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Heteroleptic copper(l) complexes, with a diimine as a chromophoric unit and a bulky diphosphine as an
ancillary ligand, have the advantage of a reduced pseudo Jahn-Teller effect in their excited state over the
corresponding homoleptic bis(diimine) complexes. Nevertheless, their lowest absorption lies generally
between 350 to 500 nm. Aiming at a strong absorption in the visible by stable heteroleptic Cu() com-
plexes, we designed a novel diimine based on 4-(benzolglquinoxal-2'-yl)-1,2,3-triazole derivatives. The
large n-conjugation of the benzoquinoxaline moiety shifted bathochromically the absorption with regard
to other diimine-based Cu() complexes. Adding another Cu() core broadened the absorption and

Received 24th March 2023, extended it to considerably longer wavelengths. Moreover, by fine-tuning the structure of the dichelating
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ligand, we achieved a panchromatic absorption up to 700 nm with a high molar extinction coefficient of
8000 M' cm™ at maximum (4 = 570 nm), making this compound attractive for light-harvesting
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Introduction

The economic evolution is deeply connected to the consump-
tion of fossil fuels, which has rapidly increased over the years.
However, this energy source is not limitless and is renewable
only in an unsustainable time." Moreover, the combustion of
fossil fuels leads to an increased CO, concentration in the
atmosphere, responsible for aggravating global warming.
Therefore, moving our economy towards renewable energy
sources is urgent. The most abundant, cleanest, and easily
accessible energy is solar light.> Nature can catch and use
light, converting water and CO, into organic compounds, like
glucose, through a cascade of different processes.’ In particu-
lar, natural photosynthesis converts solar into chemical energy
through photoinduced charge separation reactions, happening
in complex reaction centres. Light-harvesting systems sur-
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rounding those reaction centres are composed of many
chromophores and proteins to absorb and amplify the energy.*
To develop artificially solar-energy conversion schemes, many
scientists have designed efficient light-absorbing compounds,
which can be used in artificial light-harvesting arrays.” As for
natural photosynthetic systems, thus chromophores should
absorb a large portion of the visible spectrum with high molar
extinction coefficients.*” This purpose was achieved, for
example, by Arrigo et al. building dendrimers based on multi-
nuclear Ru(n) and Os(u) polypyridine.® A panchromatic single
photosensitizer based on Os(u) was also recently reported by
Irikura et al. and successfully employed in photocatalytic CO,
reduction.’ The choice of these compounds is related to their
appealing photophysical properties, such as absorption in the
visible spectrum and long-lived excited states, and the possi-
bility of tuning their absorptions by modulating their ligands.
However, these compounds are based on rare and expensive
metals. The element abundance on the earth crust should be
considered for future scalability and application.’® Copper(i)
complexes have emerged as a promising alternative to rare
metal-based complexes."' Indeed, not only copper() is an
earth-abundant metal, but its 3d'® configuration does not
allow any metal-centred (MC) excited states, known to prefer-
entially deactivate through nonradiative pathways, enabling
the population of metal-to-ligand charge-transfer (MLCT)
states. However, the photophysical properties of copper(1) com-
plexes are highly affected by the Jahn-Teller distortion of their

Dalton Trans., 2023, 52, 7809-7818 | 7809


http://rsc.li/dalton
http://orcid.org/0000-0002-6507-767X
http://orcid.org/0000-0003-3516-2440
http://orcid.org/0000-0002-5219-9328
http://orcid.org/0000-0002-4077-2553
https://doi.org/10.1039/d3dt00902e
https://doi.org/10.1039/d3dt00902e
https://doi.org/10.1039/d3dt00902e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt00902e&domain=pdf&date_stamp=2023-06-09
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt00902e
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT052023

