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Neutral Cu(I) complexes containing Schiff bases as chelating N-
donors and phosphines as P-donors were efficiently isolated
and characterized. The imines were obtained by straightforward
condensation between pyrrole-2-carboxaldehyde and the corre-
sponding aromatic amines. The structure of most of the Cu(I)
species was elucidated through single-crystal X-ray diffraction.
The Cu(I) complexes exhibited intense absorptions around 400–
500 nm ascribed to MLCT transitions. For some Cu(I) derivatives,
orange- and red-orange emissions were detected upon excita-

tion with near-UV and blue irradiation in the solid state. The
emission maxima were red-shifted once the benzothiazole-
derived Schiff base or Xantphos were employed as chelating
ligands. Microsecond-long lifetimes, wide emissions, and large
Stokes shifts suggest the involvement of triplet states in the
luminescent process. Electrochemical measurements and DFT
calculations were employed to rationalize the photolumines-
cence properties, which were ascribed to mixed 3LC/3MLCT
transitions.

Introduction

Luminescent Cu(I) complexes have emerged as promising
alternatives to second- and third-transition metals, such as Pt(II)
and Ir(III), for a wide variety of applications.[1–5] Cu(I) derivatives
have successfully been applied in organic light-emitting diodes
(OLEDs),[6] light-emitting electrochemical cells (LECs),[7] solar
cells[8] as well as photocatalysis.[9–13] Earth-abundant metals,
such as Cu, are less expensive and toxic compared to precious
elements such as Ru, Ir, Pt or Os.[3,14–15]

In most cases, the emission of Cu(I) complexes is ascribed to
a metal-to-ligand charge transfer process involving triplet
emitting states (3MLCT). At the excited state, the metal is
formally oxidized, whereas the ligands are reduced. Since the
latter are directly involved in the emissive mechanism, minor
modifications on their skeleton can cause noticeable differences
in the photoluminescent properties. The majority of the
heteroleptic Cu(I) complexes described in the literature are
cationic compounds having a chelating N-donor ligand, and

mono- or bidentate phosphines. In this case, the highest
occupied molecular orbital (HOMO) is primarily localized on the
Cu(I) center and the P-donor ligand, while the lowest
unoccupied molecular orbital (LUMO) is localized on the π*
orbitals of the diimine.[1,16] In the presence of suitable ligands,
Cu(I) derivatives can exhibit thermally activated delayed
fluorescence (TADF), a feature that is particularly appealing for
OLED technology, as both singlet and triplet excitons can be
harvested.[6,17–20]

Further, Schiff bases are useful organic compounds that can
easily be synthesized starting from an amine and an aldehyde
and are widely applied as mono- and polydentate ligands
towards transition metal complexes such as Fe(II), Co(II), Ni(II),
Pt(II), Pd(II) and Zn(II).[21–26] Hence, neutral Schiff bases were
successfully employed for the preparation of photoactive
cationic Cu(I) complexes.[27–29]

Given our interest in luminescent Cu(I) derivatives,[30–37] we
deemed it interesting to investigate the effect of substituted
pyrrole-based Schiff bases in the photophysical properties of
the derived complexes. The use of imines as chelating N-donors
for Cu(I) was previously described by Eisenberg’s group.[38]

However, the investigation focused on the different photo-
physical properties passing from pyrrole- to indole-derived
Schiff bases. Herein, we report the synthesis and character-
ization of a series of neutral heteroleptic Cu(I) complexes with
deprotonated Schiff bases as N-donors. The ligands were
obtained by straightforward condensation in the presence of
activated molecular sieve.[39] Triphenylphosphine, bis[(2-
diphenylphosphino)phenyl] ether (DPEphos) and (9,9-dimethyl-
9H-xanthene-4,5-diyl)bis(diphenylphosphine) (Xantphos) were
employed as P-donors due to the combination of steric
hindrance and extended π-conjugated systems that are known
to reduce the undesirable pseudo-Jahn-Teller distortion in the
excited state.[40]
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Results and Discussion

Synthesis and Characterization of the Complexes

The Schiff bases were prepared by condensation of 1H-pyrrole-
2-carboxaldehayde with the corresponding aromatic amine in
the presence of 4 Å activated molecular sieve (Taguchi’s
method).[37] In most cases, the product did not require any
further purification and was isolated as a microcrystalline solid.
The formation of the desired product was confirmed by the
appearance of a singlet between 8.21 and 8.78 ppm in the 1H
NMR spectra ascribable to the iminic CH. The corresponding
carbon was detected at around 150 ppm in the 13C NMR
spectra. As depicted in Scheme 1, the ligands were then
deprotonated using tBuOK, and the mixture was added to a
solution of CuCl and the chosen phosphine (PPh3, DPEphos or
Xantphos) in dry dichloromethane (DCM). After removing KCl
through filtration, the corresponding neutral heteroleptic Cu(I)
complexes were isolated as dark yellow solids in yields up to
86%. The products revealed to be air-stable and did not require
to be stored under inert atmosphere.
The presence of both N- and P-donor ligands was confirmed

by 1H, 13C and 31P{1H} NMR spectra. The disappearance of the
proton at low fields related to the pyrrole-NH is diagnostic for
the formation of the neutral Cu(I) complexes. Further, the 31P
signal related to the phosphine is often broadened owing to
fluxional behavior in solution. In particular, in the case of
[Cu(L5)(DPEphos)] and [Cu(L5)(Xantphos)], two 31P signals were
observable, probably due to an equilibrium between two
different Cu(I) complexes in solution, favored by the presence
of the chelating P-donors.
The structure of most of the Cu(I) complexes was confirmed

via X-ray diffraction. Suitable crystals were collected from the
slow diffusion of DCM/pentane or DCM/diethyl ether solutions.
The molecular structure of the complexes with the general
formula [Cu(L1)(PP)] where PP is (PPh3)2, DPEphos or Xantphos is
depicted in Figure 1. All crystal structures with the other Schiff
bases are given in the Supporting Information (Figures S1–S3).
Further, crystal data and structural refinement are collected in

Tables S1, S3, S5 and S7 and selected bond lengths and angles
are shown in Tables S2, S4, S6 and S8.
The heteroleptic Cu(I) complexes crystallized either in the

monoclinic (space group P21/c or P21/n) or in the triclinic (space
group P

ĭ
1) system. The metal center is four-coordinated to two

nitrogen and two phosphorus atoms in a distorted tetrahedral
geometry. Similar to what was observed for analogous
compounds,[38] the most irregular angle is N1-Cu1-N2 being
around 80° for all the Cu(I) complexes. It is worth mentioning
that the Cu(I) metal center in the molecular structure of
[Cu(L5)(Xantphos)] is disordered in two positions. One is the
proposed structure, while in the other one the ligand is
coordinated to the metal center through the iminic nitrogen
and the sulfur of the benzothiazole fragment.
Moreover, the phenyl fragment is inclined with respect to

the plane containing the pyrrole ring and the imine group. ThisScheme 1. Synthesis of the Cu(I) complexes.

Figure 1. Molecular structure of [Cu(L1)(PP)] where PP is (PPh3)2, DPEphos or
Xantphos (ellipsoid at 50% probability level). Hydrogen atoms are omitted
for clarity.
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effect is more evident when DPEphos is used as P-donor ligand,
probably due to π-π stacking interactions between the
phosphine and the phenyl ring. In this case, the torsion angle is
between 40° and 50°. On the other hand, the π-π stacking
interaction and consequently the torsion is not observed with
the benzothiazole moiety, and the ligand L5 is almost planar in
all the three Cu(I) derivatives [Cu(L5)(PP)] with PP= (PPh3)2,
DPEphos or Xantphos.

