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Abstract: Mono- and binuclear Cu(I) complexes were isolated employing 2,1,3-benzoselenadiazole (BSeD)
as the N-donor ligand, and triphenylphosphine or bis[(2-diphenylphosphino)phenyl] ether (DPEphos) as
P-donors. Then, 77Se NMR was measured for the free ligand and the corresponding Cu(I) derivatives,
and the related signal was downshifted by 12.86 ppm in the case of [Cu(BSeD)(PPh3)2(ClO4)], and
around 15 ppm for the binuclear species. The structure of [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-
BSeD)(DPEphos)2(ClO4)2] was confirmed by single-crystal X-ray diffraction. The geometry of the
Cu(I) complexes was optimized through DFT calculations, and the nature of the Cu···O interaction
was investigated through AIM analysis. The three Cu(I) complexes were characterized by intense
absorption under 400 nm and, after being excited with blue irradiation, [Cu(BSeD)(PPh3)2(ClO4)]
and [Cu2(µ2-BSeD)(PPh3)4(ClO4)2] exhibited weak red emissions centered at 700 nm. The lifetimes
comprised between 121 and 159 µs support the involvement of triplet excited states in the emission
process. The photoluminescent properties of [Cu(BSeD)(PPh3)2(ClO4)] were supported by TDDFT
computations, and the emission was predicted at 710 nm and ascribed to a metal-to-ligand charge
transfer (3MLCT) process, in agreement with the experimental data.

Keywords: Cu(I) complexes; 2,1,3-benzoselenadiazole; phosphines; 77Se NMR; DFT calculations

1. Introduction

Benzochalcogendiazoles, such as 2,1,3-benzothiadiazole (BTD) and 2,1,3-benzoselenadiazole
(BSeD), are currently being widely investigated for optoelectronic applications, such as
organic light-emitting diodes (OLEDs) and photovoltaics [1–4], as well as for bioimag-
ing [5–7]. Their well-ordered structures, obtained due to both chalcogen and π-π stacking
interactions, together with the strong withdrawing ability of these π-extended heteroarenes
enable their use as building blocks in organic donor–acceptor (D-A) dyes [8–11]. In addition,
the presence of two nitrogen atoms in their skeleton makes them suitable candidates to be
used as ligands for a wide variety of metal centers. For instance, bis-triazolyl benzochalco-
gendiazoles exhibit good sensing performance towards Cu(II), Ni(II), and Ag(I) due to their
binding ability and the derived changes in their photoluminescent properties [12].

With all of this in mind, we previously studied the coordination of Cu(I) towards
BTD, obtaining derivatives characterized by improved photophysical properties in terms
of photoluminescent lifetimes τ and quantum yields (PLQYs) [13]. Following these results
and our interest in using Cu(I) as an emitter [14,15], we deemed it interesting to study the
effect of a heavier chalcogen atom, i.e., selenium, in the skeleton of the N-donor ligand and
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the related heteroleptic Cu(I) complexes. Compared to BTD, with regard to which some
reports together with the photophysical properties of corresponding derivatives [16,17] are
present in the literature, the use of BSeD as an N-donor ligand is quite rare and, to the best
of our knowledge, no example of coordination towards Cu(I) has ever been described. The
few examples reported in the literature focus on W(0), Re(0), Ru(II), Os(II), Ir(III), Ag(I),
and Hg(II) as metal centers [18–24].

Herein, we report the synthesis of three mono- and binuclear heteroleptic Cu(I) complexes
using BSeD as the N-donor and phosphines such as PPh3 and bis[(2-diphenylphosphino)
phenyl] ether (DPEphos) as P-donors. The Cu(I) derivatives were characterized by common
spectroscopic techniques, including 77Se NMR, and weak red emissions due to metal-to-
ligand charge transfer (3MLCT) mechanisms were detected for the Cu(I) species with PPh3
in the coordination sphere.

2. Results and Discussion

The synthesis of 2,1,3-benzoselenadiazole (BSeD) was completed by condensation of
o-phenylenediamine and SeO2, following a reported procedure [7]. In accordance with
the results previously reported using 2,1,3-benzothiadiazole as the N-donor ligand [13],
the mononuclear complex [Cu(BSeD)(PPh3)2(ClO4)] was synthesized starting from CuCl,
PPh3, and BSeD, in the presence of AgClO4 (see Scheme 1). Binuclear complexes with the
general formulae [Cu2(µ2-BSeD)(PPh3)4(ClO4)2] and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2]
were synthesized according to the same synthetic procedure, except for the reduction of the
equivalents of ligand to 0.5. The presence of both N- and P-donor ligands was confirmed by
1H, 13C, and 31P{1H} NMR spectra. Broadened signals due to fluxional behavior in solution
were observed. This was particularly evident in the case of the 31P signals. The proposed
formula was supported by mass and IR spectra, as well as elemental analyses. In particular,
the IR spectra supported the presence of the perchlorate owing to the intense stretchings
νCl-O observable between 1115 and 1090 cm−1.
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To further confirm the presence of BSeD, 77Se NMR was collected for both the ligand
and the three Cu(I) complexes. As observable in Figure 1, the signal of the free BSeD
was localized at 1511.26 ppm, and it was downshifted by 12.86, 14.89, and 15.47 ppm
due to the coordination to the metal center. In particular, the difference between the two
signals was lower for the mononuclear [Cu(BSeD)(PPh3)2(ClO4)] compared to the binuclear
[Cu2(µ2-BSeD)(PPh3)4(ClO4)2] and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2]. Furthermore, 77Se
chemical shifts similar to the former were observed for analog Ru(II) complexes using BSeD
as the monodentate ligand [23].
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Figure 1. The 1D 77Se spectra of (a) [Cu(BSeD)(PPh3)2(ClO4)], (b) [Cu2(µ2-BSeD)(PPh3)4(ClO4)2], (c) 
[Cu2(µ2-BSeD)(DPEphos)2(ClO4)2], and (d) the ligand BSeD. Peak annotations give chemical shift 
values in ppm defined relative to the deuterium resonance of CDCl3 as the reference and using the 
internal Bruker spectrometer referencing. 

