a) and cooperation of
noncovalent and coordination centres (b).
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Scheme 2 Hydrogen bond and Cu(II)-mediated transformation of cyano group(s).
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Taking in mind the above considerations, we focused this work on the
following aims: (i) to use a chalcogen bond donor selenium centre in the design of
the secondary coordination sphere of copper(II) complexes (Scheme 3); (ii) to
demonstrate the crucial role of ChB in Cu(II)-mediated activation of one nitrile
group of 1,2,5-selenadiazole-3,4-dicarbonitrile (Scheme 4).

Results and discussion
Synthesis and characterization of HL2 and 1–5

The synthesis and characterization of 2-((phenylselanyl)methyl)pyridine (L1)
(Scheme 3) was reported earlier,12 and hence will not be discussed herein.
Scheme 3 Synthesis of L1, HL2 and 1–5.
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Reaction of CuCl2$2H2O with L1 in methanol leads to [CuCl2(L
1)2] (1), whereas in

less volatile solvents, i.e., ethanol or dimethylformamide, the selenium atom of
the ligand molecule is oxidized by air producing the dinuclear copper(II) complex
[Cu2(Cl)4(m-L

1a)2] (2, L1a = 2-((phenylseleninyl)methyl)pyridine) (Scheme 3).
Compound [Cu2(Br)4(m-L

1a)2] (3) was also obtained in ethanol or dime-
thylformamide by using CuBr2 instead of CuCl2$2H2O (Scheme 3). Similarly to the
synthesis of 2 and 3, the selenium atom of HL2 undergoes oxidation in the
synthesis of [Cu2(Br)2(m-L

2a)2] (5) (L2a = (E)-1-(((2-(phenylseleninyl)ethyl)imino)
methyl)naphthalen-2-olate) in ethanol (with a few drops of DMF) solution,
whereas no oxidation occurs in the preparation of [Cu(L2)2] (4) in the highly
volatile dichloromethane (with a few drops of DMF) solution.

The ESI-MS spectra of methanol solutions of the copper(II) complexes show
relevant peaks at m/z = 631.88 [CuCl2(L

1)2] + H+ (for 1), 798.73 [Cu2(Cl)4(m-L
1a)2] +

H+ (for 2) and 976.53 [Cu2(Br)4(m-L
1a)2] + H+ (for 3). In the IR spectra of 1, 2 and 3,

the phenyl and pyridine signals appear at 1431 and 1647, 1438 and 1640, and 1435
and 1629 cm−1, respectively, values that are signicantly shied in relation to the
corresponding signals of L1 (1453 and 1651 cm−1, respectively). Both elemental
analysis and X-ray crystallography (see below) are also in agreement with the
proposed formulations of the copper(II) complexes in the solid state.

In the crystal structure of 1, the copper(II) ion is coordinated in a highly dis-
torted octahedral coordination geometry formed by two selenium and two
nitrogen atoms of two L1 ligands and two chlorine atoms (Fig. 1). Interestingly,
the selenium atoms do not act as Ch donors in the crystal packing of 1, whereas
tetravalent Se centres participate in intermolecular interactions between tectons
in the structures of 2 and 3, leading to 1D supramolecular chains (Fig. 1). Both the
strength and the directionality of ChB in 2 and 3 depend on the nature of the
halogen atoms: Se/Cl 3.050 Å, SrvdW (Se/Cl) = 3.65 Å, :O]Se/Cl 165.78° (in
2) and Se/Br 3.251 Å, SrvdW (Se/Br)= 3.75 Å,:O]Se/Br 163.10° (in 3) (Fig. 1).
In 2 or 3, the primary coordination sphere of the penta-coordinated copper can be
described as a distorted square-pyramid (s5 = 0.20 and s5 = 0.27),13 with an
equatorial plane containing one N and two O atoms from 2-((phenylseleninyl)
methyl)pyridine ligands and one Cl or Br atom; the apical position is lled by
C1(1) or Br(1) at 2.5237(6) or 2.6625(9) Å, respectively (Fig. 1).

The new Schiff base (E)-1-(((2-(phenylselanyl)ethyl)iminio)methyl)naphthalen-
2-olate (HL2) was synthesized by reaction of 2-(phenylselanyl)ethan-1-amine with
2-hydroxy-1-naphthaldehyde in ethanol (Scheme 3). In the 1H-NMR spectrum of
HL2 in DMSO-d6, CH]N and NH are observed at 9.07 and 14.01 ppm, respec-
tively. In the IR spectrum, n(C]N) is observed at 1629 cm−1, which is signicantly
shied due to coordination of the N atom to themetal centre in 4 (1602 cm−1) and
5 (1605 cm−1). Elemental analysis and ESI-MS data also support the structures of
HL2, 4 and 5. Thus, the methanol solutions of HL2, 4 and 5 display, by ESI-MS,
parent peaks at m/z = 355.05 [Mr + H]+, 771.01 [Mr + H]+ and 1026.76 [Mr + H]+,
respectively.