Open Access Article. Published on 03 May 2023. Downloaded on 12/4/2025 4:58:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

excited state, favouring exciplex quenching processes and the
formation of a low energy flattened state.'>'® Heteroleptic
diimine-diphosphine copper complexes, (NN)Cu(PP), have
superior photophysical properties than homoleptic Cu(NN),
complexes,'*'* since the introduction of bulky and rigid phos-
phine reduces the flexibility of the system and enlarges the ste-
rical hindrance in the excited state, disfavouring the formation
of the flattened geometry.'® In heteroleptic (NN)Cu(PP) com-
plexes, the lowest unoccupied molecular orbital (LUMO) is
generally localized on the diimine ligand. The phosphine
ligands contribute to the HOMO, mainly confined to the metal
core. As the m-acidity of the phosphines lowers the HOMO
level, the MLCT transitions in (NN)Cu(PP) generally lie
between 360-450 nm; thus, they are hypsochromic shifted in
comparison to the absorption of Cu(NN),, usually covering the
450-700 nm range."'” ™" This feature makes the synthesis of
heteroleptic diimine-diphosphine complexes with a broader
absorption in the visible spectrum challenging. By now, there
are still a few cases of heteroleptic diimine-diphosphine
copper(1) complexes showing an absorption at longer wave-
lengths than 450 nm.>*"* In this work, we aimed at new het-
eroleptic Cu(r) complexes of type (NN)Cu(PP) with a broad and
intense absorption in the visible range. We used bis[(2-diphe-
nylphosphino) phenyl] ether (DPEPhos) as chelating dipho-
sphine and as diimine ligands, 4-(benzo[g]quinoxal-2"-y1)-1,2,3-
triazole-derivatives. Benzoquinoxalines have been mainly syn-
thesized for biological applications,?® as their scaffold is con-
tained in numerous bioactive molecules. Even so, their lumi-
nescent properties made them also appealing as emitters in
OLED devices.”” Concerning metal complexes, benzoquinoxa-
line-derivatives were used only in few cases, as ligands for bi-
metallic osmium complexes®® and bimetallic or trimetallic
ruthenium complexes.”® As far as we know, this work is the
first one where benzoquinoxaline-triazoles are used as chelat-
ing ligands for Cu(r). We synthesized three novel heteroleptic
Cu(r) complexes: a mononuclear and two binuclear ones. The
two binuclear copper complexes differ in the presence or
absence of a methylene spacer between the benzoquinoxaline
and triazole rings. This small diversity impacts the strength of
the bond between the ligand and the copper centres, and in
turn, on the photophysical properties. Their photophysical
and electrochemical properties have been investigated and
compared with the theoretical calculations. The n-extension of
the benzoquinoxaline ring, combined with the presence of two
copper cores, allows absorption at longer wavelengths than
450 nm and up to 700 nm, making them appealing for light-
harvesting antennae applications.

Synthesis and structure

The synthesis of the monochelating ligand 4 and of the corres-
ponding dichelating ligand 5, both bearing a methylene spacer
between the benzoquinoxaline ring and the triazole unit, was
straightforward. It involves two simple and efficient steps: a
fast condensation in MeOH, at room temperature, between
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2,3-diaminonaphthalene and the -corresponding diketone
derivative (1-bromobutan-2,3-dione for 7 and 1,4-dibromobu-
tane-2,3-dione for 9), followed by a Cu alkyne-azide cyclo-
addition (CuAAC) reaction, adding NaN; and ethynylbenzene
as reactants.>**° The yields of the final ligands 4 and 5 are
54% and 44%, respectively. Differently, the synthesis of the
dichelating ligand 6 required harsher conditions (Scheme 1).
The first step is the condensation between 2,3-diamino-
naphthalene and 1,6-bis(triisopropylsilyl)hexa-1,5-diyn-3,4-
dione, previously prepared. This reaction needed higher temp-
erature (80 °C) and longer time in respect to the other conden-
sation reactions. Thus, it was performed in a mixture of
ethanol and acetic acid (7:3), under reflux, overnight.”” For
the deprotection of the so-formed 2,3-bis((triisopropylsilyl)
ethynyl)benzo[g]quinoxaline 9 a solution of tetrabutyl-
ammonium fluoride (TBAF) (1 M, THF) was added dropwise at
—78° C. Finally, 10 underwent a CuAAC reaction, employing
benzylazide as a reactant. While for ligands 4 and 5, precipi-
tation with pentane gave pure compounds, the CuAAC reaction
of 6 required additional purification via column chromato-
graphy, affording product 3 with low yield (13%). A general
procedure was followed for the coordination of the metal
core.’® In an anhydrous dichloromethane solution of a Cul(i)
precursor (Cu(CH;CN)BF,) and the dichelating phosphine
DPEPhos, at room temperature under Ar.