Crystals of [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] suitable 
for X-ray diffraction were collected from the slow diffusion of dichloromethane/diethyl 
ether solutions. The molecular structure of the complexes and the crystal data and struc-
tural refinement are, respectively, presented in Figure 2 and Table 1. Selected bond lengths 
and angles are collected in Tables S1 and S2. Both Cu(I) complexes crystallized in the mon-
oclinic system (Cc and C2/c space groups), and the metal center was four-coordinated to 
two phosphorus and one nitrogen atoms in a distorted tetrahedral geometry. Despite the 
soft Pearson character of Cu(I) and the selenium atom, BSeD always acts as an N-donor 
ligand [13,18–24]. The remaining coordination site was balanced by the perchlorate anion, 
which was incorporated through long interactions, as in the previously reported deriva-
tives with BTD [13]. The structure of [Cu(BSeD)(PPh3)2(ClO4)] was non-centrosymmetric, 
and the Flack parameter was refined to −0.007 (7) [25].  

In the binuclear Cu(I) complexes, the BSeD acted as a bridging ligand between two 
Cu(I) centers. To the best of our knowledge, this bridging motif is quite uncommon, and it 
has been reported only for Ag(I) and η6-cymene Ru(II) complexes [21,23], while in the other 
structures described in the literature, BSeD has acted as a monodentate ligand [18–20,22,24].  

 

Figure 1. The 1D 77Se spectra of (a) [Cu(BSeD)(PPh3)2(ClO4)], (b) [Cu2(µ2-BSeD)(PPh3)4(ClO4)2],
(c) [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2], and (d) the ligand BSeD. Peak annotations give chemical shift
values in ppm defined relative to the deuterium resonance of CDCl3 as the reference and using the
internal Bruker spectrometer referencing.

Crystals of [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] suitable
for X-ray diffraction were collected from the slow diffusion of dichloromethane/diethyl
ether solutions. The molecular structure of the complexes and the crystal data and structural
refinement are, respectively, presented in Figure 2 and Table 1. Selected bond lengths and
angles are collected in Tables S1 and S2. Both Cu(I) complexes crystallized in the monoclinic
system (Cc and C2/c space groups), and the metal center was four-coordinated to two
phosphorus and one nitrogen atoms in a distorted tetrahedral geometry. Despite the
soft Pearson character of Cu(I) and the selenium atom, BSeD always acts as an N-donor
ligand [13,18–24]. The remaining coordination site was balanced by the perchlorate anion,
which was incorporated through long interactions, as in the previously reported derivatives
with BTD [13]. The structure of [Cu(BSeD)(PPh3)2(ClO4)] was non-centrosymmetric, and
the Flack parameter was refined to −0.007 (7) [25].
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Table 1. Crystal data and structure refinement [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)
(DPEphos)2(ClO4)2].

Empirical Formula C42H34ClCuN2O4P2Se C78H60Cu2N2O10P4SeCl2

Formula weight 870.60 1586.10
Temperature/K 180
Crystal system Monoclinic

Space group Cc C2/c
a/Å 12.5156 (8) 15.8430 (5)
b/Å 19.0888 (15) 18.1763 (5)
c/Å 16.3818 (10) 24.8971 (9)
β/◦ 95.746 (5) 99.158 (3)

Volume/Å3 3894.1 (5) 7078.2 (4)
Z 4 4

ρcalc g/cm3 1.485 1.488
µ/mm−1 1.691 1.343

F(000) 1768.0 3232.0
Crystal size/mm3 0.18 × 0.04 × 0.03 0.28 × 0.2 × 0.16

Radiation MoKα (λ = 0.71073)
2Θ range for data collection/◦ 3.906 to 58.554 3.314 to 69.314

Index ranges −16 ≤ h ≤ 16, −25 ≤ k ≤ 24, −21 ≤ l ≤ 21 −16 ≤ h ≤ 24, −27 ≤ k ≤ 28, −38 ≤ l ≤ 39
Reflections collected 23,862 44,786

Independent reflections 8024 [Rint = 0.0468, Rsigma = 0.1472] 14,221 [Rint = 0.0462, Rsigma = 0.1071]
Indep. reflections with I ≥ 2σ (I) 4400 7406

Data/restraints/parameters 8024/2/478 14221/0/447
Goodness-of-fit on F2 0.774 0.838

Final R indexes [I ≥ 2σ (I)] R1 = 0.0362, wR2 = 0.0625 R1 = 0.0349, wR2 = 0.0630
Final R indexes [all data] R1 = 0.0876, wR2 = 0.0678 R1 = 0.0947, wR2 = 0.0694

Largest diff. peak/hole/e Å−3 0.40/−0.58 0.46/−0.47
Flack parameter −0.007 (7) –
CCDC number 2353339 2353340

In the binuclear Cu(I) complexes, the BSeD acted as a bridging ligand between two
Cu(I) centers. To the best of our knowledge, this bridging motif is quite uncommon, and it
has been reported only for Ag(I) and η6-cymene Ru(II) complexes [21,23], while in the other
structures described in the literature, BSeD has acted as a monodentate ligand [18–20,22,24].