Electrochemical and Photoluminescent Properties

Cyclic voltammetry (CV) was conducted in dry DMF and under
Argon atmosphere on all the luminescent Cu(I) complexes. The
CV for [Cu(L1)(PPh3)2] and [Cu(L

5)(PPh3)2] is depicted in Figure 2.
Tetrabutylammonium hexafluorophosphate (TBAPF6) and ferro-
cene were employed as supporting electrolyte and internal
standard, respectively. Both Cu(I) complexes exhibit an irrever-
sible peak around 0.5 V ascribable to the oxidation of the metal

center to Cu(II). This is in line with previously described neutral
Cu(I) complexes. Another oxidation process is observable
around 0.8 V, probably due to the phosphines.[1]

The peak in the reduction process is essentially attributable
to the Schiff base ligand, as observable in the cationic wave of
the corresponding free ligands HL1 and HL5 (see Figure S4). For
[Cu(L1)(PPh3)2] the reduction peak is irreversible and lies at
� 2.73 V, while for HL1 it is localized at � 2.64 V. Instead, for
[Cu(L5)(PPh3)2] the same peak is cathodically shifted at � 2.28 V
(� 2.58 V for HL5). An additional reduction peak is observed for
the ligand HL5 at � 2.84 V. The potential gaps between the first
oxidation and reduction peaks are respectively equal to 3.2 and
2.9 V and in line with the absorption spectra. The reduction and
oxidation potentials of both Cu(I) complexes and ligands are
summarized in Table S9. The cyclic voltammetries for all the
[Cu(L)(PP)] with L=L1, L2, L3 and L5 and PP= (PPh3)2, DPEphos or
Xantphos are depicted in Figures S5–S8 and the corresponding
oxidation and reduction potentials are collected in Table S10.
The possible discrepancies between the photoluminescent and
the cyclovoltammetric data can be justified considering that
they were collected in the solid state and in solution,
respectively. Therefore, the interaction between the molecules
and the possible formation of aggregates are not compensated
by the solvent during the CV measurements and they are
mostly disregarded.
The Cu(I) complexes were intensely colored both as

powders and in concentrated solutions. The UV-vis spectra in
DCM are characterized by absorptions below 500 nm. As
observable in Table 1, the maximum molar coefficients are
between 25200 and 58300 M� 1 cm� 1. The band associated with
the MLCT transition is observable between 400 and 500 nm.
This band is shifted towards the blue region of the spectrum for
the three [Cu(L5)(PP)] derivatives (PP= (PPh3)2, DPEphos or
Xantphos). In addition, the absorption associated with the π*

!π transitions of the phosphine ligands can be observed for
wavelengths below 350 nm. The UV-vis spectra of [Cu(L1)(PPh3)2]
and [Cu(L5)(PPh3)2] are provided in the Supporting Information
(see Figure S9).
DFT and TD-DFT calculations (MN15/def2-SVP) were con-

ducted on [Cu(L1)(PPh3)2] and [Cu(L
5)(PPh3)2] at the ground state

considering DCM as C-PCM. The MLCT nature was confirmed
being the HOMO-LUMO transition mostly responsible for the
lowest energy absorptions (see Table S11 for the complete data
set). The computed λabs are roughly in line with the exper-
imental outcomes, with the maximum predicted respectively at
346 and 393 nm (see Table 1 for the experimentally obtained
photoluminescence data). In both cases, the hole and electron
distribution associated with the absorption highlights the
negligible involvement of the phosphines, as observable in
Figure 3. As observed for other anionic N-donors,[1] the HOMO is
localized partially on L1 and L5, and not on the phosphine,
increasing the intra-ligand charge transfer (LC) character of the
lowest energy band.
No appreciable luminescence was detected for the com-

plexes in solution at room temperature probably due to
vibrational quenching and pseudo-Jahn Teller distortion. There-
fore, the photoluminescence measurements were carried out

Figure 2. Cyclic voltammetry of [Cu(L1)(PPh3)2] (a) and [Cu(L
5)(PPh3)2] (b) at

100 mVs� 1 in dry DMF (5 ·10� 3 M) and Ar atmosphere (0.1 M TBAPF6).
Potentials are reported vs. ferrocene/ferrocenium (Fc/Fc+) redox couple.
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on powder samples. Although the presence of a sulfur atom in
the skeleton of the ligands was proven to enhance the
photophysical features and the electric conductivity in the
corresponding Cu(I) complexes,[41–44] the emissive properties of
[Cu(L4)(PP)] were negligible also in the solid state, therefore
they were not further investigated.
The Cu(I) complexes show orange to red-orange emission

upon excitation with near UV and blue light. Normalized PL and
PLE spectra for the representative [Cu(L1)(PPh3)2] and [Cu-
(L5)(PPh3)2] are provided in Figure 4. The Cu(I) complexes exhibit
almost unitary color purity (see Figure S10 for the CIE 1931
chromaticity diagram). In all cases, the emission spectra are
characterized by multiple peaks due to the vibronic structure,
further supporting the mixed LC/MLCT nature of the
emission.[45] The difference between the first and second
vibronic bands is between 1300 and 1400 cm� 1. The difference
is slightly lower for the second and third vibronic bands (1100–
1200 cm� 1).
The emission maxima appear to be red-shifted when

Xantphos was employed as P-donor or, more evidently, when L5

was used as N-donor. The latter can be justified by considering
the presence of a heavier atom in the skeleton of the ligand.
Consequently, the photoluminescent lifetimes τ and quantum
yields Φ are significantly lower for these Cu(I) complexes. This
outcome can be partly justified considering the energy gap law,
i. e. the increase of knr due to vibrational coupling for longer
wavelengths.[46–48] In contrast to what is commonly observed in
similar Cu(I) complexes,[1,35, 44] the use of chelating biphosphines
such as DPEphos and Xantphos does not improve the photo-
luminescent features, presumably because the rigidification of
the structure does not compensate the non-radiative processes.
Moreover, it is widely recognized that a wide bite angle in the

Table 1. Selected photoluminescence data for the Cu(I) complexes.

λabs[a], nm
(ɛ/104 M� 1cm� 1)

λem[b,c], nm
(n.i.)[d]

PLE[b,e], nm
(n.i.)[d]

Stokes shift, cm� 1 τ[b,f], μs Φ[b,g], %

[Cu(L1)(PPh3)2] <450, 258 (4.60), 395 (2.73) 575 (0.94), 625 (1), 662 (0.50) <480, 443 (1) 7900 334 7

[Cu(L1)(DPEphos)] <450, 288 (3.60), 386 (3.54) 599 (0.99), 649 (1), 679 (0.66) <480, 450 (1) 9200 212 5

[Cu(L1)(Xantphos)] <460, 292 (2.52), 393 (2.00) 597 (1), 652 (0.86), 712 (0.31) <480, 450 (1) 8700 18 2

[Cu(L2)(PPh3)2] <460, 257 (3.57), 407 (2.54) 572 (1), 618 (0.71), 654 (0.33) <500, 455 (1) 7100 288 28

[Cu(L2)(DPEphos)] <460, 276 (3.20), 405 (4.04) 573 (1), 617 (0.81), 672 (0.42) <500 7200 20 2

[Cu(L2)(Xantphos)] <450, 291 (7.06), 405 (4.53) 586 (1), 637 (0.70), 680 (0.28) <500, 460 (1) 7500 65 4

[Cu(L3)(PPh3)2] <460, 257 (5.90), 401 (3.23) 576 (1), 624 (0.89), 680 (0.45) <500 7500 486 17

[Cu(L3)(DPEphos)] <460, 300 (4.37), 411 (4.15) 570 (0.50), 609 (1), 660 (0.77) <490 6600 277 8

[Cu(L3)(Xantphos)] <460, 276 (4.53), 400 (5.83) 603 (1), 655 (0.93), 700 (0.52) <500 8400 85 2

[Cu(L4)(PPh3)2] <480, 260 (2.65), 403 (2.09) – – – – –

[Cu(L4)(DPEphos)] <470, 278 (2.32), 399 (2.16) – – – – –

[Cu(L4)(Xantphos)] <470, 289 (3.70), 407 (1.98) – – – – –

[Cu(L5)(PPh3)2] <500, 267 (2.69), 442 (2.74) 599 (0.97), 656 (1), 719 (0.59) <500, 485 (1) 5900 18 1

[Cu(L5)(DPEphos)] <500, 279 (2.62), 439 (3.18), 452 (sh) 605 (1), 659 (0.79) <500 6250 4 0.25

[Cu(L5)(Xantphos)] <500, 287 (3.09), 441 (3.27), 453 (sh) 622 (1), 668 (0.94) <500 6500 3 0.16

[a] DCM solution, rt. [b] Solid sample, rt. [c] λexcitation=350 nm. [d] n.i.=normalized intensity. [e] λemission=570–600 nm. [f] λexcitation=350–370 nm; λemission=
570–650 nm. [g] λexcitation=400–450 nm.

Figure 3. Hole (red) and electron (blue) distribution of ground singlet
optimized structures for [Cu(L1)(PPh3)2] and [Cu(L

5)(PPh3)2] related to the
lowest energy singlet !singlet absorption (surface isovalue=0.003 a.u.).
Inset: orbitals involved in the absorption process together with the
corresponding weighted coefficients in parenthesis. Color map: Cu, dark
orange; S, yellow; P, orange; N, blue; C, grey. Hydrogen atoms are omitted
for clarity.
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phosphines determined improved photophysical properties of
the corresponding Cu(I) complexes.[48–51] In this case, PPh3
exhibited a higher P2-Cu1-P1 angle compared to DPEphos and
Xantphos, thus supporting the enhanced emissive features of
the related Cu(I) derivatives based on the former with respect
to the latter (see Tables S2, S4, S6 and S8).
The photoluminescent lifetimes τ are all in the microsecond

range, suggesting the involvement of triplet states in the
emission as highlighted in Figure S11 for [Cu(L1)(PPh3)2] and
[Cu(L5)(PPh3)2]. This hypothesis is supported by the wide
emissions and the Stokes shift comprised between 6250 and
9200 cm� 1. The longest τ, equal to 486 μs, was detected for
[Cu(L3)(PPh3)2] and, although a clear trend could not be
observed, the measured τ is generally longer when PPh3 is used
as a P-donor. Similar considerations can be made for the Φ, and
the highest value, equal to 28%, was measured for [Cu-
(L2)(PPh3)2]. Remarkably, the higher HOMO-LUMO gap and the
mixed LC/MLCT mechanism due to the presence of an anionic
N-donor ligand determines an overall increase in the photo-
luminescent τ and Φ.[1,38] The emission and excitation spectra, as
well as the photoluminescence lifetime decay curves for
[Cu(L2)(PPh3)2] and [Cu(L