In the crystal structure of [Cu(L2)2] (4), the Cu2+ ion, located on a center of
inversion, is coordinated by two imine N atoms and two phenolate O atoms from
two Schiff base ligands in trans positions leading to a square-planar arrangement
around the metal centre (Fig. 1). Since the Cu(1)–O(1) and Cu(1)–N(1) bond
lengths of 1.895(2) and 1.971(3) Å, respectively, are different, the coordination
geometry is distorted. The –CH2CH2SePh group of the ligand does not coordinate
80 | Faraday Discuss., 2023, 244, 77–95 This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Crystal structures of HL2 and 1–5. H atoms in 5 are omitted for clarity.
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and points away from the primary coordination sphere of the Cu(II) centre, and
the selenium atom acts as hydrogen bond acceptor in the crystal packing diagram
of 4.

The complex 5 crystallizes in the triclinic system, space group P�1. It contains
two Cu atoms, two Schiff-base ligands and two Br atoms (Fig. 1). The seleninyl
oxygen of the –CH2CH2Se(]O)Ph group of the L2a ligands acts as a bridging atom,
leading to a dinuclear Cu2O2 core, with a Cu/Cu distance of about 3.089 Å
(Fig. 1). A crystallographic inversion center passes through the center of the Cu2O2

plane, i.e., the second part of the dimer is generated by symmetry. The coordi-
nation geometry around the Cu(II) centres can be described as a distorted square
pyramid (s5 = 0.12)13 with the N(1)–Cu(1)–O(2) and O(1)–Cu(1)–O(2) angles of
167.35(11)° and 160.01(10)°, respectively. In the crystal packing diagram of 5, the
discrete copper(II) dimers are linked into a one-dimensional supramolecular
chain via the Se/Br 3.361 Å [SrvdW (Se/Br) = 3.75 Å] intermolecular chalcogen
bonds with the :O]Se/Br directionality of 163.4° (Fig. 1).
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 244, 77–95 | 81
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Cu(II)-mediated activation of one nitrile group of 1,2,5-selenadiazole-3,4-
dicarbonitrile

One-pot Cu(CH3COO)2$H2O (in the presence of imidazole), Cu(NO3)2$2H2O (with
a few drops of DMF) or CuBr2 mediated activation of one cyano group of 1,2,5-
selenadiazole-3,4-dicarbonitrile (L3)14 in methanol produces [Cu(imidazole)6](-
L3a)2 (6) (L3a = 4-cyano-1,2,5-selenadiazole-3-carboxylate), [4-cyano-1,2,5-
selenadiazole-3-carboxylic acid$DMF] (7) or [CuBr2(L

3b)2] (8) (L3b = methyl 4-
cyano-1,2,5-selenadiazole-3-carbimidate), respectively (Scheme 4). The IR spectra
of the compounds 6–8 show unreacted n(C^N) vibrations at 2236, 2221 and
2236 cm−1, respectively, with a signicant shi in relation to the corresponding
signal of L3 (2243 cm−1). The n(C]O) are observed at 1684 and 1654 cm−1 for 6
and 7, correspondingly, while a broad band at 1640 cm−1 is assigned to n(C]N)
for 8. Elemental analysis also supports the formulations of 6–8, and fragmenta-
tion peaks in mass spectra of the compounds can be related as follows: 235.57
[Cu(imidazole)6]

2+ and 201.92 (L3a)− for 6, 73.05 (DMF) and 202.92 (4-cyano-1,2,5-
selenadiazole-3-carboxylic acid) for 7 and 654.67 [Mr + H]+ for 8. In the 1H and 13C
NMR spectra of co-crystal 7, the signals of the –COOH proton and C]O carbon of
4-cyano-1,2,5-selenadiazole-3-carboxylic acid were detected at 9.15 and
160.3 ppm, respectively. Due to the participation in the intermolecular chalcogen
bond, the acidic C–H proton and C]O carbon signals of DMF in 7 were observed
at lower eld (d 8.67 and 165.3) compared to the respective signals of its free form
(d 7.95 and 162.29).15