The distance between Cu(I) and the oxygen atom of the perchlorate was equal to 2.316
(4) Å for [Cu(BSeD)(PPh3)2(ClO4)] and 2.2753 (12) Å for [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2].
These values were higher compared to the BTD Cu(I) analog complex [13], and bigger
than the sum of covalent radii, equal to 1.32 (4) Å for Cu and 0.66 (2) Å for O [26]. The
Cu-O distance was in the same range as that observed for the analog BTD Cu(I) complex
and similar derivatives reported in the literature, comprising values between 2.25 and
2.33 Å [13,27–30]. The distances between Cl1 and the oxygen atoms were shorter for the
mononuclear [Cu(BSeD)(PPh3)2(ClO4)] compared to the binuclear [Cu2(µ2-BSeD)(DPEphos)2
(ClO4)2], being in the 1.38–1.43 Å and 1.42–1.47 Å ranges, respectively. As concerns the
selenium atom in BSeD, Se1 was equidistant from the two nitrogen atoms in the binuclear
derivative, while the distance between Se1 and N1 was slightly longer (1.814 (4) Å) than
Se1 and N2 (1.763 (5) Å) due to the coordination to the metal center in the mononuclear
[Cu(BSeD)(PPh3)2(ClO4)].

The geometry around the metal center was distorted between a tetrahedron and a
vacant trigonal bipyramid due to the presence of a plane involving the two phosphorus and
nitrogen atoms. The oxygen of the perchlorate lay in one of the axial positions, whereas the
other one was vacant. The most distorted angles from the ideal 120◦ were P1-Cu1-P2 for
[Cu(BSeD)(PPh3)2(ClO4)] and N1-Cu1-P1 for [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2], which
were equal to 130.41 (6)◦ and 115.402 (16)◦, respectively. On the other hand, the most
acute angle in both cases was seen in N1-Cu1-O1(O2), being equal to 81.31 (18)◦ for the
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former and 87.48 (5)◦ for the latter. Similar values were measured for the mononuclear
[Cu(BSeD)(PPh3)2(ClO4)] [13].

Regarding non-covalent interactions, [Cu(BSeD)(PPh3)2(ClO4)] exhibited π-π’ stacking
between the benzene ring of the BSeD and one of the phenyl rings of PPh3 belonging to
an adjacent molecule at a distance of 4.067 (3) Å (sym. op. x − 0.5, 1.5 − y, z − 0.5). Con-
versely, long range intermolecular π-π’ stacking interactions between the phenyl moieties
of DPEphos were observed for the binuclear Cu(I) derivative, with the minimum distance
between the centroids being around 4.494 Å. In addition, in both the Cu(I) complexes,
intermolecular C-H···π interactions were detected between neighboring phenyl rings of the
phosphines located at about 3 Å. One of the oxygen atoms of the perchlorate anion formed
two hydrogen bonds with two different neighboring molecules of [Cu(BSeD)(PPh3)2(ClO4)]
(see Table S3 and Figure 3), whereas [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] established two
intra- (sym. op. −x, y, 0.5 − z generates the other half of the molecule) and two intermolec-
ular hydrogen bonds (see Table S4 and Figure 4).

Inorganics 2024, 12, x FOR PEER REVIEW 5 of 15 
 

 

(1.814 (4) Å) than Se1 and N2 (1.763 (5) Å) due to the coordination to the metal center in 
the mononuclear [Cu(BSeD)(PPh3)2(ClO4)]. 

The geometry around the metal center was distorted between a tetrahedron and a 
vacant trigonal bipyramid due to the presence of a plane involving the two phosphorus 
and nitrogen atoms. The oxygen of the perchlorate lay in one of the axial positions, 
whereas the other one was vacant. The most distorted angles from the ideal 120° were P1-
Cu1-P2 for [Cu(BSeD)(PPh3)2(ClO4)] and N1-Cu1-P1 for [Cu2(µ2-
BSeD)(DPEphos)2(ClO4)2], which were equal to 130.41 (6)° and 115.402 (16)°, respectively. 
On the other hand, the most acute angle in both cases was seen in N1-Cu1-O1(O2), being 
equal to 81.31 (18)° for the former and 87.48 (5)° for the latter. Similar values were meas-
ured for the mononuclear [Cu(BSeD)(PPh3)2(ClO4)] [13]. 

Regarding non-covalent interactions, [Cu(BSeD)(PPh3)2(ClO4)] exhibited π-π’ stack-
ing between the benzene ring of the BSeD and one of the phenyl rings of PPh3 belonging 
to an adjacent molecule at a distance of 4.067 (3) Å (sym. op. x − 0.5, 1.5 − y, z − 0.5). Con-
versely, long range intermolecular π-π’ stacking interactions between the phenyl moieties 
of DPEphos were observed for the binuclear Cu(I) derivative, with the minimum distance 
between the centroids being around 4.494 Å. In addition, in both the Cu(I) complexes, 
intermolecular C-H···π interactions were detected between neighboring phenyl rings of 
the phosphines located at about 3 Å. One of the oxygen atoms of the perchlorate anion 
formed two hydrogen bonds with two different neighboring molecules of 
[Cu(BSeD)(PPh3)2(ClO4)] (see Table S3 and Figure 3), whereas [Cu2(µ2-
BSeD)(DPEphos)2(ClO4)2] established two intra- (sym. op. −x, y, 0.5 − z generates the other 
half of the molecule) and two intermolecular hydrogen bonds (see Table S4 and Figure 4).  