3)(PPh3)2] are collected in Figures S12
and S13.
The emission mechanism of [Cu(L1)(PPh3)2] and [Cu-

(L5)(PPh3)2] was investigated through DFT and TD-DFT calcu-
lations considering the optimized triplet geometries. The
structures are nearly superimposable with the corresponding
singlet state, being the root-mean-square deviation (RMSD) of
0.798 and 0.079 Å for [Cu(L1)(PPh3)2] and [Cu(L

5)(PPh3)2], respec-
tively. The emission is predicted between 689 and 698 nm for
both the Cu(I) derivatives, roughly in line with the experimental
data (see Table 1). The emission is ascribed to a pure HOMO-
LUMO transition for [Cu(L1)(PPh3)2], while in the case of
[Cu(L5)(PPh3)2] also the HOMO-1 orbital is involved (see
Table S11). Therefore, the hole-electron distribution is almost
specular to the one observed for the corresponding singlet!

singlet transition (see Figure S14 for the triplet!singlet tran-
sition). As previously observed for the absorption process, the
phosphines are not involved in the emissive mechanism, thus
the emission can be ascribed to a mixed 3LC/3MLCT transition.
To conclude, based on TD-DFT calculations, the computed

energy gaps between 1MLCT and 3MLCT do not support the
possibility of a TADF mechanism since the ΔE is around
8000 cm� 1 (see Table S12), as TADF is only possible when the
energy gap between the singlet and triplet MLCT is below
1500 cm� 1.[17]

Conclusions

Heteroleptic neutral Cu(I) complexes having Schiff bases as
chelating N-donor ligands were successfully synthesized and
characterized. Appreciable orange-red luminescence was ob-
served in the solid state with excitation in the near-UV and blue
regions. The emission was ascribed to a mixed 3LC/3MLCT based
on experimental data and DFT calculations. The photophysical
data highlights the dependence of photoluminescent lifetimes
and quantum yields upon the choice of the P-donor ligand and
the substituent on the para-position of the Schiff base. The
longest τ was measured when PPh3 and the bromo-substituted
HL3 were employed as P- and N-donor ligands, respectively. On
the other hand, despite not being directly involved in the
emission process, higher Φ were observed with triphenylphos-
phine regardless of the Schiff base used, owing to the wider
bite angle compared to DPEphos and Xantphos. The emissive
features were significantly lower when L5 was coordinated to
Cu(I), probably due to the bathochromic shift in the maxima
and the consequent increase in the vibrational coupling.
To conclude, the photophysical properties of the here

described Cu(I) complexes can be slightly tuned acting on the
substituent in the para-position of the Schiff base. The intense
absorption in the blue region makes these Cu(I) species suitable

Figure 4. Normalized PL and PLE spectra of [Cu(L1)(PPh3)2] (on the left, λexcitation=350 nm, λemission=570 nm) and [Cu(L5)(PPh3)2] (on the right, λexcitation=450 nm,
λemission=600 nm) collected in the solid state and at room temperature.
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candidates to be applied in photocatalysis and the study
presented here could help with the design of similar derivatives
to be employed for such purpose.

Experimental Section

General Remarks

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) and was degassed with
argon before usage for 5 min. The precipitation of the Cu(I)
complexes was performed with n-pentane or diethyl ether
purchased from Merck. CuCl was purchased from Merck together
with potassium tert-butoxide (tBuOK), triphenylphosphine, pyrrole-
2-carboxaldehyde, p-toluidine, p-bromoaniline and 4-
(methylthio)aniline. 4-(Trifluoromethyl)aniline and 2-aminobenzo-
thiazole were acquired respectively from ChemPur and TCI
Chemicals. DPEphos was obtained from Thermo Fisher, whereas
Xantphos was from BLDPharm. All chemicals were used without
any further purification. The heteronuclear NMR spectra of the Cu(I)
complexes were recorded in CDCl3 purchased from Eurisotop. All
reactions were carried out using Schlenk techniques under Ar
atmosphere.

General information concerning NMR, mass spectrometry, IR and
elemental analyses, as well as melting points and single-crystal X-
ray diffraction (XRD) analyses is detailed in the Supporting
Information. Additional information on the experimental procedure
is available via the Chemotion Repository.[52]

Synthesis of the Ligands

The aromatic amine (4.67 mmol, 1.00 equiv) and 1H-pyrrole-2-
carbaldehyde (444 mg, 4.67 mmol, 1.00 equiv) were added to a
flask together with 5 g of activated molecular sieves 4 Å and 25 mL
of dry DCM. In the case of (E)-N-(1,3-benzothiazol-2-yl)-1-(1H-pyrrol-
2-yl)methanimine, dry toluene was used as solvent. The reaction
mixture was refluxed for 24 hours, then the molecular sieves were
filtered off, and the solvent was evaporated under reduced
pressure. The product was treated with 5 mL of pentane to afford a
solid that was filtered, washed with 2×2.5 mL of pentane, and dried
in vacuo. In the case of (E)-N-(1,3-benzothiazol-2-yl)-1-(1H-pyrrol-2-
yl)methanimine, the product was recrystallized from cold ethanol.
The characterization data of HL1, HL2, HL3 and HL5 are in line with
the one reported for the same compounds obtained with different
experimental procedures.[53–56]

Characterization of (E)-N-(4-(methylthio)phenyl)-1-(1H-pyrrol-2-
yl)methanimine (HL4). Rf=0.62 (nHex/EtOAc 2 :1). m.p.: 80 °C. 1H
NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=9.79 (br. s, 1H),
8.27 (s, 1H), 7.33–7.22 (m, 2H), 7.18–7.11 (m, 2H), 6.90–6.94 (m, 1H),
6.71–6.65 (m, 1H), 6.32–6.26 (m, 1H), 2.50 (s, 3H). 13C NMR (100 MHz,
Chloroform-d [77.0 ppm], ppm) δ=149.3, 135.3, 130.9, 128.1 (2C),
123.3, 121.6 (2C), 116.7, 111.5, 110.7, 16.7. MS (EI, 70 eV, 60 °C), m/z
(%): 218.07 (5), 217.07 (16), 216.07 (100) [M]+, 215.07 (72), 201.05
(27), 200.04 (12), 168.07 (19), 108.01 (5). HRMS-EI (m/z): [M]+ calcd.
for C12H12N2S, 216.0716; found, 216.0717.

Synthesis of the Complexes

The Schiff base (606 μmol, 1.20 equiv) was deprotonated using a
stoichiometric amount of tBuOK (68.0 mg, 606 μmol, 1.20 equiv) in
5 mL of dry DCM under Ar atmosphere. The reaction mixture was

stirred for four hours, then transferred to a solution containing CuCl
(50.0 mg, 505 μmol, 1.00 equiv) and PP (1.01 mmol, 2.00 equiv. for
PPh3; 505 μmol, 1.00 equiv. for DPEphos and Xantphos) in 3 mL of
dry DCM. The solution rapidly changed to dark orange and KCl
started to precipitate. The reaction mixture was stirred for 18 hours
at 20 °C, then the salt was filtered off, and the solvent was
evaporated under reduced pressure to afford an oil that was
treated with 5 mL of pentane or diethyl ether. The product was
filtered off, washed with 2×5 mL of pentane (or diethyl ether), and
dried in vacuo to afford a dark yellow solid.