The compound [Cu(imidazole)6](L
3a)2 (6) contains six imidazole ligands, one

copper cation and two non-coordinated 4-cyano-1,2,5-selenadiazole-3-carboxylate
anions (Fig. 2). The copper cation adopts a tetragonally elongated octahedron
coordination geometry and is located on an inversion center. The four short Cu–N
Scheme 4 Copper(II)-mediated transformation of one nitrile group of L3.
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distances in the equatorial plane [both Cu(1)–N(6) and Cu(1)–N(8)] are 2.037 and
2.047 Å, respectively, and the two long Cu(1)–N(4) distances in the apical positions
are 2.482 Å. In the crystal packing diagram of 6, the hydrogen bond donor N–H
centres of the imidazole ligands of the [Cu(imidazole)6]

2+ cation participate in
intermolecular negative charge assisted hydrogen bonds with the carboxylate
anion of L3a, with the N/O− distances in the range of 2.751–2.819 Å. The role of
the counter-anion is not limited to its H-bond acceptor ability, but the selenium
atom of 4-cyano-1,2,5-selenadiazole-3-carboxylate acts as a bifurcate ChB donor
towards the oxygen and nitrogen atoms of C]O and C^N groups of the neigh-
boring molecules at the distances Se(1)/O(2) 3.068 Å [SrvdW (Se/O) = 3.42 Å]
and Se(1)/N(3) 3.053 Å [SrvdW (Se/N) = 3.45 Å] and the :N(1)–Se(1)/O(2) and
:N(2)–Se(1)/N(3) angles of 164.50 and 174.39°, respectively (Fig. 2).

The crystal structure of 7 shows a four-membered cyclic supramolecular syn-
thon via head-to-head dimerization with intermolecular Se(1)/N(4) and Se(2)/
N(1) chalcogen bonds with the distances of 2.937 and 2.930 Å, respectively (Fig. 2).
The chalcogen bond angles :N(2)–Se(1)/N(4) and :N(5)–Se(2)/N(1) in this
dimeric synthon are 163.3 and 163.4°, respectively (Fig. 2). In addition, there are
short intermolecular chalcogen bond contacts between selenium and the oxygen
atoms of dimethylformamide molecules, in which both the Se/O distance and
:N–Se/O directionality are in accord with the terms of ChB7 (Fig. 2). Thus, an
aggregation of two 4-cyano-1,2,5-selenadiazole-3-carboxylic acids and two dime-
thylformamide molecules through Se/N and Se/O types of chalcogen bonds,
respectively, lead to a 0D supramolecular aggregate (Scheme 4 and Fig. 2).

In the structure of 8, the Cu(1)–N(2) 2.498 Å bond lengths are markedly longer
in comparison to Cu(1)–N(1) 1.933 Å, thus, the coordination geometry around the
Fig. 2 Crystal structures of 6–8. H atoms in 6 are omitted for clarity. The chalcogen and
hydrogen bonds are shown in light blue and pink colour, respectively.
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copper atom is a distorted octahedron, and the remaining axial positions are
occupied by two bromine atoms with the Cu(1)–Br(1) bond lengths of 2.524 Å
(Fig. 2). Both selenium atoms act as bifurcate chalcogen bond donors towards the
coordinated bromine atoms in the crystal packing diagram of 8 (Fig. 2). A coop-
eration of chalcogen bonds [Se(1)/Br(1) 3.283 and 3.330 Å [SrvdW (Se/Br) = 3.75
Å], :N(2)–Se(1)/Br(1) 169.0° and :N(3)–Se(1)/Br(1) 174.9°] with the C(5)–
H(5A)/N(4) hydrogen bonds between the tectons lead to a 3D supramolecular
network (Fig. 2).
DFT study of chalcogen bonds in 2, 3 and 5–8

As explained above, compounds 2 and 3 form innite 1D chains in the solid state
that propagate via Se/X ChBs (see Fig. 1 and Scheme 3). In principle, it is ex-
pected that the Cu-coordinated selenoxide group exhibits three available s-holes
opposite to the three covalent bonds. However, in compounds 2 and 3, two of
them (those opposite to the carbon atoms) are blocked since they point to the
coordinated halide ligands, leaving accessible only the s-hole opposite to oxygen
atom. This can be appreciated in the MEP surface plots depicted in Fig. 3a and
b for compounds 2 and 3, respectively, where only one deep s-hole per Se atom is
Fig. 3 (a and b) MEP surfaces of compounds 2 and 3with indication of the MEPmaximum
andminimum. Energies in kcal mol−1. (c and d) QTAIM (bond critical points in red and bond
paths as orange lines) and NCIPlot (RDG = 0.4, density cut-off = 0.04 a.u., color scale
±0.04 a.u.) representation for compounds 2 and 3. Only intermolecular interactions are
represented. The association energies in kcal mol−1 of the hydrogen bonds derived from Vr