 
Figure 3. Intermolecular hydrogen bonding of [Cu(BSeD)(PPh3)2(ClO4)]. Figure 3. Intermolecular hydrogen bonding of [Cu(BSeD)(PPh3)2(ClO4)].

As observable in Figure 5a, the selenium atom Se1 in [Cu(BSeD)(PPh3)2(ClO4)] was
involved in an intramolecular chalcogen bond with the O1 atom of the perchlorate anion,
which could explain why the angles Cu1-O1-Cl1 (equal to 153.6 (4)◦) and N1-Cu-O1 were
so distorted from the ideal tetrahedral geometry. An intermolecular interaction between
Se1 and one of the phenyl groups of PPh3 was also observed. Similar considerations
concerning the intramolecular interactions can be made for the binuclear Cu(I) derivative,
where Se1 was involved in two chalcogen bonds with the O2 atoms of the perchlorate
(see Figure 5b). However, Se1 was not involved in any intermolecular interactions in
[Cu2(µ2-BSeD)(DPEphos)2(ClO4)2].

The Cu(I) derivatives were intensely colored, both in powder and in concentrated
dichloromethane solution (see Figure S1). The UV-vis spectra were characterized by absorp-
tions below 350 nm, ascribable to the coordinated N- and P-donor ligands. As highlighted
in Figure 6, the mononuclear [Cu(BSeD)(PPh3)2(ClO4)] exhibited an absorption centered at
324 nm (ε = 14,400 mol−1 cm−1), and this band was red-shifted for the binuclear derivatives,
being centered at 334 nm (ε = 17,400–22,400 mol−1 cm−1). This band can be ascribed to
the ligand BSeD (λabs = 334 nm; ε = 16,430 mol−1 cm−1), as can be observed from the inset
in Figure 6. The absorption below 300 nm can be attributed to the π*←π transitions of
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the coordinated PPh3 and DPEphos. Unfortunately, the metal-to-ligand charge transfer
(MLCT) bands accounted for the intense color in the solid state and concentrated solutions
could be detected only for [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] (see Figure S2 for the zoom
of the region between 330 and 550 nm).
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Figure 6. UV-vis spectra of [Cu(BSeD)(PPh3)2(ClO4)] (orange line), [Cu2(µ2-BSeD)(PPh3)4(ClO4)2]
(red line), and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] (yellow-brown line) collected in dichloromethane
solutions at room temperature. Inset: UV-vis spectra of 2,1,3-benzoselenadiazole (BSeD, purple line)
collected in dichloromethane solutions at room temperature.
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The ground state structures of [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(DPEphos)2
(ClO4)2] were simulated using DFT calculations (TPPSh/def2-SVP), using dichloromethane
as C-PCM and including the IR simulations to confirm the presence of a real minimum.
The optimized structure obtained through DFT calculations was compared to the crystal
structure, and the root-mean-square deviation (RMSD) was estimated to be 0.74 Å for the
former and 0.57 Å for the latter. Selected bond lengths (Å) and angles (◦) are collected in
Tables S5 and S6 for comparison. The overlapping between the structures obtained via
X-ray diffraction and DFT calculations is shown in Figures S3 and S4. Interestingly, the
Cu-O distance was underestimated compared to the X-ray data for both the mono- and the
binuclear Cu(I) complexes. Consequently, the Cl-O bond lengths of the perchlorate anion
were overestimated in the calculation. The discrepancies between the experimental and
the computed structures can be ascribed to the fact that the influence of the environment
was neglected in the calculations, besides the latter being performed with dichloromethane
as C-PCM. The interaction between Cu(I) and ClO4

- in [Cu(BSeD)(PPh3)2(ClO4)] and
[Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] was investigated through AIM analysis. As highlighted
in Figures S5 and S6, a (3,1) critical bond was found between the metal center and one of the
oxygen atoms of the perchlorate for both the Cu(I) complexes. The electron density (r), the
energy density (E), and the Laplacian of the electron density (∇2r) were considered to obtain
information regarding the nature of the interaction [31–33]. For both the Cu(I) derivatives,
all these values were slightly positive (see Table S7 for the complete data), suggesting that
the interaction Cu···O is ionic, as observed for the similar [Cu(BTD)(PPh3)2(ClO4)] [13].

The two Cu(I) complexes [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(PPh3)4(ClO4)2]
with PPh3 as the P-donor exhibited weak luminescent properties. The emission (PL) and
excitation (PLE) spectra of [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(PPh3)4(ClO4)2]
measured on a powder sample at room temperature are collected in Figure 7. Both the
derivatives exhibited an emission in the red region centered at 700 nm, with an excitation
that extended towards the visible range of the spectra in the blue region. Due to the low
intensity of emission, no photoluminescent quantum yield (PLQY) could be measured.
The photoluminescent lifetimes τ were 121 and 159 µs, respectively, for the mono- and
the binuclear Cu(I) species. It is worth noting that for the mononuclear Cu(I) complex
with BTD in the coordination sphere, lifetimes exceeding 1 ms were detected at room
temperature [13]. The different photophysical behavior can be ascribed to the presence of a
heavier chalcogen atom in the skeleton of the N-donor ligand, which increased the rate of
the intersystem crossing and thus reduced the emissive lifetimes.
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The lifetimes in the hundreds of microseconds range suggest the involvement of triplet
emitting states. Therefore, the emission of [Cu(BSeD)(PPh3)2(ClO4)] was investigated
through TDDFT calculations at the same theoretical level, but introducing the spin-orbit
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coupling effect. According to the computations, the emission was estimated at 710 nm,
in agreement with the experimental data. The HOMO and LUMO plots are collected in
Figure S7, supporting the metal-to-ligand charge transfer (3MLCT) mechanism responsible
for the emission. As observable for other Cu(I) complexes, the former was mostly localized
on the metal center and the phosphines, with a small contribution of the heterocycle,
whereas the latter was mostly localized on BSeD [34]. Since no emission was detected for
[Cu2(µ2-BSeD)(DPEphos)2(ClO4)2], the photoluminescent properties were not computed
for this complex.