The ratio between ligand and DPEPhosCu(CH;CN),BF, was
1:1 and 1:2 for the synthesis of 1 and 2, respectively. For the
binuclear copper complex 3, DPEPhosCu(CH;CN),BF, was
added in slight excess. Indeed, reacting 6 and the other start-
ing materials in a precise ratio of 1: 2, two species are formed:
the desired binuclear copper complex and a not isolated
species that is suspected to be the mononuclear copper
complex, where the Cu(1) is coordinating with the nitrogen
atoms of the two triazoles, which are then pointing internally.
This mononuclear copper complex is probably the kinetic
product of the coordination reaction, which reacts further with
an excess of DPEPhosCu(CH;CN),BF, to give the desired
binuclear copper complex 3 as the only species. The change
from the copper complex mixture to the isolation of the binuc-
lear complex was monitored by '"H NMR analysis, which shows
the disappearance of the peaks attributed to the mononuclear
species after the reaction (see Fig. S3.1 and S3.27).

It is important to underline that this binuclear copper
complex 3, compared to the binuclear copper complex 2, does
not present the flexible methylene spacer between the benzo-
quinoxaline and the triazole ring. Moreover, the triazoles coor-
dinate the metal centres with the N atoms in position 3, that
were already proved to be higher c-donor**?>7* than the N
atoms in position 2 of the 1,2,3-triazoles, involved in the
coordination bonds of complex 2, instead (Scheme 1).

The mononuclear copper complex 1 gave crystals suitable
for X-ray analysis, by diffusion of a cyclohexane layer to a con-
centrated dichloromethane solution of the compound. The
complex crystallizes in the triclinic space group P1 with two
formula units per unit cell. As expected, the cation in 1 (Fig. 1)
shows a pseudotetrahedral geometry with a bite angle degree

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis of the benzoquinoxaline-based ligands (4-6) and their complexes (1-3). (i) NH4Cl, in MeOH, room T; (i) in EtOH : AcOH (7: 3,
v/v), reflux; (iii) NaNs, phenylacetylene, CuSO4, NaCOs, in EtOH: H,O (7:3, v/v) at room T; (iv) TBAF in dry THF, —78 °C; (v) benzylazide, CuSOy,,
NaCOs, in EtOH : H,O (7: 3, v/v) at room T; (vi) Cu(CH3CN)4BF4, DPEPhos, in dry DCM, Ar atmosphere, room T.

Fig. 1 ORTEP drawing of the molecular structure of 1. Hydrogen
atoms, counterion, and solvent molecules were omitted for clarity.

of 90.2° for the N(2)-Cu-N(4) angle and of 113.90° for the
P(1)-Cu-P(2). The distances between the copper centre and the
nitrogen atoms have a value of 2.091 A, 2.117 A; while the
value for the distances between the copper and the phospho-
rous atoms are higher and equal to 2.244 A, 2.295 A. These
results are consistent with the ones obtained for quinoxaline-
based copper complexes, previously published by our group.”*
As for this latter class of compounds, the presence of the
methylene spacer induces a higher flexibility of the diimine

This journal is © The Royal Society of Chemistry 2023

bite angle that is wider compared to those in similar copper
complexes, where the methylene spacer was absent.>*>'°

Photophysical characterization

UV-vis absorption spectra were recorded for all compounds in
dichloromethane (DCM). To understand the nature of the
recorded transition bands, and to investigate thoroughly the
strength of the coordination bonds, a comparison between the
absorption spectra of the copper complexes 1-3 and their
corresponding ligands 4-6 was done (Fig. 2a-c). For an easy
comparison, the absorption spectra of the three complexes,
are reported together (Fig. 2d and Table 1).