are given in red adjacent to the bond CP.
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observed. The large and positive MEP values at the s-holes (+43.9
and +44.5 kcal mol−1 for 2 and 3, respectively), which also correspond to the MEP
maximum, are due to the coordination of the O-atom of the selenoxide group to
the Cu-metal centers, increasing the polarization of the Se]O bond. In both
compounds the MEP minimum is located at the chlorido/bromido ligand.
Therefore, the chalcogen bonds observed in the solid state of compounds 2 and 3
are the most electrostatically favoured contacts.

The combined QTAIM and NCIplot analyses of two dimers of compounds 2
and 3 are represented in Fig. 3c and d, including the dimerization energies. The
QTAIM/NCIplot analysis shows that the halogen atom is connected to the Se atom
by a bond critical point (CP, represented as a red sphere) and bond path (repre-
sented as an orange line), thus conrming the existence of the ChBs. The inter-
action is also characterized by a disk-shape reduced density gradient (RDG)
isosurface that is coincident with the position of the bond CP. The QTAIM/
NCIPlot analysis also reveals the existence of two symmetrically equivalent
CH/X H-bonds. Each H-bonding interaction is established between an aromatic
C–H bond and the halogen atom. It is characterized by a bond CP, bond path and
green RDG isosurface. The dimerization energies are large (−30.0 kcal mol−1 and
−25.3 kcal mol−1 for 2 and 3, respectively), in line with the large MEP energies
observed for the electron donor and acceptors atoms. The strength of the ancillary
H-bonds has been estimated by using the potential energy density (Vr) energy
predictor (E = 0.5 × Vr) measured at the bond CP that characterizes the H-bond.
These values are indicated in red adjacent to the bond CPs in Fig. 3. The total
contribution of the H-bonds is−3.6 kcal mol−1 in 2 and−3.0 kcal mol−1 in 3, thus
evidencing that the formation of the supramolecular chain in the solid state is
mostly governed by the ChBs.

A similar analysis has been performed for compound 5 that also forms 1D
supramolecular polymers in the solid state that propagate by means of ChBs (see
Fig. 1 and Scheme 3). The MEP surface plot of compound 5 is represented in
Fig. 4a, showing that only one s-hole of Se is available, opposite to the Se]O
bond, which corresponds to the MEP maximum (+39.5 kcal mol−1). The MEP
minimum is located at the coordinated bromido ligands, as expected. These
values are comparable to those observed for compounds 2 and 3 (see Fig. 3a and
b).

Fig. 4b shows the combined QTAIM/NCIplot analysis of the dimer extracted
from the innite 1D chain shown in Fig. 1 (see bottom-le). The interaction
energy is −28.7 kcal mol−1 which is similar to the dimerization energies of
compounds 2 and 3. The QTAIM/NCIplot analysis reveals the expected bond CP,
bond path and blue RDG isosurface connecting the Br and Se-atoms. The
dimerization is further assisted by the formation of two symmetric H-bonds,
similar to those described above for compounds 2 and 3, both geometric and
energetically (total contribution of the H-bonds is−3.2 kcal mol−1). The results of
compounds 2, 3 and 5 suggest that the bifurcated X/H,Se is a recurrent motif in
these systems.