3. Materials and Methods

The solvents were purchased from Fisher, if not stated otherwise. Dichloromethane
was dried with the solvent purification system (SPS) from MBraun (model MB-SPS-800,
Garching, Germany) and was degassed with argon before usage for 5 min. The precipitation
of the Cu(I) complexes was performed with diethyl ether purchased from Merck (Darmstadt,
Germany). The reagents o-phenylendiamine, CuCl and triphenylphosphine were purchased
from Merck (Darmstadt, Germany). SeO2 and DPEphos were obtained from Thermo
Fisher Scientific (Waltham, MA, USA), while AgClO4 was purchased from abcr (Karlsruhe,
Germany). All chemicals were used without any further purification. The heteronuclear
NMR spectra of the Cu(I) complexes were recorded in CDCl3 purchased from Eurisotop
(Saint-Aubin, France). All reactions were carried out using Schlenk techniques in an Ar
atmosphere. Caution was taken with the perchlorate salts of transition metal complexes, as
they are potentially explosive and should be handled with care.

General information concerning NMR, mass spectrometry, IR and elemental analyses,
and melting points is detailed in the Supplementary Materials. Additional information on
the experimental procedure is available via the Chemotion Repository [35].

Regarding the 77Se NMR, 1D spectra with 32k data points and 1 scan were measured
at 76.4497583 MHz on a Bruker (Ettlingen, Germany) Avance III 400 MHz spectrometer.
The spectral range of 77Se is approximately 3000 ppm. Therefore, we used a 1D with a
specifically optimized saturation pulse for excitation (xyBEBOP with 500µs duration, an rf-
amplitude of 10 kHz with a corresponding excitation bandwidth of 500 kHz) searching for
the corresponding peaks within one measurement covering a sweep width of 5000 ppm [36].
Hereby, 128k data points and 128 scans were used. Spectra were processed using an
exponential apodization function, adding a linewidth of 20 Hz to the signals.

3.1. Synthesis of 2,1,3-Benzoselenadiazole (BSeD)

The synthesis of 2,1,3-benzoselenadiazole (BSeD) was performed starting from o-
phenylenediamine and SeO2, according to a reported procedure [7]. A solution of o-
phenylenediamine (1.08 g, 10 mmol) in 50 mL of ethanol was heated to reflux, and then a
solution containing SeO2 (1.17 g, 10.5 mmol) in 30 mL of hot water was added. The reaction
mixture was refluxed for 2 h. Then, the solvent was removed under reduced pressure
and the residue was dissolved in ethyl acetate and extracted with brine (3 × 50 mL). The
organic phase was dried over Na2SO4, and the crude product was treated with pentane
to afford a solid, which was filtered off, washed with 2 × 15 mL of pentane and dried in
vacuo. Following this, 2,1,3-benzoselenadiazole (1.35 g, 7.40 mmol, 74% yield) was isolated
as light brown solid.

m.p.: 76 ◦C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ = 7.85–7.80 (m,
2H), 7.47–7.41 (m, 2H). 13C NMR (100 MHz, Chloroform-d [77.0 ppm], ppm) δ = 160.5 (Cq,
2C), 129.4 (CH, 2C), 123.5 (CH, 2C). MS (EI, 70 eV, 20 ◦C), m/z (%): 186 (17), 185 (7), 184
(100) [M + 1]+, 183 (5), 182 (47), 181 (17), 180 (18), 159 (5), 157 (30), 155 (14), 154 (5), 153
(6), 118 (5), 103 (5), 93 (8), 80 (11), 78 (5), 77 (14), 76 (12), 64 (6), 52 (10), 51 (10). HRMS (EI):
m/z = calcd for [C6H4N2

80Se1]+: 183.9534; found 183.9533. IR (ATR, ṽ) = 3084 (vw),
3056 (vw), 3040 (vw), 3010 (vw), 1952 (w), 1930 (w), 1914 (w), 1824 (w), 1805 (w), 1745 (m),
1725 (m), 1706 (w), 1608 (w), 1501 (w), 1474 (w), 1439 (m), 1354 (m), 1348 (m), 1286 (w),
1220 (m), 1132 (w), 901 (s), 799 (vs), 739 (w), 706 (w), 594 (s), 556 (vs), 491 (vs) cm−1.
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Additional information on the experimental procedure is available via the repository
Chemotion: https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AYTPIVIDH
M-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ (accessed on 22 July 2024).

Additional information on the characterization of the target compound is available
via the repository Chemotion: https://dx.doi.org/10.14272/AYTPIVIDHMVGSX-UHFFF
AOYSA-N.1 (accessed on 22 July 2024).