The absorption spectra of the mononuclear copper complex
1 and of its corresponding binuclear copper complex 2 show
in the UV region an intense band (¢ @ 1 x 10> M™' ecm™)
around 270 nm and much less intense peaks (¢ & 4-8 x 10°
M~' em™) in the 300-400 nm range. Since their corresponding
ligands 4 and 5 show similar features, these bands could be
attributed to ligand centred ('LC) transitions on the diimine
ligands. On the other hand, the increased absorption of the
copper complexes at around 300 nm could be attributed to the
'LC localized on the phosphine ligand. These results are con-
sistent with the ones obtained for previously published hetero-
leptic copper complexes, bearing a DPEPhos ligand, showing a
'LC peak in the same region.”***® The copper complexes 1
and 2 present in addition a red-shifted band in the visible
region, extended from 400 nm to 550 nm for 1 and to 650 nm
for 2. These bands could be assigned to the population of a
metal-to-ligand charge transfer state 'MLCT. According to

Dalton Trans., 2023, 52, 7809-7818 | 7811
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Fig. 2 Absorption spectra recorded in dichloromethane solution: (a) comparison between the absorption spectra of the copper complex 1 and its
corresponding ligand 4; (b) comparison between the absorption spectra of the copper complex 2 and its corresponding ligand 5; (c) comparison
between the absorption spectra of the copper complex 3 and its corresponding ligand 6; (d) comparison between the absorption spectra of the

three new copper complexes 1.

Table 1 UV-vis absorption for the Cu() complexes 1-3 recorded in
DCM, at room temperature

Compound Aaps/nm (¢/10* M™' em™)

1 272 (9.99), 357 (0.67), 371 (0.83), 415 (0.28), 470 (0.16)
2 279 (9.27), 359 (0.43), 377 (0.63), 480 (0.19)

3 275 (5.79), 330 (3.62), 405 (0.79), 424 (0.99), 568 (0.81)

theoretical calculations (vide infra), a contribution of a
"MLLCT (metal-ligand-to-ligand charge transfer) cannot be
excluded. Comparing the absorption of the binuclear copper
complex 2 with that one of its corresponding mononuclear
complex 1, there is a red-shift (20.05 eV) of the visible band
(*MLCT/"MLLCT) in 2, which could be attributed to a coopera-
tive effect between the metal centres.>® The moderate change
in the absorption of the complexes concerning their ligands
might be caused by a weak coordination of the Cu(i) centre, as
previously discussed, affecting their photophysical properties.
The binuclear copper complex 3 shows intense peaks in the
UV region at about 270 nm (¢ = 6 x 10* M~ em™") and 330 nm
(e~ 4x10* M " ecm™), and both can be assigned to 'LC tran-
sitions, as for complexes 1 and 2. Therefore, the same attribu-
tion can be done for the peaks lying in the visible range,
between 400 and 450 nm (¢ & 5-10 x 10> M~" ecm™ "), which
presents a similar profile to the ones of the 1 and 2, although

7812 | Dalton Trans., 2023, 52, 7809-7818

slightly red-shifted and more intense. In the visible region, the
absorption spectrum of the copper complex 3 shows an
extended band, going from 450 nm to 700 nm, with a
maximum peak at about 570 nm. The oscillator strength of
this transition increased significantly, having an absorptivity
coefficient of almost 8000 cm™" M. To the best of our knowl-
edge, this copper complex presents one of the most extended
absorption with a considerable extinction coefficient (¢ > 200
M~ em™" up to 650 nm) compared with other heteroleptic Cu
(1) complexes of type (NN)Cu(PP). The binuclear DPEPhosCu(i)
complex with a quinolyl-triazole from our previous work pre-
sents an absorption up to 800 nm; nevertheless, the extinction
coefficient was lower than 250 M™" em™" at longer wavelengths
than 600 nm.>* So far, among the (NN)Cu(PP) complexes with
long absorption, there are the 4H-imidazolate-based com-
plexes, with a '"MLCT maximum of 520 nm in DCM.>""** 4H-
Imidazolate ligands were also used in homoleptic Cu(i) com-
plexes, reaching a panchromatic light absorption up to
900 nm."® However, we have already discussed that the substi-
tution of a chelating phosphine with a diimine ligand leads to
a bathochromic shift.***#3° Moreover, the "MLCT of the binuc-
lear copper complex 3 is much more intense compared to that
of the binuclear copper complex 2 (& = 8 x 10° M~ em™ for 3
and e = 2 x 10°> M~ " for 2). Lastly, the much more significative
change between the absorption spectra of the copper complex
3 and of its corresponding ligand 6, leads to conclude that the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Emission (solid lines) and excitation (dashed lines) spectra of ligand: 4 (left), 5 (middle), 6 (right), recorded in dichloromethane solution at

room temperature (leyc: 350 NM; Aem: 500 nm).