The MEP surface of compound 7 is represented in Fig. 5a, showing the pres-
ence of two deep s-holes with similar MEP values (37.7 and 36.4 kcal mol−1) due
to the electron withdrawing effect of the substituent of the ve membered ring.
The ChBs observed in the solid state of compounds 6 and 7 have been analysed
energetically and using the QTAIM/NCIplot computational tool. Since ChBs in
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 244, 77–95 | 85
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Fig. 4 (a) MEP surface of compound 5 with indication of the MEP maximum and
minimum. Energies in kcal mol−1. (b) QTAIM (bond critical points in red and bond paths as
orange lines) and NCIPlot (RDG = 0.4, density cut-off = 0.04 a.u., color scale ±0.04 a.u.)
representation for compound 5. Only intermolecular interactions are represented. The
association energies in kcal mol−1 of the hydrogen bonds derived from Vr are given in red
adjacent to the bond CP.
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compound 6 are established between the anionic parts of the salt (4-cyano-1,2,5-
selenadiazole-3-carboxylate), the energetic study has been performed using the Vr
predictor. This is very convenient to estimate the strength associated to the ChBs
in a system where the electrostatic repulsion between two anions dominates. A
trimeric anion extracted from the solid state of 6 is represented in Fig. 5b,
showing the formation of two ChBs, characterized by the corresponding bond
CPs, bond paths and green RDG isosurfaces. The total stabilization energy due to
the ChBs is modest (−3.2 kcal mol−1) likely due to the anion/anion nature of the
interaction and the concomitant long O,N/Se distances (see Fig. 2 for distance
values) observed in compound 6. For compound 7, we have analyzed the forma-
tion of the self-assembled dimer shown in Fig. 5c (see also Scheme 4) and the
86 | Faraday Discuss., 2023, 244, 77–95 This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) MEP surface of compound 7with indication of the MEPmaximum andminimum
and other selected points of the surface. Energies in kcal mol−1. (b–d) QTAIM (bond critical
points in red and bond paths as orange lines) and NCIPlot (RDG = 0.4, density cut-off =

0.04 a.u., color scale ±0.04 a.u.) representation for compounds 6 and 7. Only intermo-
lecular interactions are represented. The association energies in kcal mol−1 of the chal-
cogen bonds derived from Vr are given in red adjacent to the bond CP.
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interaction with the co-crystallized solvent molecule. The dimerization energy is
moderately strong (Fig. 5c) likely due to the small nucleophilicity of the seleno-
diazole N-atoms (MEP value is −18.2 kcal mol−1, see Fig. 5a). Each ChB is char-
acterized by the corresponding bond CP and bond path. The RDG isosurface
embraces the whole space between the interacting molecules, thus suggesting
that this interaction can be also understood as an antiparallel N–Se/N–Se
interaction. Finally, in Fig. 5d the ChB complex with the DMF molecule is shown,
also exhibiting a modest interaction energy (−2.8 kcal mol−1). The weaker ChBs
observed in the assemblies of compounds 6 and 7 compared to compounds 2, 3
and 5 are likely due to the better electron donor ability of the halides.

The MEP surface of compound 8 is represented in Fig. 6a, revealing the exis-
tence of two deep s-holes at the selenium atoms (44.6 kcal mol−1 and
38.3 kcal mol−1). However, the MEP maximum is located at the NH group
(52.1 kcal mol−1). The MEP minimum is located at the N-atom of the cyano group
(−31.4 kcal mol−1) followed by the value at the coordinated bromido ligand
(−29.4 kcal mol−1). The QTAIM/NCIplot analysis of one of the two ChB self-
assembled dimers observed in the solid state of 8 is represented, evidencing
the formation of two ChBs, four H-bonds and one Se/Se interaction, all of them
characterized by the corresponding bond CPs and bond paths. The dimerization
energy is large (−23.8 kcal mol−1) due to the formation of two strong ChBs (good
electron donor) and also the contribution of four H-bonds involving the methoxy
and NH groups. The contribution of the H-bonds is only 2.2 kcal mol−1, likely due
to the low nucleophilicity of the electron donor N-atom (MEP value
−14.4 kcal mol−1, see Fig. 6a).
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 244, 77–95 | 87
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Fig. 6 (a) MEP surface of compound 8with indication of theMEPmaximum andminimum
and other selected points of the surface. Energies in kcal mol−1. (b) QTAIM (bond critical
points in red and bond paths as orange lines) and NCIPlot (RDG = 0.4, density cut-off =
0.04 a.u., color scale ±0.04 a.u.) representation for compound 8. Only intermolecular
interactions are represented. The association energies in kcal mol−1 of the hydrogen
bonds derived from Vr are given in red adjacent to the bond CP.
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The other self-assembled ChB dimer analysed for compound 8 is shown in
Fig. 7 where the distribution of bond CPs and bond paths reveals an intricate
combination of interactions, including two symmetrically equivalent ChBs, six H-
bonding contacts (2 × NH/Br and 2 × CH/Br,Se) and two Se/C contacts. The
dimerization energy is −31.9 kcal mol−1, which is larger (in absolute value) than
the other ChB self-assembled dimer of compound 8. The total contribution of the
H-bonds is also larger (−6.0 kcal mol−1).