3.2. Synthesis of the Mononuclear Cu(I) Complex

Copper(I) chloride (50.0 mg, 505 µmol, 1.00 equiv) was dissolved in 10 mL of dry DCM
together with triphenylphosphine (265 mg, 1.01 mmol, 2.00 equiv) under an Ar atmosphere.
After stirring for 1 h, 2,1,3-benzoselenadiazole (92.5 mg, 505 µmol, 1.00 equiv) and silver(I)
perchlorate (105 mg, 505 µmol, 1.00 equiv) were added, and the color of the solution rapidly
changed to red. The mixture was stirred for 18 h at 20 ◦C and the precipitated AgCl was
filtered off to afford a clear solution that was evaporated under reduced pressure. The
obtained oil was treated with diethyl ether to afford a solid that was filtered off, washed
with Et2O (3 × 5 mL), and dried in vacuo. The product (357 mg, 390 µmol, 77% yield) was
isolated as a dark orange powder.

m.p.: 160 ◦C (dec.) 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ = 7.57 (dd,
J = 3.2 Hz, J = 7.0 Hz, 2H, BSeD), 7.43–7.33 (m, 18H, PPh3), 7.32–7.28 (m, 14H, BSeD + PPh3).
31P{1H} NMR (162 MHz, ppm) δ = −0.83 (br. s). 13C NMR (100 MHz, Chloroform-d
[77.0 ppm], ppm) δ = 158.9 (Cq, 2C), 133.8 (d, J = 11 Hz, CH, 12C), 131.2 (d, J = 33 Hz, Cq,
6C), 130.6 (CH, 6C), 130.4 (CH, 2C), 129.1 (CH, 12C), 123.0 (CH, 2C). MS (FAB, 3-NBA),
m/z (%): 689 (13), 688 (11), 687 (28), 686 (9) [Cu(PPh3)2][ClO4]+, 685 (22), 634 (6), 633 (15),
632 (6), 631 (15), 605 (5), 603 (10), 590 (20), 589 (54), 588 (43), 587 (100) [Cu(PPh3)2]+, 425
(9) [Cu(PPh3)][ClO4], 423 (8), 371 (9), 369 (11), 341 (6), 328 (5), 327 (30), 326 (13), 325 (63)
[Cu(PPh3)]+, 263 (12), 262 (27) [PPh3], 185 (11), 183 (23) [BSeD], 154 (10) [3-NBA], 137 (5),
136 (8) [3-NBA]. IR (ATR, ṽ) = 3070 (vw), 3055 (vw), 1514 (w), 1479 (w), 1435 (m), 1181 (w),
1160 (w), 1150 (w), 1115 (s), 1094 (vs), 1074 (w), 1035 (s), 997 (w), 973 (w), 922 (w), 904 (w),
744 (vs), 725 (w), 694 (vs), 618 (m), 601 (w), 517 (vs), 507 (vs), 490 (s), 428 (w), 391 (w)
cm−1. EA (C42H34ClCuN2O4P2Se): Calcd C, 57.94; H, 3.94; N, 3.22. Found C, 56.53; H, 1.41;
N, 2.83.

Additional information on the experimental procedure is available via the repository
Chemotion: https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-ZVVVM
NPCOQ-UHFFFADPSC-NUHFF-MUHFF-NUHFF-ZZZ (accessed on 22 July 2024).

Additional information on the characterization of the target compound is available
via the repository Chemotion: https://dx.doi.org/10.14272/ZVVVMNPCOQCMKO-UHF
FFAOYSA-M.1 (accessed on 22 July 2024).

3.3. Synthesis of the Binuclear Cu(I) Complexes

Copper(I) chloride (50.0 mg, 505 µmol, 1.00 equiv) was dissolved in 10 mL of dry DCM
together with triphenylphosphine (265 mg, 1.01 mmol, 2.00 equiv) or DPEPhos (272 mg,
505 µmol, 1.00 equiv) under an Ar atmosphere. After stirring for 1 h, 2,1,3-benzoselenadiazole
(92.5 mg, 505 µmol, 1.00 equiv) and silver(I) perchlorate (105 mg, 505 µmol, 1.00 equiv)
were added to the reaction media, and the color of the solution rapidly changed to red. The
mixture was stirred for 18 h at 20 ◦C, and the precipitated AgCl was filtered off to afford a
clear solution that was evaporated under reduced pressure. The so-obtained oil was treated
with diethyl ether to afford a solid that was filtered off, washed with Et2O (2 × 5 mL),
and dried in vacuo. The products, [Cu2(µ2-BSeD)(PPh3)4][ClO4]2 and [Cu2(BSeD)(µ2-
DPEphos)2][ClO4]2, were respectively isolated as an orange (369 mg, 225 µmol, 89% yield)
and a dark red solid (353 mg, 223 µmol, 84% yield).