Table 2 Summary of the photophysical properties recorded for the ligands 4—6 in DCM, at room temperature

Compound Aabs/NM Aem/NM PLQY” 2/ns ke/s™t /s

4 271, 350, 366, ~392, ~415 481 0.06 6.0 1.02 x 10° 1.57 x 10°
5 276, 354, 370, ~410 507 0.15 26 5.77 x 107 3.27 x 10®
6 274, 300, 375, 389, ~435 501 0.05 6.0 8.17 x 107 1.59 x 10°

“PLQY values in the solution were estimated using coumarin153 in methanol solution as reference (PLQY = 0.38)."%*! ? Lifetimes in solution
were recorded with a time-correlated single photon counting and with NanoLED as the excitation source (1ex = 366 nm).

absence of a flexible methylene spacer, added to the higher
sigma donation of the coordinating N-atom in position 3 of
the 1,2,3-triazole, makes the coordination bonds in complex 3
stronger, and its effect on the photophysical properties of the
copper complex higher.

The emission was measured for all the compounds in di-
chloromethane solution at room temperature. The mono- and
the bis-chelating ligands 4-6 are fluorescent and emit in the
green-cyano region (Fig. 3 and Table 2). The ligand 4 is the
most blue-shifted, with an emission maximum of circa 480 nm
and a photoluminescence quantum yield (PLQY) of 6% and a
lifetime (7) of 6 ns. Similarly, ligand 6 emits a bathochromic
shifted wavelength of 500 nm circa, with 5% PLQY and 6 ns
lifetime. The emission of ligand 5 is brighter and longer-lived
(PLQY: 15%, 7: 26 ns). Interestingly, none of the Cu(i) com-
plexes reported in this study emits when excited at its corres-
ponding '"MLCT/'MLLCT bands. Probably, they deactivate

through radiative pathways in the infrared region or only
through nonradiative pathways.

On the contrary, when exciting at shorter wavelengths (up
to 420 nm), the emission spectra of 1 and 2 are superimposa-
ble with those of their corresponding ligands 4 and 5, with a
maximum peak at 486 nm and 510 nm, respectively. In order
to exclude the emission coming from the free ligand, the stabi-
lity of the complexes was tested in deuterated DCM by 'H
NMR. The complexes are stable in solution for over a week
(Fig. S2.17 and S2.18%); nevertheless, a small (less than 5%)
de-coordination of the ligand could not be ruled out. The weak
metal coordination in 1 and 2 and the dominant LC character
were observed already in the UV-vis absorption. Instead, the
binuclear copper complex 3 gave no emission, even exciting at
high energy. This observation agrees with the superior chelat-
ing features of the corresponding ligand 6, achieving a stable
Cu(1) complex, as already noted in the UV-vis absorption data.

Fjoua
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Fig. 4 Cyclic voltammetry recorded for the copper complexes: 1 (left), 2 (middle), and 3 (right) at scan rate 100 mV s~* in Ar-saturated DCM solu-
tions (0.1 M TBAPFg). Potentials are reported versus ferrocene/ferrocenium redox couple (Fc/Fc*).

This journal is © The Royal Society of Chemistry 2023

Dalton Trans., 2023, 52, 7809-7818 | 7813


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt00902e

Open Access Article. Published on 03 May 2023. Downloaded on 12/4/2025 4:58:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Reduction and oxidation potentials of copper complexes 1-4
in DCM?

Compound E.J/V E.q/V AEIV
1 0.85 -1.83 (n.r.) 2.78
2 0.88 —1.20, —1.84, —2.08 (n.r.) 2.1

3 0.95 -1.12, —2.05 2.13
4 n.d. —2.00; —2.14 —
5P n.d. —1.65; —2.03; —2.46; —2.68 —

6 n.d. —1.80; —1.52 —

“Obtained in deaerated dichloromethane solutions at scan rate
100 mV s~* and reported vs. Fe/Fc'. ® in DMF.