It is interesting to highlight that the strength of the ChBs is stronger in the Cu-
complexes of selenoxides and selenadiazole (compounds 2, 3, 5 and 8) than in the
non-complexed selenadiazole rings (compounds 6 and 7) due to the presence of
Fig. 7 QTAIM (bond critical points in red and bond paths as orange lines) and NCIPlot
(RDG = 0.4, density cut-off = 0.04 a.u., color scale ±0.04 a.u.) representation for
compound 8. Only intermolecular interactions are represented. The association energies
in kcal mol−1 of the hydrogen bonds derived from Vr are given in red adjacent to the bond
CP.
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the more polarized Se]O bonds and better electron donor groups (halides). The
fact that most compounds exhibit ChBs in the solid state that are crucial in their
solid state architecture emphasize the relevance of ChBs in crystal engineering
and supramolecular chemistry.
Conclusions

The chalcogen bond (ChB) has been recently exploited as a supramolecular tool
for crystal growth and design involving metal complexes as tectons.8,19–21 In this
work, we have demonstrated that the simple design of ligands with a ChB donor
selenium centre can contribute to the molecular oxygen and one-pot nitrile
activation in copper(II)-mediated synthesis. The tetravalent selenium atom acts as
a ChB donor towards coordinated halogen atoms (Cl or Br) in the secondary
coordination sphere of copper(II) complexes (see 2, 3 and 5 in Scheme 3 and
Fig. 1), leading to a 1D supramolecular chain. The divalent selenium atom
behaves as a bifurcated ChB donor centre in the crystal packing diagrams of 6–8,
which associates the supramolecular aggregates and networks. In addition,
theoretical calculations combined with QTAIM/NCIplot analysis identify the
chalcogen bonds between tectons in the second coordination sphere of copper(II)
complexes and the existence of ancillary CH/X interactions, which are signi-
cantly weaker. Those compounds where the selenoxide is coordinated to the
copper(II) metal centre exhibit deeper s-holes and stronger interactions. This
study outlines an action of chalcogen bonding in the copper(II)-mediated
synthesis and decoration of the secondary coordination sphere of metal
complexes, which can be used in catalysis and in molecular recognition.
Experimental section
Materials and instrumentation

All the chemicals were obtained from commercial sources and used as received.
The 2-((phenylselanyl)methyl)pyridine (L1)12 and 1,2,5-selenadiazole-3,4-
dicarbonitrile (L3)14 were synthesized according to reported synthetic proce-
dures. The IR spectra (4000–400 cm−1) were recorded on a Bruker Alpha-P ATR-IR
Spectrometer. The 1H and 13C NMR spectra were obtained at room temperature
(r.t.) on a Bruker 400.13 MHz spectrometer using tetramethylsilane [Si(CH3)4] as
the internal reference. Carbon, hydrogen and nitrogen elemental analyses were
carried out by the Microanalytical Service of the Instituto Superior Técnico.
Electrospray mass spectra (ESI-MS) were run with an ion-trap instrument (Varian
500-MS LC Ion Trap Mass Spectrometer) equipped with an electrospray ion
source. For electrospray ionization, the drying gas and ow rate were optimized
according to the particular sample with 35 p.s.i. nebulizer pressure. Scanning was
performed from m/z 0 to 1500 in methanol solution. The compounds were
observed in the positive or negative ion mode (capillary voltage = 80–105 V).
Synthesis of HL2

A 1 : 1 equimolar ethanolic solution (50 mL) of 2-(phenylselanyl)ethan-1-amine
(0.200 g, 1 mmol) and 2-hydroxy-1-naphthaldehyde (0.172 g, 1 mmol) was
slightly heated (80 °C) for 2 h with stirring. The characteristic yellow precipitate
90 | Faraday Discuss., 2023, 244, 77–95 This journal is © The Royal Society of Chemistry 2023
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obtained by the Schiff condensation was ltered off and recrystallized from
methanol. Crystals suitable for X-ray analysis were obtained by slow evaporation
of an ethanol solution.

Yield, 77% (based on 2-(phenylselanyl)ethan-1-amine), soluble in methanol,
ethanol, DMF and acetone. Anal. calcd for C19H17NOSe (M = 354.32): C, 64.41; H,
4.84; N, 3.95. Found: C, 64.39; H, 4.80; N, 3.91%. IR (ATR, 298 K): 1433 n(C]C)
and 1629 n(C]N) cm−1. MS (ESI, positive ion mode), m/z: 355.05 [Mr + H]−. 1H-
NMR in DMSO-d6, d (ppm): 3.30 and 3.90 (2CH2), 6.72–8.04 (5H, Ar–H and 6H
naphthyl–H), 9.07 (s, 1H, C–H) and 14.01 (s, 1H, N–H). 13C-{1H} NMR in DMSO-d6,
d (ppm): 27.2 and 51.0 (2CH2), 105.9, 118.6, 122.3, 125.3, 125.4, 126.8, 127.9,
128.9, 129.3, 129.4, 131.6, 134.3 and 137.1 (naphthyl and aromatic carbons), 159.3
(Cnaphthyl–O

−) and 176.8 (C]N).