Characterization of [Cu2(µ2-BSeD)(PPh3)4(ClO4)2]. m.p.: 170 ◦C (dec.). 1H NMR
(400 MHz, Chloroform-d [7.27 ppm], ppm) δ = 7.62 (t, J = 7.9 Hz, 1H, BSeD), 7.55–7.45 (m,
3H, BSeD), 7.42–7.30 (m, 36H, PPh3), 7.28–7.25 (m, 24H, PPh3). 31P{1H} NMR (162 MHz,
ppm) δ = −0.37 (br.s). 13C NMR (100 MHz, Chloroform-d [77.0 ppm], ppm) δ = 159.2 (Cq,

https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AYTPIVIDHM-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-AYTPIVIDHM-UHFFFADPSC-NUHFF-NUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/AYTPIVIDHMVGSX-UHFFFAOYSA-N.1
https://dx.doi.org/10.14272/AYTPIVIDHMVGSX-UHFFFAOYSA-N.1
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-ZVVVMNPCOQ-UHFFFADPSC-NUHFF-MUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-ZVVVMNPCOQ-UHFFFADPSC-NUHFF-MUHFF-NUHFF-ZZZ
https://dx.doi.org/10.14272/ZVVVMNPCOQCMKO-UHFFFAOYSA-M.1
https://dx.doi.org/10.14272/ZVVVMNPCOQCMKO-UHFFFAOYSA-M.1
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2C), 133.9 (d, J = 8.4 Hz, 24C), 131.0 (d, J = 32.7 Hz, Cq, 12C), 130.6 (CH, 12C), 130.1 (CH,
2C), 129.1 (CH, 24C), 123.2 (CH, 2C). MS (ESI), m/z (%): 852 (7), 851 (12) [Cu(PPh3)3]+,
850 (18), 849 (31), 633 (12), 632 (5), 631 (13), 605 (7), 604 (6), 603 (16), 590 (16), 589 (42),
588 (39), 587 (100) [Cu(PPh3)2]+. IR (ATR, ṽ) = 3072 (vw), 3055 (vw), 1479 (w), 1435 (m),
1160 (vw), 1147 (w), 1113 (m), 1094 (vs), 1035 (s), 1027 (s), 996 (m), 973 (w), 924 (w), 902 (w),
742 (vs), 727 (w), 693 (vs), 618 (m), 517 (vs), 500 (vs), 442 (w), 429 (w), 391 (w) cm−1. EA
(C78H64Cl2Cu2N2O8P4Se): Calcd C, 60.12; H, 4.14; N, 1.80. Found C, 59.19; H, 3.88; N, 1.90.

Additional information on the experimental procedure is available via the repository
Chemotion: https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-IJTSCRZ
YFP-UHFFFADPSC-NUHFF-LUHFF-NUHFF-ZZZ (accessed on 22 July 2024).

Additional information on the characterization of the target compound is available
via the repository Chemotion: https://dx.doi.org/10.14272/IJTSCRZYFPRHQA-UHFFF
AOYSA-L.1 (accessed on 22 July 2024).

Characterization of [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2]. m.p.: 226 ◦C (dec.). 1H NMR
(400 MHz, Chloroform-d [7.27 ppm], ppm) δ = 7.52–7.50 (m, 2H, BSeD), 7.26–7.06 (m,
48H, BSeD + DPEphos), 6.91 (t, J = 7.5 Hz, 6H, DPEphos), 6.69 (dt, J = 3.9 Hz, J = 8.0 Hz,
4H, DPEphos). 31P{1H} NMR (162 MHz, ppm) δ = −15.93 (br.s). 13C NMR (100 MHz,
Chloroform-d [77.0 ppm], ppm) δ = 158.9 (Cq, 2C), 134.4 (t, J = 5.9 Hz, Cq, 4C), 134.0 (CH,
4C), 133.9 (t, J = 8.0 Hz, CH, 16C), 131.9 (CH, 6C), 130.4 (CH, 8C), 130.0 (t, J = 17.8 Hz, Cq,
8C), 129.8 (CH, 2C), 128.9 (t, J = 4.5 Hz, CH, 16C), 125.0 (CH, 6C), 123.9 (t, J = 15.4 Hz,
Cq, 2C), 122.9 (CH, 2C), 119.8 (Cq, 2C). MS (ESI), m/z (%): 1242 (5), 1241 (6), 1240 (14),
1239 (19), 1238 (12), 1237 (15), 604 (16), 603 (44), 602 (40), 601 (100) [Cu(DPEphos)]+. IR
(ATR, ṽ) = 3064 (vw), 3051 (vw), 1480 (w), 1462 (w), 1434 (vs), 1259 (w), 1204 (s), 1162 (w),
1119 (s), 1094 (s), 1068 (s), 1026 (vs), 999 (m), 907 (w), 897 (w), 871 (w), 866 (w), 802 (w),
765 (w), 742 (vs), 694 (vs), 671 (w), 616 (s), 543 (w), 530 (w), 520 (m), 511 (vs), 500 (s), 494 (s),
480 (s), 465 (m), 450 (w), 429 (w), 414 (w), 390 (w) cm−1. EA (C78H60Cl2Cu2N2O10P4Se):
Calcd C, 67.53; H, 4.36; N, 2.02. Found C, 58.49; H, 3.63; N, 2.33.

Additional information on the experimental procedure is available via the repository
Chemotion: https://dx.doi.org/10.14272/reaction/SA-FUHFF-UHFFFADPSC-MGDYV
PDVFV-UHFFFADPSC-NUHFF-LUHFF-NUHFF-ZZZ (accessed on 22 July 2024).

Additional information on the characterization of the target compound is available
via the repository Chemotion: https://dx.doi.org/10.14272/MGDYVPDVFVURBP-UHF
FFAOYSA-L.1 (accessed on 22 July 2024).

3.4. Crystal Structure Determination

Single crystal X-ray diffraction data were collected on a STOE (Darmstadt, Germany)
STADIVARI diffractometer with monochromated Mo-Kα (λ = 0.71073 Å) radiation at
180 K. Using Olex2 version 1.5 [37], the structures were solved with the SHELXT version
2019 [38] structure solution program using intrinsic phasing and refined with the SHELXL
version 2019 [39] refinement package using least-squares minimization. Refinement was
performed with anisotropic temperature factors for all non-hydrogen atoms; hydrogen
atoms were calculated on idealized positions. Details regarding the crystal data and
structural refinement are given in Table 1. Selected bond lengths and angles are collected in
Tables S1 and S2.