Electrochemical characterization

Cyclic voltammetry (CV) of complexes 1-3 was recorded in di-
chloromethane, under inert atmosphere (Ar).
Tetrabutylamonium  hexafluorophosphate  (TBAPFs) was
employed as supporting electrolyte and ferrocene as the
internal standard (Fig. 4; Table 3).**> The cathodic waves of
their corresponding ligands 4-6 were measured for compari-
son (see Fig. S4.1-S4.3t1). Due to the low solubility of the
ligand 5 in DCM, a solution in N,N-dimethylformamide (DMF)
was used. The copper complexes showed an irreversible oxi-
dation, attributed to the oxidation of the copper centre Cu(1)/
Cu(u). This oxidation process lies at about 0.85 V for the com-
plexes 1 and 2 and at a slightly higher potential (1.01 V) for 3.
In the cathodic scan, all the reduction can be attributed to pro-
cesses centred on the diimine ligands. Indeed, the CV of the
ligands shows similar peaks, lying at lower potentials, com-
pared to those of their complexes. The mononuclear copper
complex 1 shows an irreversible reduction peak at —1.83 V. In
contrast, its corresponding binuclear copper complex 2 pre-
sents a higher number of irreversible peaks, recorded at —1.20
V, —1.84 V, and -2.08 V. Differently, the reversibility of the
reduction processes is improved in the binuclear copper
complex 3 bearing the highest reduction potential, among
these three compounds, at —1.12 V and a second peak at —2.05
V. The ability of 3 to be more easily reduced agrees with the
observation that this complex has the lowest energy absorption
among the three complexes herein presented. It is relevant to
mention that for the two binuclear copper complexes 2 and 3,
the current associated with the oxidation process is circa the
double intensity of those relative to the reduction processes,
while for the mononuclear copper complex 1, their intensities
are similar. Thus, the two copper metals in the two binuclear
complexes 2 and 3 are equivalent and oxidize simultaneously.

Quantum chemical calculations

To further investigate the photophysical properties of the het-
eroleptic copper(1) complexes, quantum chemical calculations
were performed with the TURBOMOLE program package.****
The equilibrium geometries were optimised at PBE0-D3
(BJ)***# level of theory, and the electronic excitations were cal-
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culated utilising the GW approximation and Bethe-Salpeter
equation (GW/BSE)***° at both one component (1c, scalar-rela-
tivistic) and quasirelativistic two-component (2¢, including
spin-orbit coupling) levels. As in our previous works,***! we
prefer to apply the GW/BSE method over time-dependent
density-functional theory (TDDFT) to avoid problems with
computations of charge-transfer states due to the self-inter-
action error in the TDDFT approach. The simulated absorption
spectra of the ligands show a good overlay with experimental
data (Fig. S5.171). This is also true for the calculated emission
spectra of the benzoquinoxaline-triazole diimines (Fig. S5.37).
Regarding the complexes, a natural transition orbital (NTO)
analysis confirms the strong LC contribution in all Cu(r) com-
plexes, so that it is reasonable to associate the lowest absorp-
tion band to a mixture of MLCT and LC character of the tran-
sitions in the visible region (Fig. S5.2). The electronic tran-
sition involves charge transfer from the copper atom to the
benzoquinoxaline moiety of the diimine ligand, while the tri-
azole moiety is not concerned. Interestingly, calculations
suggest relative absorption maxima (MLLCT) at longer wave-
lengths than observed in the DCM experiments. This is par-
ticularly evident for compound 2, where the calculated absorp-
tion goes up to 800 nm. This different behaviour between the
theory and the experiments might be rationalised with a dis-
tinct oscillator strength between complexes 2 and 3, due to the
more rigid structure in 3.

Conclusion

We presented one mononuclear and two dinuclear heteroleptic
Cu(1) complexes based on novel benzoquinoxaline-triazole
diimine ligands. Thanks to their extensive n-conjugation, the
three complexes present absorption in the visible region of the
electromagnetic spectrum, up to 700 nm. This feature is not
typical for heteroleptic Cu() complexes, bearing chelating
phosphines. Electrochemical and photophysical analyses
suggested a metal-ligand-to-ligand charge transfer as the
lowest excited state, confirmed by theoretical calculations.
Due to the overall geometry of the complex, the dinuclear
complex 3 is the most stable and presents an extended visible
light absorption with significant oscillator strength, providing
the necessary characteristics to perform in light-harvesting
arrays.

Experimental
Experimental details and general remarks

All starting materials were purchased from commercial suppli-
ers and used as received. For the synthesis of 1,6-bis(triiso-
propylsilyl)hexa-1,5-diyne-3,4-dione a previously published
procedure was followed.>>?