Characterization of [Cu(L1)(PPh3)2]. Yield: 64% (0.249 g). m.p. 140 °C.
1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.21 (s, 1H,
L1), 7.28–7.18 (m, 6H, PPh3), 7.16–7.06 (m, 24H, PPh3), 7.00 (s, 1H, L

1),
6.86 (d, J=3.4 Hz, 1H, L1), 6.83–6.78 (m, 2H, L1), 6.71–6.65 (m, 2H,
L1), 6.30 (dd, J=1.3 Hz, J=3.4 Hz, 1H, L1), 2.23 (s, 3H, L1). 31P{1H}
NMR (161 MHz, ppm) δ= � 1.26. 13C NMR (100 MHz, Chloroform-d
[77.0 ppm], ppm) δ=153.4, 149.4, 140.7, 136.8, 134.8 (d, J=22.2 Hz,
6C), 133.7 (d, J=8.6 Hz, 12C), 133.1, 129.1 (2C), 129.0 (6C), 128.2 (d,
J=8.6 Hz, 12C), 121.6 (2C), 116.9, 111.5, 20.7. MS (FAB, 3-NBA), m/z
(%):

678.04 (17), 676.04 (17), 590.11 (18), 589.11 (51) [Cu(PPh3)2]
+, 588.11

(41), 587.11 (100), 510.11 (10), 509.12 (15), 508.12 (10), 327.00 (29),
326.01 (13), 325.00 (62) [Cu(PPh3)]

+, 307.08 (10) [3-NBA], 279.06 (13),
263.07 (10), 262.06 (15) [PPh3], 185.04 (23) [L], 184.05 (14), 183.00
(30), 155.03 (11), 154.02 (42) [3-NBA], 138.03 (14), 137.02 (25) [3-
NBA], 136.01 (27), 107.02 (9), 88.99 (9). IR (ATR, v˜)=3098 (vw), 3072
(w), 3054 (w), 3002 (w), 2985 (w), 2941 (w), 1562 (vs), 1509 (m),
1489 (w), 1477 (m), 1434 (s), 1408 (w), 1385 (m), 1341 (w), 1302 (vs),
1279 (m), 1266 (m), 1222 (w), 1186 (m), 1171 (m), 1156 (w), 1113
(w), 1094 (m), 1071 (w), 1037 (s), 997 (w), 977 (w), 955 (w), 932 (w),
891 (w), 880 (w), 827 (w), 813 (w), 795 (w), 742 (vs), 734 (vs), 691
(vs), 618 (w), 611 (w), 527 (w), 504 (vs), 490 (vs), 443 (w), 432 (w),
416 (w) cm� 1. EA (C48H41CuN2P2): Calcd C, 74.74; H, 5.36; N, 3.63.
Found C, 73.68; H, 5.14; N, 3.74.

Characterization of [Cu(L1)(DPEphos)]. Yield: 69% (0.275 g). m.p.
193 °C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.16
(s, 1H, L1), 7.22–7.15 (m, 12H, DPEphos), 7.14–7.09 (m, 9H, DPEphos),
7.05 (s, 1H, L1), 6.95–6.70 (m, 12H, L1+DPEphos), 6.25 (dd, J=

1.4 Hz, J=3.4 Hz, 1H, L1), 2.20 (s, 3H, L1). 31P{1H} NMR (161 MHz,
ppm) δ= � 15.02. 13C NMR (100 MHz, Chloroform-d [77.0 ppm],
ppm) δ=158.6 (t, J=6.5 Hz, 2C), 152.7 (t, J=2.9 Hz), 149.1 (2C),
140.6 (t, J=1.5 Hz), 136.7, 134.3 (2C), 133.8 (t, J=8.5 Hz, 6C), 133.0
(t, J=14.8 Hz, 2C), 132.5 (2C), 130.5, 129.1 (2C), 129.0 (6C), 128.0 (t,
J=4.6 Hz, 8C), 126.5 (t, J=11.5 Hz, 2C), 124.1 (2C), 121.5 (2C), 120.0
(2C), 116.1, 111.1, 20.7. MS (FAB, 3-NBA), m/z (%): 785.33 (6) [M]+,
784.33 (5), 617.15 (6), 604.15 (19), 603.16 (51), 602.16 (41), 601.15
(100) [Cu(DPEphos)]+, 353.14 (7), 307.11 (18) [3-NBA], 289.09 (7),
199.00 (12), 195.10 (6), 185.08 (6), 184.07 (6), 183.02 (12), 155.04
(18), 154.03 (61) [3-NBA], 152.04 (5), 139.05 (8), 138.05 (22), 137.04
(41) [3-NBA], 136.03 (41), 135.03 (5), 124.04 (5), 120.04 (6), 107.05
(13), 91.03 (8), 90.02 (7), 89.01 (12). IR (ATR, v˜)=3068 (vw), 3050
(vw), 3030 (vw), 3021 (vw), 2963 (vw), 1562 (vs), 1508 (m), 1479 (w),
1461 (m), 1432 (vs), 1384 (s), 1337 (vw), 1295 (vs), 1281 (m), 1265
(w), 1257 (m), 1207 (vs), 1183 (s), 1171 (w), 1155 (w), 1128 (w), 1120
(w), 1108 (w), 1092 (m), 1069 (w), 1028 (vs), 997 (w), 977 (w), 958
(w), 950 (w), 936 (w), 919 (w), 893 (w), 882 (m), 871 (m), 854 (w), 828
(w), 819 (w), 799 (m), 764 (w), 745 (vs), 740 (vs), 732 (vs), 713 (w),
692 (vs), 668 (m), 643 (w), 614 (m), 585 (w), 544 (m), 532 (w), 522
(vs), 507 (vs), 492 (vs), 477 (vs), 465 (vs), 449 (m), 432 (s), 421 (s), 410
(vs) cm� 1. EA (C48H39CuN2OP2): Calcd C, 73.41; H, 5.01; N, 3.57. Found
C, 73.00; H, 4.82; N, 3.63.

Characterization of [Cu(L1)(Xantphos)]. Yield: 77% (0.323 g). m.p.
257 °C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.33
(s, 1H, L1), 7.53 (dd, J=1.5 Hz, J=7.8 Hz, 2H, Xantphos), 7.20 (m, 8H,
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Xantphos), 7.13–7.07 (m, 12H, Xantphos), 7.01 (t, J=7.7 Hz, 2H,
Xantphos), 6.88 (d, J=3.5 Hz, 1H, L1), 6.69–6.67 (m, 3H, L1), 6.60 (d,
J=8.1 Hz, 2H, Xantphos), 6.47–6.43 (m, 2H, Xantphos), 6.22 (dd, J=

1.3 Hz, J=3.4 Hz, 1H, L1), 2.15 (s, 3H, L1), 1.80 (s, 3H, Xantphos), 1.71
(s, 3H, Xantphos). 31P{1H} NMR (161 MHz, ppm) δ= � 14.17. 13C NMR
(100 MHz, Chloroform-d [77.0 ppm], ppm) δ=155.4 (t, J=6.7 Hz,
2C), 152.1 (t, J=2.7 Hz), 148.8 (2C), 140.7 (t, J=1.7 Hz), 136.4, 134.2,
134.1, 134.0 (t, J=8.7 Hz, 4C), 133.8, 133.7, 133.5 (t, J=1.6 Hz),
133.1 (t, J=8.0 Hz, 4C), 132.4 (2C), 131.0 (2C), 129.0 (2C), 128.9 (4C),
128.7 (2C), 128.3 (t, J=4.7 Hz, 4C), 128.2 (t, J=4.5 Hz, 4C), 125.4
(2C), 124.2 (t, J=2.2 Hz, 2C), 122.3 (t, J=10.9 Hz), 120.9 (2C), 116.5,
111.2, 36.0 (t, J=1.5 Hz), 28.9, 27.0, 20.7. MS (FAB, 3-NBA), m/z (%):
678.09 (11), 677.09 (5), 676.08 (12), 657.12 (6), 645.12 (5), 644.12
(22), 643.12 (55), 642.11 (47), 641.11 (100) [Cu(Xantphos)]+, 627.09
(7), 626.09 (8), 625.08 (8), 307.05 (8) [3-NBA], 191.92 (12), 185.01 (6),
184.00 (6), 182.97 (6), 154.97 (8) [3-NBA], 153.96 (29), 137.97 (10),
136.96 (17), 135.95 (19), 106.94 (5) [3-NBA], 88.90 (5). IR (ATR, v˜)=
3055 (vw), 2964 (vw), 1556 (s), 1509 (w), 1479 (w), 1461 (w), 1432
(s), 1402 (m), 1382 (m), 1292 (s), 1266 (w), 1257 (w), 1239 (vw), 1221
(m), 1208 (w), 1194 (w), 1182 (w), 1170 (w), 1154 (w), 1107 (w), 1093
(w), 1068 (w), 1028 (vs), 997 (vw), 971 (w), 890 (vw), 880 (w), 873
(w), 848 (vw), 825 (w), 814 (w), 798 (w), 778 (w), 745 (s), 731 (vs),
692 (vs), 680 (w), 608 (w), 533 (w), 520 (w), 507 (vs), 495 (m), 488
(m), 478 (w), 458 (m), 447 (w), 424 (m), 418 (w), 412 (w), 404 (w),
401 (w) cm� 1. EA (C51H45CuN2OP2): Calcd C, 74.03; H, 5.48; N, 3.39.
Found C, 70.81; H, 4.81; N, 3.35.