Deposition Numbers CCDC-2353339 and CCDC-2353340 contain the supplementary crys-
tallographic data for this paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe https://www.ccdc.cam
.ac.uk/structures/ (accessed on 22 July 2024) Access Structures service.

3.5. Photoluminescent Measurements

The absorption spectra were collected in dichloromethane solutions employing an
Analytik Jena Specord 50 instrument (Jena, Germany). Room temperature photolumines-
cence emission (PL) and excitation (PLE) spectra were collected on powder samples using
a Horiba (Kyoto, Japan) Fluorolog-3C-22 spectrofluorometer equipped with a 450 W Xenon
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lamp. Suitable long-pass filters were placed in front of the acquisition systems to avoid
second-order effects. Photoluminescent lifetimes τ were recorded employing multi-channel
scaling modality (MCS) triggering the Xe lamp. Photoluminescence quantum yield Φ was
measured on solid samples using a Horiba (Kyoto, Japan) Quanta Phi integrating sphere.

3.6. DFT Calculations

The ground-state geometries optimization was carried out using the range-separate hy-
brid DFT functional TPSSh in combination with Ahlrichs and Weigend’s def2 split-valence
polarized (def2-SVP) basis set [40–42]. IR simulations were carried out to confirm reaching
a minimum in the calculations. The C-PCM implicit solvation model was added to the
calculations, considering dichloromethane as a continuous medium [43,44], as well as the
D4 model for the dispersion interaction [45]. Excited states and their relative energies were
investigated employing TDDFT (time-dependent DFT) calculations at the same theoretical
level [46]. This method was chosen to investigate the photophysical properties, including
the spin-orbit coupling, in the computations [47]. The calculations were carried out with
ORCA 5.0.4 through the bwHPC cluster [48,49], and the output files were analysed with
Multiwfn, version 3.8 [50,51]. Cartesian coordinates of the DFT-optimized structures are
provided in Table S8.

4. Conclusions

In this study, 2,1,3-benzoselenadiazole (BSeD) was successfully employed as a mono-
and bidentate N-donor ligand for the preparation of heteroleptic Cu(I) complexes with
triphenylphosphine and bis[(2-diphenylphosphino)phenyl] ether (DPEphos) in the coordi-
nation sphere. The species were isolated via displacement reaction on Cu(I) chloride in the
presence of AgClO4. The proposed formulae were supported by common spectroscopic
techniques together with 77Se NMR, which was recorded both for the free ligand and the
three derived Cu(I) complexes. In some cases, the structure was further elucidated by
single-crystal X-ray diffraction. All the derivatives were intensely colored as powder and
in concentrated solutions, with intense absorptions below 400 nm. The Cu(I) species with
the general formula [Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(PPh3)4(ClO4)2] were
characterized by weak emissions around 700 nm with lifetimes τ in the µs range, suggest-
ing the involvement of triplet emitting states. This outcome was supported by TDDFT
calculations, which were carried out on the optimized ground state geometries and with the
introduction of the spin-orbit coupling in the computations. To conclude, the introduction
of a heavier chalcogen atom, i.e., selenium, in the skeleton of the N-donor was found to
have a deleterious effect on the intensity and the lifetime of the emission compared to the
previously reported BTD Cu(I) derivatives, due to the increased spin-orbit coupling effect
and consequently the higher rate of the intersystem crossing.

Supplementary Materials: The following supporting information can be downloaded at: https://ww
w.mdpi.com/article/10.3390/inorganics12080201/s1, Table S1: Selected bond lengths [Å] and angles
[◦] for [Cu(BSeD)(PPh3)2(ClO4)]; Table S2: Selected bond lengths [Å] and angles [◦] for [Cu2(µ2-
BSeD)(DPEphos)2(ClO4)2]; Table S3: Hydrogen bonds parameters for [Cu(BSeD)(PPh3)2(ClO4)];
Table S4: Hydrogen bonds parameters for [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2]; Figure S1: Pictures of
the complexes as powder and in 0.02 M DCM solution; Figure S2: UV-vis spectra of the complexes in
the range 330–550 nm; Table S5: Selected bond lengths [Å] and angles [◦] for [Cu(BSeD)(PPh3)2(ClO4)]
obtained through DFT calculations; Figure S3: Overlapping the structures of [Cu(BSeD)(PPh3)2(ClO4)]
obtained through X-ray diffraction and DFT calculations; Table S6: Selected bond lengths [Å] and
angles [◦] for [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] obtained through DFT calculations; Figure S4: Over-
lapping structures of [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] obtained through X-ray diffraction and DFT
calculations; Figure S5: DFT-optimized structure of [Cu(BSeD)(PPh3)2(ClO4)] and selected (3,−1)
BPCs; Figure S6: DFT-optimized structure of [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2] and selected (3,−1)
BPCs. Figure S7: HOMO and LUMO plot of [Cu(BSeD)(PPh3)2(ClO4)] obtained through TDDFT
calculations; Table S8: Cartesian coordinates of the DFT-optimized ground singlet state structures of
[Cu(BSeD)(PPh3)2(ClO4)] and [Cu2(µ2-BSeD)(DPEphos)2(ClO4)2].
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