Caution: azides can generate N, with a very exothermic reac-
tion. Explosion hazards.>*

This journal is © The Royal Society of Chemistry 2023
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Synthesis of 2-(bromomethyl)-3-methylbenzo[g]quinoxaline
(7). Bromobutane-2,3-dione (0.217 g, 1.31 mmol, 1.00 equiv.)
was dissolved in 5 mL MeOH, followed by ammonium chloride
(0.035 g, 0.66 mmol, 0.50 equiv.) and naphthalene-2,3-diamine
(0.208 g, 1.31 mmol, 1.00 equiv.). After 30 minutes of reaction,
water was added, and the organic product was extracted with
dichloromethane (3 times). The organic phase collected was
washed with brine, dried over Na,SO,, and filtered. The
solvent was removed under vacuum. The product was used
without any further purification for the next step. The product
is a light brown solid (0.342 g, 1.19 mmol). Yield: 91%. 'H
NMR (400 MHz, CDCl;) 6 = 8.59 (d, J = 14.3 Hz, 2H), 8.12-8.07
(m, 2H), 7.61-7.55 (m, 2H), 4.79 (s, 2H), 2.94 (s, 3H) ppm.

Synthesis of 2,3-bis(bromomethyl)benzo|[g]quinoxaline (8).
1,4-Dibromobutane-2,3-dione (1.00 g, 4.10 mmol, 1.00 equiv.)
was dissolved in 5 mL MeOH, followed by ammonium chloride
(0.110 g, 2.05 mmol, 0.50 equiv.) and naphthalene-2,3-diamine
(0.648 g, 4.10 mmol, 1.00 equiv.). After 30 minutes of reaction,
water was added, and the organic products were extracted with
dichloromethane (3 times). The organic phase collected was
washed with brine, dried over Na,SO,, and filtered. The
solvent was removed under vacuum. The product was used
without any further purification for the next step. The product
is a light brown solid (1.455 g, 3.97 mmol) Yield: 97%. 'H
NMR (400 MHz, CDCl;) 6 = 8.65 (s, 2H), 8.12 (dd, J = 6.4, 3.3
Hz, 2H), 7.67-7.58 (m, 2H), 4.98 (s, 4H) ppm.

Synthesis of 2,3-bis((triisopropylsilyl)ethynyl)benzo[ g]qui-
noxaline (9). Following a previously published procedure,””
2,3-diaminonaphtalene (0.290 g, 1.83 mmol, 1.00 equiv.) was
reacted with 1,6-bis(triisopropylsilyl)hexa-1,5-diyne-3,4-dione
(1.00 g, 2.38 mmol, 1.30 equiv.) in a acetic acid/ethanol (3:7)
solution at 80° for 15 h. After this time, the reaction mixture
was quenched with water. The organic product was extracted
three times with DCM. The collected organic phase was
washed with water (three times), brine and then dried over
Na,SO, and filtered. The solvent was reduced under vacuum.
The crude was purified via a silica gel column chromatography
using cyclohexane/DCM (50:50) as eluent to obtain a yellow
solid (0.620 g, 1.14 mmol). Yield: 62%. '"H NMR (400 MHz,
CDCl,) 6 = 8.61 (s, 2H, H), 8.07 (dt, J = 6.5, 3.2 Hz, 2H), 7.57
(dt, J = 6.5, 3.2 Hz, 2H), 1.25-1.18 (m, 42H) ppm. “C NMR
(101 MHz, CDCl;) 6 = 140.14, 137.18, 134.46, 128.84, 127.52,
127.38, 104.05, 99.41, 18.95, 11.63 ppm. HRMS (ESI) m/z (M +
H]', C34H,5N,Si,): 541.3434 (calc.), 541.3418 (found).