Characterization of [Cu(L2)(PPh3)2]. Yield: 72% (0.301 g). m.p.
>300 °C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.17
(s, 1H, L2), 7.30–7.26 (m, 6H, PPh3), 7.23 (d, J=8.2 Hz, 2H, L2), 7.15–
7.13 (m, 25H, L2+PPh3), 6.99 (d, J=3.5 Hz, 1H, L2), 6.79 (d, J=

8.3 Hz, 2H, L2), 6.38 (d, J=3.5 Hz, 1H, L2). 31P{1H} NMR (162 MHz,
ppm) δ= � 1.13. 13C NMR (100 MHz, Chloroform-d [77.0 ppm], ppm)
δ=155.0, 153.9, 140.8, 138.7, 134.4 (d, J=23.7 Hz, 6C), 133.7 (d, J=

14.9 Hz, 12C), 129.4 (6C), 128.4 (d, J=8.3 Hz, 12C), 125.9 (q, J=

3.6 Hz, 2C), 121.8 (2C), 119.1, 113.0. 19F NMR (376 MHz, ppm) δ=

� 61.61. MS (FAB, 3-NBA), m/z (%): 603.13 (9), 590.14 (19), 589.13
(52), 588.14 (42), 587.14 (100) [Cu(PPh3)2]

+, 564.10 (8), 563.11 (9),
562.10 (12), 327.02 (16), 326.01 (8), 325.02 (40) [Cu(PPh3)]

+, 307.09
(20) [3-NBA], 289.07 (10), 263.08 (8), 262.07 (18), 239.05 (7), 238.05
(5), 185.01 (5), 182.99 (14), 155.03 (16), 154.02 (54) [3-NBA], 152.03
(5), 139.03 (7), 138.03 (18), 137.02 (32) [3-NBA], 136.01 (35), 120.02
(5), 107.02 (11), 91.01 (7), 90.00 (6), 88.98 (10). IR (ATR, v˜)=3057
(w), 3043 (w), 3031 (w), 1664 (w), 1587 (w), 1557 (vs), 1513 (s), 1479
(m), 1434 (s), 1415 (w), 1385 (m), 1326 (s), 1309 (w), 1298 (s), 1285
(vs), 1271 (vs), 1231 (w), 1188 (w), 1173 (s), 1153 (s), 1111 (vs), 1094
(vs), 1074 (m), 1064 (vs), 1037 (vs), 1000 (m), 992 (m), 975 (s), 955
(m), 922 (w), 890 (w), 880 (m), 841 (s), 819 (w), 812 (w), 790 (w), 741
(vs), 693 (vs), 637 (w), 619 (w), 609 (m), 595 (w), 527 (w), 506 (vs),
493 (vs), 443 (w) cm� 1. EA (C48H40CuF3N2P2): Calcd C, 69.68; H, 4.87;
N, 3.39. Found C, 69.62; H, 4.49; N, 3.35.

Characterization of [Cu(L2)(DPEphos)]. Yield: 86% (0.365 g). m.p.
>300 °C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.17
(s, 1H, L2), 7.23–7.07 (m, 24H, L2+DPEphos), 6.91–6.83 (m, 8H, L2+
DPEphos), 6.70 (dtd, J=1.7 Hz, J=3.6 Hz, J=7.5 Hz, 2H, DPEphos),
6.28 (dd, J=1.3 Hz, J=3.5 Hz, 1H, L2). 31P{1H} NMR (162 MHz, ppm)
δ= � 14.16. 13C NMR (100 MHz, Chloroform-d [77.0 ppm], ppm) δ=

158.6 (t, J=6.4 Hz, 2C), 154.4, 153.0, 140.8, 138.5 (2C), 134.4 (2C),
133.9 (br, 8C), 132.9 (t, J=14.7 Hz, 4C), 130.9 (4C), 129.4 (4C), 128.2
(t, J=4.7 Hz, 6C), 126.2 (t, J=11.6 Hz, 2C), 125.6 (q, J=3.6 Hz, 2C),
121.6 (2C), 120.2 (2C), 118.4 (2C), 112.6. 19F NMR (376 MHz, ppm)
δ= � 61.67. MS (FAB, 3-NBA), m/z (%): 840.23 (3), 839.23 (3), 838.22
(4), 617.07 (3), 605.08 (4), 604.08 (19), 603.07 (53), 602.08 (40),
601.07 (100) [Cu(DPEphos)]+, 600.07 (2), 599.07 (2), 353.09 (5),
338.99 (2), 277.04 (2), 198.98 (8), 182.98 (6). IR (ATR, v˜)=3055 (w),
1554 (vs), 1514 (m), 1479 (w), 1462 (w), 1434 (vs), 1419 (w), 1383

(m), 1324 (s), 1300 (m), 1282 (vs), 1259 (vs), 1224 (s), 1211 (s), 1171
(vs), 1150 (vs), 1108 (vs), 1096 (vs), 1064 (vs), 1028 (vs), 999 (m), 972
(m), 949 (w), 875 (m), 858 (w), 841 (s), 803 (w), 789 (w), 762 (w), 747
(vs), 737 (vs), 693 (vs), 637 (w), 619 (w), 608 (w), 595 (w), 543 (w),
520 (w), 506 (vs), 484 (s), 476 (s), 436 (w), 414 (s), 395 (w) cm� 1. EA
(C48H38CuF3N2OP2): Calcd C, 68.53; H, 4.55; N 3.33. Found C 68.52; H
4.12; N 3.37.

Characterization of [Cu(L2)(Xantphos)]. Yield: 70% (0.311 g). m.p.
>300 °C. 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.27
(s, 1H, L2), 7.50 (dd, J=1.4 Hz, J=7.8 Hz, 2H, Xantphos), 7.24 (t, J=

7.2 Hz, 2H, L2), 7.19–7.05 (m, 18H, L2+Xantphos), 7.02–6.98 (m, 3H,
L2+Xantphos), 6.93–6.89 (m, 3H, L2), 6.58 (d, J=8.2 Hz, 2H,
Xantphos), 6.44–6.40 (m, 2H, Xantphos), 6.29 (dd, J=1.2 Hz, J=

3.5 Hz, 1H, L2), 1.83 (s, 3H, Xantphos), 1.64 (s, 3H, Xantphos). 31P{1H}
NMR (162 MHz, ppm) δ= � 13.93. 13C NMR (100 MHz, Chloroform-d
[77.0 ppm], ppm) δ=155.4 (t, J=6.5 Hz, 2C), 154.4, 152.9 (t, J=

2.7 Hz), 140.7 (t, J=1.8 Hz, 2C), 138.3 (2C), 134.2 (t, J=8.7 Hz, 2C),
133.9 (t, J=14.3 Hz), 133.6 (t, J=1.3 Hz), 133.4 (t, J=16.2 Hz), 132.6
(t, J=7.9 Hz, 2C), 130.9, 129.4, 128.7 (2C), 128.3 (t, J=4.8 Hz, 8C),
128.1 (t, J=4.6 Hz, 8C), 125.6, 125.4 (q, J=3.8 Hz, 2C), 124.4 (t, J=

1.9 Hz, 2C), 122.0 (t, J=11.1 Hz, 2C), 120.9, 118.5, 112.5, 36.1 (t, J=

1.4 Hz), 29.7, 25.7. 19F NMR (376 MHz, ppm) δ= � 61.63. MS (FAB, 3-
NBA), m/z (%): 657.16 (6), 645.15 (5), 644.15 (22), 643.15 (54), 642.15
(46), 641.14 (100) [Cu(Xantphos)]+, 627.12 (6), 626.12 (8), 625.11 (7),
307.08 (5) [3-NBA], 155.02 (5), 154.02 (17) [3-NBA], 138.03 (5), 137.02
(10) [3-NBA], 136.01 (12). IR (ATR, v˜)=3064 (vw), 2965 (w), 1551
(vs), 1513 (m), 1479 (w), 1435 (m), 1402 (vs), 1384 (s), 1323 (s), 1307
(w), 1276 (vs), 1222 (vs), 1187 (m), 1169 (vs), 1106 (vs), 1062 (vs),
1031 (vs), 999 (m), 970 (m), 959 (m), 921 (w), 881 (m), 861 (w), 839
(m), 815 (w), 789 (w), 779 (w), 745 (vs), 731 (vs), 693 (vs), 680 (s), 637
(w), 606 (w), 589 (w), 533 (w), 506 (vs), 483 (m), 466 (s), 433 (w), 411
(m), 392 (w), 384 (w) cm� 1. EA (C51H42CuF3N2OP2): Calcd C 69.50; H
4.80; N 3.18. Found C 69.54; H 4.42; N 3.25.