Synthesis of 1

0.01 mmol (1.70 mg) of CuCl2$2H2O was dissolved in 5 mL methanol, then
0.02 mmol (4.96 mg) of L1 was added, and the system was stirred for 5 min. Aer
ca. 1 d at room temperature, the precipitated green crystals of 1 were ltered off
and dried in air.

1: Yield, 55% (based on Cu). Calcd. for C24H22Cl2CuN2Se2 (Mr = 630.88): C
45.70, H 3.52, N 4.44; found C 45.67, H 3.50, N 4.41. MS (ESI, positive ion mode),
m/z: 631.80 [Mr + H]+. IR (ATR, 298 K): 1431 n(C]C) and 1647 n(C]N) cm−1.

Synthesis of 2 and 3

0.01 mmol (1.70 mg) of CuCl2$2H2O or 0.01 mmol (2.23 mg) of CuBr2 was dis-
solved in 5 mL ethanol (or DMF), then 0.02 mmol (4.96 mg) of L1 was added, and
the system was stirred for 5 min. Aer ca. 2 days (5 days in DMF) at room
temperature, the formed green or brown crystals of 2 or 3, respectively, were then
ltered off and dried in air.

2: Yield, 48% (based on Cu). Calcd. for C24H22Cl4Cu2N2O2Se2 (Mr = 797.29): C
36.16, H 2.78, N 3.51; found C 36.11, H 2.76, N 3.48. MS (ESI, positive ion mode),
m/z: 798.73 [Mr + H]+. IR (ATR, 298 K): 1438 n(C]C) and 1640 n(C]N) cm−1.

3: Yield, 41% (based on Cu). Calcd. for C24H22Br4Cu2N2O2Se2 (Mr = 975.53): C
29.56, H 2.27, N 2.87; found C 29.49, H 2.22, N 2.84. MS (ESI, positive ion mode),
m/z: 976.06 [Mr + H]+. IR (ATR, 298 K): 1435 n(C]C) and 1629 n(C]N) cm−1.

Synthesis of 4

0.01 mmol (2.20 mg) of Cu(OAc)2$2H2O was dissolved in 15 mL dichloromethane,
then 0.02 mmol (7.08 mg) ofHL2 and 5 drops of DMF were added, and the system
was stirred for 5 min. Aer ca. 2 days at room temperature, the precipitated green
crystals of 4 were ltered off and dried in air.

4: Yield, 38% (based on Cu). Calcd. for C38H32CuN2O2Se2 (Mr = 770.17): C
59.26, H 4.19, N 3.64; found C 59.21, H 4.14, N 3.59. MS (ESI, positive ion mode),
m/z: 771.01 [Mr + H]+. IR (ATR, 298 K): 1408 n(C]C) and 1602 n(C]N) cm−1.

Synthesis of 5

0.01 mmol (1.43 mg) of CuBr2 was dissolved in 15 mL ethanol, then 0.02 mmol
(7.08 mg) of HL2 and 5 drops of DMF were added, and the system was stirred for
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 244, 77–95 | 91
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5 min. Aer ca. 5 days at room temperature, the precipitated green crystals of 5
were ltered off and dried in air.

5: Yield, 43% (based on Cu). Calcd. for C38H32Br2Cu2N2O4Se2 (Mr= 1025.53): C
44.51, H 3.15, N 2.73; found C 44.48, H 3.10, N 2.72. MS (ESI, positive ion mode),
m/z: 1026.76 [Mr + H]+. IR (ATR, 298 K): 1411 n(C]C) and 1605 n(C]N) cm−1.

Synthesis of 6

0.01 mmol (2.20 mg) of Cu(OAc)2$2H2O was dissolved in 15 mL methanol, then
0.02 mmol (2.66 mg) of L3 and 0.06 mmol (4.08 mg) of imidazole were added. The
mixture was stirred and heated to 80 °C for 24 h and then le at room temperature
for slow evaporation; deep green crystals of 6 suitable for X-rays started to form
aer ca. 2 days.