Characterization of [Cu(L3)(PPh3)2]. Yield: 70% (0.296 g). m.p. 169 °C
(dec.). 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.14 (s,
1H, L3), 7.31 (m, 7H, L3+PPh3), 7.23–7.15 (m, 25H, L

3+PPh3), 7.10–
7.08 (m, 2H, L3), 6.93 (d, J=3.5 Hz, 1H, L3), 6.65–6.61 (m, 1H, L3), 6.35
(d, J=4.3 Hz, 1H, L3). 31P{1H} NMR (162 MHz, ppm) δ= � 1.75. 13C
NMR (100 MHz, Chloroform-d [77.0 ppm], ppm) δ=153.7, 151.0,
140.7 (6C), 138.0 (2C), 134.2, 133.8 (d, J=15.2 Hz, 12C), 131.6 (2C),
129.5 (6C), 128.5 (d, J=8.9 Hz, 12C), 123.4, 118.3, 116.2, 112.5. MS
(FAB, 3-NBA), m/z (%): 678.10 (17), 676.09 (17), 603.13 (10), 590.14
(19), 589.14 (53), 588.14 (41), 587.14 (100) [Cu(PPh3)2]

+, 327.02 (46),
326.02 (19), 325.02 (95) [Cu(PPh3)]

+, 279.07 (18), 277.08 (12), 263.07
(30), 262.07 (79), 247.96 (10), 233.05 (12), 195.08 (10), 185.01 (22),
183.00 (50), 154.02 (30) [3-NBA], 138.03 (10), 137.02 (18) [3-NBA],
136.01 (25), 107.02 (10), 88.99 (13). IR (ATR, v˜)=3054 (w), 1589 (w),
1554 (vs), 1500 (w), 1477 (m), 1434 (s), 1401 (w), 1383 (m), 1298 (s),
1275 (m), 1222 (w), 1184 (m), 1170 (m), 1159 (w), 1094 (m), 1069
(w), 1040 (s), 1027 (m), 999 (w), 976 (w), 956 (w), 891 (w), 877 (w),
827 (w), 806 (w), 778 (w), 739 (vs), 691 (vs), 642 (w), 632 (w), 619
(w), 609 (w), 527 (w), 504 (vs), 490 (vs), 443 (w), 416 (w), 402 (w)
cm� 1. EA (C47H40BrCuN2P2): Calcd C 67.34; H 4.81; N 3.34. Found C
67.10; H 4.54; N 2.68.

Characterization of [Cu(L3)(DPEphos)]. Yield: 71% (0.274 g). m.p.
198 °C (dec.). 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=

8.13 (s, 1H, L3), 7.23–7.10 (m, 22H, L3+DPEphos), 6.98–6.94 (m, 2H,
L3+DPEphos), 6.91–6.84 (m, 4H, DPEphos), 6.79 (d, J=3.5 Hz, 1H,
L3), 6.75–6.69 (m, 4H, L3+DPEphos), 6.27 (d, J=4.0 Hz, 1H, L3). 31P
{1H} NMR (162 MHz, ppm) δ= � 15.01. 13C NMR (100 MHz, Chloro-
form-d [77.0 ppm], ppm) δ=158.6 (t, J=6.5 Hz, 2C), 152.7 (t, J=

2.7 Hz), 150.5, 140.7 (t, J=1.5 Hz), 137.8, 134.4 (2C), 133.9–133.7 (m,
8C), 133.0 (t, J=15.0 Hz, 4C), 131.2 (2C), 130.8 (4C), 129.2 (2C), 128.2
(t, J=4.8 Hz, 8C), 126.3 (t, J=11.4 Hz, 2C), 124.3 (t, J=1.7 Hz, 2C),
123.3 (2C), 120.2 (t, J=1.8 Hz, 2C), 117.5 (t, J=1.7 Hz), 115.8, 112.1.
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MS (FAB, 3-NBA), m/z (%): 657.12 (8), 645.11 (5), 644.12 (22), 643.11
(54), 642.11 (45), 641.11 (100) [Cu(DPEphos)]+, 628.08 (5), 627.08 (7),
626.08 (9), 625.08 (8), 154.02 (9) [3-NBA], 137.02 (6) [3-NBA], 136.02
(7). IR (ATR, v˜)=3060 (vw), 1587 (w), 1557 (vs), 1503 (w), 1470 (m),
1458 (w), 1432 (vs), 1397 (w), 1383 (s), 1290 (vs), 1258 (w), 1213 (vs),
1186 (m), 1157 (w), 1125 (w), 1094 (w), 1068 (w), 1031 (vs), 1006
(w), 975 (w), 945 (w), 878 (m), 863 (w), 834 (w), 807 (w), 800 (w), 778
(w), 738 (vs), 693 (vs), 612 (w), 545 (m), 523 (m), 509 (s), 496 (s), 489
(s), 475 (s), 445 (w), 435 (w), 422 (w), 411 (w) cm� 1. EA
(C47H38BrCuN2OP2): Calcd C 66.24; H 4.49; N 3.29. Found C 65.88; H
4.17; N 3.41.

Characterization of [Cu(L3)(Xantphos)]. Yield: 81% (0.363 g). m.p.
237 °C (dec.). 1H NMR (400 MHz, Chloroform-d [7.26 ppm], ppm) δ=

8.32 (s, 1H, L3), 7.61 (dd, J=7.8 Hz, J=1.4 Hz, 2H, Xantphos), 7.32 (t,
J=7.3 Hz, 2H, L3), 7.20 (m, 18H, L3+Xantphos), 7.09 (t, J=7.7 Hz,
2H, Xantphos), 7.01 (d, J=3.5 Hz, 1H, L3), 6.92 (s, 1H, L3), 6.88–6.86
(m, 2H, Xantphos), 6.56–6.51 (m, 4H, L3+Xantphos), 6.35–6.34 (m,
1H, L3), 1.91 (s, 3H, Xantphos), 1.73 (s, 3H, Xantphos). 31P{1H} NMR
(162 MHz, ppm) δ= � 14.10. 13C NMR (100 MHz, Chloroform-d
[77.0 ppm], ppm) δ=155.4 (t, J=6.5 Hz, 2 C), 152.4 (t, J=2.7 Hz),
150.4, 140.6 (t, J=1.7 Hz, 2C), 137.5, 134.1 (t, J=8.3 Hz, 4C), 134.1,
133.9, 133.8, 133.7 (t, J=15.5 Hz, 2C), 133.6 (t, J=1.4 Hz, 2C), 132.8
(t, J=8.0 Hz, 4C), 131.2 (2C), 130.9, 129.3 (2C), 128.7 (2C), 128.3 (t,
J=4.7 Hz, 4C), 128.1 (t, J=4.6 Hz, 4C), 125.6 (2C), 124.4, 122.6 (2C),
122.1 (t, J=11.0 Hz), 117.7 (t, J=1.6 Hz), 115.4, 112.1, 36.1 (t, J=

1.5 Hz), 29.5, 26.2. MS (FAB, 3-NBA), m/z (%): 657.12 (8), 645.11 (5),
644.12 (22), 643.11 (54), 642.11 (45), 641.11 (100) [Cu(Xantphos)]+,
628.08 (5), 627.08 (7), 626.08 (9), 625.08 (8), 154.02 (9) [3-NBA],
137.02 (6), 136.02 (7) [3-NBA]. IR (ATR, v˜)=3051 (vw), 2962 (w),
2921 (vw), 1587 (w), 1550 (vs), 1496 (w), 1470 (m), 1434 (s), 1401
(vs), 1381 (s), 1363 (w), 1283 (vs), 1239 (w), 1222 (vs), 1181 (s), 1167
(m), 1152 (w), 1119 (w), 1095 (m), 1068 (w), 1028 (vs), 1001 (m), 970
(m), 950 (w), 875 (m), 824 (m), 792 (w), 788 (w), 776 (m), 752 (s), 737
(vs), 691 (vs), 642 (w), 618 (w), 608 (w), 586 (w), 534 (m), 509 (vs),
501 (vs), 483 (s), 467 (s), 435 (w), 411 (w), 398 (w) cm-1. EA
(C50H42BrCuN2OP2): Calcd C 67.30; H 4.74; N 3.14. Found C 67.11; H
4.45; N 3.09.

Characterization of [Cu(L4)(PPh3)2]. Yield: 85% (0.346 g). m.p. 100 °C
(dec.). 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=8.17 (s,
1H, L4), 7.30–7.25 (m, 6H, PPh3), 7.16–7.14 (m, 24H, PPh3), 7.07 (s, 1H,
L4), 7.00–6.94 (m, 2H, L4), 6.91 (d, J=3.4 Hz, 1H, L4), 6.76–6.70 (m,
2H, L4), 6.34 (dd, J=1.4 Hz, J=3.5 Hz, 1H, L4), 2.43 (s, 3H, L4). 31P{1H}
NMR (162 MHz, ppm) δ � 1.41. 13C NMR (100 MHz, Chloroform-d
[77.0 ppm], ppm) δ=153.5, 149.5, 140.6, 137.4, 134.5 (d, J=24.5 Hz,
6C), 133.8 (d, J=15.4 Hz, 12C), 129.3 (6C), 128.4 (d, J=8.1 Hz, 12C),
128.3 (2C), 122.2 (2C), 117.7, 112.1, 17.2. MS (FAB, 3-NBA), m/z (%):
590.10 (20), 589.09 (57), 588.10 (42), 587.10 (100) [Cu(PPh3)2]

+,
543.07 (11), 542.08 (25), 541.08 (25), 540.08 (43), 327.00 (48), 326.00
(21), 325.00 (98) [Cu(PPh3)]

+, 279.05 (14), 277.97 (11), 277.07 (12),
263.06 (30), 262.05 (67) [PPh3], 233.04 (19), 185.00 (21), 182.99 (48),
154.01 (29) [3-NBA], 137.01 (17), 136.01 (22) [3-NBA]. IR (ATR, v˜)=
3053 (vw), 2918 (vw), 1594 (w), 1555 (s), 1500 (w), 1476 (m), 1434
(s), 1402 (w), 1384 (m), 1293 (s), 1273 (m), 1222 (w), 1183 (w), 1171
(w), 1157 (w), 1120 (vw), 1092 (m), 1071 (w), 1035 (s), 996 (w), 973
(w), 958 (w), 891 (w), 878 (w), 851 (vw), 829 (w), 781 (w), 741 (vs),
693 (vs), 618 (w), 611 (w), 547 (vw), 527 (w), 504 (vs), 492 (vs), 452
(w), 441 (w), 428 (w), 416 (w), 382 (w) cm� 1. EA (C48H43CuN2P2S):
Calcd C 71.58; H 5.38; N 3.48. Found C 71.01; H 5.08; N 3.54.

Characterization of [Cu(L4)(DPEphos)]. Yield: 60% (0.247 g). m.p.
180 °C (dec.). 1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=

8.16 (d, J=0.9 Hz, 1H, L4), 7.22–7.09 (m, 23H, L4+DPEphos), 6.91–
6.82 (m, 8H, L4+DPEphos), 6.77 (d, J=3.4 Hz, 1H, L4), 6.74–6.68 (m,
2H, DPEphos), 6.26 (dd, J=1.4 Hz, J=3.5 Hz, 1H, L4), 2.37 (s, 3H, L4).
31P{1H} NMR (162 MHz, ppm) δ= � 15.06. 13C NMR (100 MHz, Chloro-
form-d [77.0 ppm], ppm) δ=158.6 (t, J=6.5 Hz, 2C), 152.3 (t, J=

2.7 Hz), 149.5, 140.6, 137.3, 134.3 (2C), 133.8 (br, 6C), 133.1 (t, J=

15.0 Hz, 4C), 131.3, 130.6 (4C), 129.0 (4C), 128.4 (2C), 128.1 (t, J=

4.4 Hz, 8C), 126.3 (t, J=11.4 Hz, 2C), 124.1 (t, J=1.4 Hz, 2C), 122.2
(2C), 120.0 (2C), 116.8, 111.6, 17.5. MS (FAB, 3-NBA), m/z (%): 619.06
(7), 618.07 (5), 617.06 (13), 604.07 (19), 603.07 (52), 602.06 (41),
601.06 (100) [Cu(DPEphos)]+, 353.09 (11), 307.06 (6) [3-NBA], 277.05
(7), 233.03 (7), 217.03 (7), 216.02 (8) [L], 198.98 (14), 182.98 (11),
155.02 (6), 154.01 (22) [3-NBA], 138.02 (7), 137.01 (14), 136.00 (16)
[3-NBA], 107.01 (5), 88.98 (5). IR (ATR, v˜)=3063 (w), 3054 (w), 1587
(w), 1562 (vs), 1504 (w), 1476 (m), 1459 (m), 1434 (vs), 1398 (w),
1384 (m), 1290 (vs), 1268 (w), 1258 (m), 1218 (vs), 1187 (m), 1159
(w), 1123 (w), 1092 (m), 1069 (w), 1033 (vs), 1011 (w), 999 (w), 973
(w), 942 (w), 891 (vw), 878 (m), 858 (w), 849 (vw), 829 (w), 802 (w),
778 (w), 737 (vs), 713 (w), 693 (vs), 667 (w), 612 (w), 545 (m), 523
(m), 507 (vs), 489 (s), 473 (s), 446 (w), 431 (w), 421 (w), 412 (w), 397
(vw) cm� 1. EA (C48H41CuN2OP2S): Calcd C, 70.36; H, 5.04; N, 3.42; S,
3.91. Found C, 69.57; H, 4.83; N, 3.42; S, 3.76.

Characterization of [Cu(L4)(Xantphos)]. Yield: 75% (0.325 g). m.p.
100 °C (dec.).1H NMR (400 MHz, Chloroform-d [7.27 ppm], ppm) δ=

8.24 (s, 1H, L4), 7.46 (dd, J=1.4 Hz, J=7.8 Hz, 2H, Xantphos), 7.39–
7.34 (m, 1H, L4), 7.16–7.09 (m, 9H, L4+Xantphos), 7.06–6.99 (m, 11H,
L4+Xantphos), 6.94 (t, J=7.7 Hz, 8H, Xantphos), 6.83 (d, J=3.5 Hz,
1H, L4), 6.72 (s, 1H, L4), 6.63–6.56 (m, 4H, L4+Xantphos), 6.37 (dtd,
J=1.4 Hz, J=3.6 Hz, J=7.3 Hz, 2H, Xantphos), 6.18 (dd, J=1.3 Hz,
J=3.5 Hz, 1H, L4), 2.28 (s, 3H, L4), 1.76 (s, 3H, Xantphos), 1.60 (s, 3H,
Xantphos). 31P{1H} NMR (162 MHz, ppm) δ= � 14.21. 13C NMR
(100 MHz, Chloroform-d [77.0 ppm], ppm) δ=155.5 (t, J=6.5 Hz,
2C), 152.0 (t, J=2.8 Hz), 149.2, 140.8 (2C), 137.2, 134.2, 134.2 (t, J=

8.5 Hz, 6C), 133.9 (t, J=8.5 Hz), 133.8, 133.7, 133.6, 133.0 (t, J=

8.2 Hz, 2C), 131.6, 131.3, 131.1, 129.9 (2C), 129.3 (2C), 128.8, 128.7 (t,
J=5.0 Hz, 2C), 128.3 (t, J=4.8 Hz, 6C), 128.1 (t, J=4.6 Hz, 2C), 125.6
(2C), 124.4 (2C), 122.4 (t, J=11.1 Hz), 121.6 (2C), 117.2, 111.8, 36.2 (t,
J=1.4 Hz), 29.4, 26.5, 17.3. MS (FAB, 3-NBA), m/z (%): 644.14 (22),
643.13 (54), 642.13 (46), 641.13 (100) [Cu(Xantphos)]+, 626.11 (9),
154.01 (13) [3-NBA], 136.01 (10) [3-NBA]. IR (ATR, v˜)=3058 (w),
3048 (w), 2973 (w), 2962 (w), 2921 (w), 1594 (w), 1550 (vs), 1500 (w),
1477 (m), 1434 (s), 1402 (vs), 1383 (vs), 1358 (w), 1288 (vs), 1224
(vs), 1204 (w), 1183 (s), 1171 (s), 1152 (w), 1120 (w), 1094 (m), 1071
(w), 1031 (vs), 997 (w), 972 (w), 956 (w), 877 (m), 820 (w), 790 (w),
779 (m), 748 (vs), 731 (vs), 693 (vs), 680 (s), 667 (m), 608 (w), 533
(w), 506 (vs), 483 (m), 466 (m), 409 (w) cm� 1. EA (C51H45CuN2OP2S):
Calcd C 71.27; H 5.28; N 3.26; S 3.73. Found C 69.51; H 4.93; N 3.24;
S 3.68.

Characterization of [Cu(L5)(PPh3)2]. Yield: 75% (0.298 g). m.p. 130 °C
(dec.). 1H NMR (500 MHz, Chloroform-d [7.26 ppm], ppm) δ=8.62 (s,
1H, L5), 7.70–7.64 (m, 2H, L5), 7.55 (m, 1H, L5), 7.47 (m, 1H, L5), 7.33–
7.25 (m, 18H, L5+PPh3), 7.13 (t, J=7.6 Hz, 14H, L5+PPh3), 6.41 (d,
J=3.8 Hz, 1H, L). 31P{1H} NMR (162 MHz, ppm) δ= � 0.80. 13C NMR
(100 MHz, Chloroform-d [77.0 ppm], ppm) δ=153.3, 152.1, 142.7,
140.6, 134.1 (d, J=25.7 Hz, 6C), 133.8 (d, J=14.5 Hz, 12C), 132.2 (d,
J=9.9 Hz), 129.4 (6C), 128.6 (d, J=12.2 Hz), 128.3 (d, J=8.5 Hz,
12C), 125.7, 123.8, 122.8, 121.1, 120.7, 116.5. MS (FAB, 3-NBA), m/z
(%): 590.10 (19), 589.10 (48), 588.09 (37), 587.10 (100) [Cu(PPh3)2]

+,
554.05 (12), 553.05 (13), 552.06 (24), 551.05 (18), 475.02 (12), 326.98
(39), 325.99 (19), 324.99 (83) [Cu(PPh3)]

+, 307.04 (9) [3-NBA], 304.04
(10), 279.05 (14), 263.05 (30), 262.04 (68) [PPh3], 228.00 (10), 185.00
(16), 182.98 (40), 155.01 (11), 154.00 (45) [3-NBA], 152.00 (8), 150.99
(17), 149.98 (9), 138.01 (14), 137.01 (28), 136.00 (33) [3-NBA], 107.01
(10), 88.97 (11). IR (ATR, v˜)=3050 (w), 1567 (s), 1499 (w), 1473 (vs),
1455 (m), 1434 (vs), 1375 (vs), 1339 (w), 1313 (w), 1295 (w), 1261
(vs), 1197 (m), 1177 (w), 1163 (s), 1150 (vs), 1128 (m), 1092 (m),
1064 (w), 1024 (vs), 997 (m), 966 (s), 931 (w), 921 (m), 887 (w), 851
(w), 837 (m), 817 (w), 739 (vs), 720 (s), 691 (vs), 662 (s), 628 (w), 618
(w), 601 (w), 551 (w), 527 (w), 516 (vs), 503 (vs), 486 (s), 433 (w), 415
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(w), 384 (w) cm� 1. EA (C48H40CuN3P2S): Calcd C 70.62; H 4.94; N 5.15.
Found C 69.66; H 4.68; N 5.53.