6: Yield, 52% (based on Cu). Calcd. for C26H24CuN18O4Se2 (Mr = 874.09): C
35.73, H 2.77, N 28.84; found C 35.69, H 2.73, N 28.80. MS (ESI, positive ion
mode), m/z: 235.57 [Cu(imidazole)6]

2+ and 201.92 (L3a)−. IR (ATR, 298 K): 1684
n(C]O) and 2236 n(C^N), cm−1.

Synthesis of 7

0.01 mmol (2.24 mg) of Cu(NO3)2$2H2O was dissolved in 15 mL methanol, then
0.02 mmol (2.66 mg) of L3 and 5 drops of DMF were added. The mixture was
stirred and heated to 80 °C for 24 h and then le at room temperature for slow
evaporation. Aer ca. 3 days at room temperature, the precipitated green crystals
of 7 were ltered off and dried in air.

7: Yield, 48% (based on L3). Calcd. for C7H8N4O3Se (Mr = 275.14): C 30.56, H
2.93, N 20.36; found C 30.52, H 2.92, N 20.29. MS (ESI, positive ion mode), m/z:
73.05 (DMF) and 202.92 (4-cyano-1,2,5-selenadiazole-3-carboxylic acid). IR (ATR,
298 K): 3265 n(OH), 2221 n(C^N), 1654 n(C]O) and 1580 n(C]N) cm−1. 1H-NMR
in DMSO-d6, d (ppm): 2.90 (6H of –N(CH3)2), 8.67 (1H of (CH3)2NCHO) and 9.15
(1H, –COOH). 13C-{1H} NMR in DMSO-d6, d (ppm): 34.2 (–N(CH3)2), 115.3 (C^N),
145.9 (CCOOH), 155.6 (CC^N), 160.3 (COOH) and 165.3 (CHO).

Synthesis of 8

0.01 mmol (1.43 mg) of CuBr2 was dissolved in 10 mL methanol, then 0.02 mmol
(2.66 mg) of L3 was added. The mixture was stirred and heated to 80 °C for 24 h
and then le at room temperature for slow evaporation. Aer ca. 3 days at room
temperature, the precipitated brown crystals of 8 were then ltered off and dried
in air.

8: Yield, 47% (based on Cu). Calcd. for C10H8Br2CuN8O2Se2 (Mr = 653.52): C
18.38, H 1.23, N 17.15; found C 18.35, H 1.80, N 17.12. MS (ESI, positive ion
mode), m/z: 654.67 [Mr + H]+. IR (ATR, 298 K): 1640 n(C]N) and 2236
n(C^N) cm−1.

X-ray structure determinations

X-ray diffraction intensities of HL2 and 1–8 were collected using a Bruker SMART
APEX-II CCD area detector equipped with graphite-monochromated Mo-Ka
radiation (l = 0.71073 Å) at 296 K. Absorption correction was applied by
SADABS.16,17 The structure was solved by direct methods and rened on F2 by full-
92 | Faraday Discuss., 2023, 244, 77–95 This journal is © The Royal Society of Chemistry 2023
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matrix least-squares using Bruker’s SHELXTL-97.18 All non-hydrogen atoms were
rened anisotropically. The details of the crystallographic data for HL2 and 1–8
are summarized in Table 1. Crystallographic data for the structural analysis have
been deposited in the Cambridge Crystallographic Data Centre [CCDC 2213816
(for HL2), 2214683 (for 1), 2213808 (for 2), 2213810 (for 3), 2213811 (for 4),
2213812 (for 5), 2213813 (for 6), 2213814 (for 7), and 2213815 (for 8)].†
Theoretical methods

The calculations reported herein were performed using the Turbomole 7.2
program.22 The crystallographic coordinates were used for the calculations of the
supramolecular assemblies. We used the crystallographic coordinates for the
assemblies because we are interested in evaluating the interactions as they stand
in the solid state, instead of nding the most favourable geometry of the dimeric
assemblies in the gas phase. The level of theory used for the calculations was
PBE023-D324/def2-TZVP.25,26 The MEP surface plots were generated using the
wavefunction obtained at the same level of theory and the 0.001 a.u. isosurface to
simulate the van der Waals envelope. The topological analysis of the electron
density was carried out according to the quantum theory of atoms in molecules
(QTAIM) method proposed by R. F. W. Bader27 and represented using the VMD
program.28 The noncovalent interaction plot (NCIplot)29 was used to represent the
interactions in real space by plotting the reduced density gradient (RDG) iso-
surfaces. They were represented using the VMD soware.28
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