Characterization of [Cu(L5)(DPEphos)]. Yield: 38% (0.160 g). m.p.
120 °C (dec.). 1H NMR (500 MHz, Chloroform-d [7.26 ppm], ppm) δ=

8.54 (s, 1H, L5), 7.71 (d, J=8.0 Hz, 1H, L5), 7.53–7.41 (m, 2H,
DPEphos), 7.37–7.27 (m, 3H, L5+DPEphos), 7.23–6.98 (m, 22H, L5+
DPEphos), 6.94–6.89 (m, 2H, L5+DPEphos), 6.86 (t, J=7.5 Hz, 2H, L5

+DPEphos), 6.74–6.68 (m, 2H, DPEphos), 6.18 (d, J=3.8 Hz, 1H, L5).
31P{1H} NMR (162 MHz, ppm) δ= � 14.22. 13C NMR (100 MHz, Chloro-
form-d [77.0 ppm], ppm) δ=158.7 (t, J=6.4 Hz, 2C), 152.8 (t, J=

2.3 Hz), 152.5, 142.5 (t, J=1.8 Hz), 140.5, 134.4 (2C), 134.3 (t, J=

8.3 Hz, 2C), 134.4–133.6 (m), 130.6 (4C), 130.0, 129.1 (6C), 128.7 (t,
J=5.0 Hz), 128.0 (t, J=4.6 Hz, 8C), 126.3 (t, J=12.3 Hz, 2C), 125.4
(2C), 124.1 (2C), 123.1, 122.3 (2C), 120.9, 120.3, 120.0 (2C), 116.0. MS
(FAB, 3-NBA), m/z (%): 604.07 (19), 603.07 (52), 602.07 (42), 601.06
(100) [Cu(DPEphos)]+, 353.07 (8), 199.00 (14), 183.01 (10). IR (ATR,
v˜)=3047 (w), 1585 (s), 1562 (m), 1494 (s), 1475 (vs), 1434 (vs), 1375
(s), 1367 (m), 1351 (m), 1295 (s), 1281 (m), 1265 (vs), 1242 (s), 1214
(vs), 1183 (m), 1164 (vs), 1152 (vs), 1122 (m), 1095 (m), 1067 (m),
1033 (vs), 1000 (m), 973 (s), 953 (m), 933 (m), 888 (m), 874 (m), 851
(w), 824 (s), 807 (m), 768 (w), 747 (vs), 737 (vs), 722 (s), 694 (vs), 663
(s), 628 (w), 618 (w), 603 (w), 544 (m), 523 (m), 506 (vs), 480 (s), 466
(m), 433 (w), 412 (m) cm� 1. EA (C48H36CuN3OP2S): Calcd C 69.60; H
4.38; N 5.07. Found C 65.82; H 4.04; N 4.69.

Characterization of [Cu(L5)(Xantphos)]. Yield: 25% (0.110 g). m.p.
120 °C (dec.). 1H NMR (400 MHz, Chloroform-d [7.26 ppm], ppm) δ=

8.91 (s, 1H, L5), 7.49 (dd, J=7.7 Hz, J=1.4 Hz, 2H, Xantphos), 7.26–
6.96 (m, 27H, L5+Xantphos), 6.73 (s, 1H, L5), 6.42 (dt, J=7.5 Hz, J=

3.7 Hz, 2H, Xantphos), 6.23 (d, J=3.9 Hz, 1H, L5), 1.76 (s, 3H,
Xantphos), 1.71 (s, 3H, Xantphos). 31P{1H} NMR (162 MHz, ppm) δ=

� 13.73. 13C NMR (100 MHz, Chloroform-d [77.0 ppm], ppm) δ=

173.9, 155.6 (t, J=6.6 Hz, 2C), 152.8, 151.3 (t, J=2.3 Hz, 2C), 142.4,
141.1 (2C), 134.0 (t, J=8.3 Hz, 4C), 133.8, 133.5, 133.4, 133.2, 133.2
(t, J=8.1 Hz, 4C), 131.3 (2C), 129.9, 129.2 (d, J=25.0 Hz, 4C), 128.4
(q, J=4.8 Hz, 4C), 125.8 (2C), 125.7 (2C), 124.4 (t, J=2.0 Hz, 2C),
123.9 (2C), 122.3 (t, J=11.9 Hz, 2C), 122.3, 122.1, 120.8 (2C), 120.4,
116.4, 36.2, 28.9, 27.8. MS (FAB, 3-NBA), m/z (%): 644.14 (21), 643.13
(54), 642.13 (45), 641.13 (100) [Cu(Xantphos)]+, 628.11 (6), 627.10
(8), 626.10 (10), 625.10 (9), 153.96 (8) [3-NBA], 135.95 (6) [3-NBA]. IR
(ATR, v˜)=3050 (w), 2970 (w), 1565 (s), 1499 (m), 1473 (vs), 1456
(m), 1434 (vs), 1402 (vs), 1375 (vs), 1339 (w), 1293 (m), 1261 (vs),
1241 (vs), 1224 (vs), 1196 (s), 1181 (m), 1162 (vs), 1150 (vs), 1120 (s),
1095 (s), 1064 (m), 1027 (vs), 965 (s), 921 (w), 885 (w), 875 (w), 847
(w), 834 (w), 817 (m), 790 (w), 776 (w), 741 (vs), 721 (s), 691 (vs), 660
(s), 629 (w), 618 (w), 601 (w), 588 (w), 533 (w), 507 (vs), 483 (w), 465
(m), 432 (w) cm� 1. EA (C51H40CuN3OP2S): Calcd C 70.53; H 4.64; N
4.55. Found C 69.89; H 4.68; N 4.55.

Crystal Structure Determination

Single crystal X-ray diffraction data were collected on a STOE STADI
VARI diffractometer with monochromated Mo� Kα (λ=0.71073 Å) or
Ga� Kα (λ=1.34143 Å) radiation at 180 K. Using Olex2,[57] the
structures were solved with the SHELXT [58] structure solution
program using intrinsic phasing and refined with the SHELXL[59]

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 refine-
ment are given in Tables S1, S3, S5 and S7. Selected bond lengths
and angles are collected in Tables S2, S4, S6 and S8.

Deposition Numbers https://www.ccdc.cam.ac.uk/services/struc-
tures?id=doi:10.1002/ejic.2024000802308161–2308172 contain the
supplementary crystallographic 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/ Access Structures service.

Photoluminescent Measurements

The absorption spectra were collected in dichloromethane solutions
employing an Analytik Jena Specord 50 instrument. Room temper-
ature photoluminescence emission (PL) and excitation (PLE) spectra
were collected on powder samples using a Horiba Fluorolog-3C-22
spectrofluorometer equipped with a 450 W Xenon 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) trigger-
ing the Xe lamp. Photoluminescence quantum yield Φ was
measured on solid samples using a Horiba Quanta Phi integrating
sphere.

Cyclic Voltammetry

Cyclic voltammetry experiments were performed with a Gamry
Interface 1010B in a three-electrode electrochemical cell. The
electrochemical cell was equipped with a glassy carbon disc
working electrode, an Ag reference electrode, and a Pt wire as the
auxiliary electrode. All the experiments were performed in dry DMF
(5 ·10� 3 M sample, 0.1 M TBAPF6) solution under Ar atmosphere.
Ferrocene (Fc) was added after each experiment as an internal
standard, according to IUPAC recommendations. The redox proper-
ties are reported versus the Fc/Fc+ couple.

Computational Calculations

The ground-state geometry optimizations were carried out using
the global-hybrid meta-NGA functional MN15 DFT functional and
the Ahlrichs and Weigend’s def2 split-valence polarized (def2-SVP)
basis set.[60–61] The C-PCM implicit solvation model was added to
MN15 calculations, considering dichloromethane as continuous
medium.[62–63] Excited states and their relative energies were
investigated employing TD-DFT (time-dependent DFT) calculations
at the same theoretical level, starting from singlet and triplet state
optimized geometries.[64] The software used was Gaussian 16 and
the output files were elaborated to obtain the hole and electron
distributions with the software MultiWFN, version 3.8.[65–66] Cartesian
coordinates of the DFT-optimized structures are provided in
Table S13.

Data Deposition in Repositories

The details on the chemical synthesis and original analytical
data were added to the repository Chemotion (www.chemo-
tion.net/home).[52]
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