Synthesis of 2,3-diethynylbenzo[g]quinoxaline (10). 2,3-Bis
((triisopropylsilyl )ethynyl)benzo[g]quinoxaline (0.250 g,
0.46 mmol, 1.00 equiv.) was dissolved in 100 mL of dry THF.
Then a THF solution of TBAF (1 M, 0.92 mL, 0.92 mmol, 2.00
equiv.) was added slowly at —78 °C. After ten minutes of stir-
ring, an ammonium chloride solution (100 mL) was added for
the quenching. The product was extracted three times with
DCM. Then the organic phase collected was washed with
brine, dried over Na,SO, and filtered. The solvent was removed
under vacuum. The crude was purified via a silica gel column
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chromatography using cyclohexane/EtOAc as eluent to obtain a
yellow solid (0.105 g, 0.46 mmol). Yield: 92%. 'H NMR
(400 MHz, CDCI,) 6 = 8.57 (s, 2H), 8.04 (td, J = 5.6, 4.7, 2.6 Hz,
2H), 7.55 (dt, J = 6.7, 3.3 Hz, 2H), 3.55 (s, 2H) ppm.

Synthesis of 2-methyl-3-((4'-phenyl-1'H-1',2,3"-triazol-1"-yl)
methyl)benzo[g]quinoxaline (4). The starting 2-(bromo-
methyl)-3-methylbenzo[g]quinoxaline (1.049 g, 3.65 mmol, 1
equiv.) was dissolved into a solution of ethanol and water
(7:3). Then the other reactants were added in the following
order: sodium azide (0.285 g, 4.38 mmol, 1.20 equiv.), sodium
ascorbate (0.407 g, 2.05 mmol, 0.56 equiv.), copper sulfate pen-
tahydrate (0.119 g, 0.75 mmol, 0.20 equiv.), sodium carbonate
(0.181 g, 2.18 mmol, 0.59 equiv.), ethynylbenzene (0.373 g,
3.65 mmol, 1.00 equiv.). The reaction mixture was left under
stirring at room temperature for two days. A solution of
NH,OH (10%) was subsequently added for the quenching. The
organic product was extracted three times with dichloro-
methane, then it was washed with water (three times) and
brine, dried over Na,SO, and filtered. The crude is purified
dissolving the compound in a minimum amount of dichloro-
methane and adding an excess of pentane for the precipi-
tation. The precipitate was filtered, dissolved in dichloro-
methane and lastly the solvent was removed under reduced
pressure to obtain the product as a light brown solid (0.692 g,
1.97 mmol). Yield: 54%. "H NMR (400 MHz, CD,Cl,) § = 8.58
(d,J = 3.9 Hz, 2H), 8.14-8.07 (m, 2H), 8.02 (s, 1H, H), 7.87-7.82
(m, 2H), 7.62-7.55 (m, 2H), 7.46-7.39 (m, 2H), 7.37-7.31 (m,
1H), 5.97 (s, 2H), 2.84 (s, 3H) ppm. “C NMR (126 MHz,
CD,Cl,) 6 = 157.87, 154.16, 149.16, 148.62, 139.08, 136.79,
134.69, 134.53, 133.86, 133.80, 133.73, 133.61, 132.38, 130.79,
130.65, 130.56, 129.80, 129.17, 129.11, 129.07, 129.03, 128.51,
128.44, 127.93, 127.84, 127.49, 127.27, 126.14, 125.51, 124.68,
124.56, 124.45, 123.37, 120.44, 52.32, 23.76 ppm. HRMS m/z
(M + H]', C,,H,-N;): 352.1562 (calc.), 352.1554 (found).

Synthesis  of  2,3-bis((4’-phenyl-1'H-1',2",3"-triazol-1"-yl)
methyl)benzo[g]quinoxaline (5). 2,3-Bis(bromomethyl)qui-
noxaline (0.710 g, 1.94 mmol, 1.00 equiv.) was dissolved into a
150 mL solution of ethanol and water (7: 3) and 20 mL aceto-
nitrile. Then the other reactants were added in the following
order: sodium azide (0.302 g, 4.65 mmol, 2.40 equiv.), sodium
ascorbate (0.438 g, 2.21 mmol, 1.14 equiv.), copper sulfate pen-
tahydrate (0.128 g, 0.80 mmol, 0.42 equiv.), sodium carbonate
(0.195 g, 2.36 mmol, 1.20 equiv.), ethynylbenzene (0.396 g,
3.87 mmol, 2.00 equiv.). The reaction mixture was left under
stirring for two days. Then a NH,OH (10%) solution was added
for quenching the reaction and the organic product was
extracted with dichloromethane (3 times). The organic phase
collected was washed with water (three times) and brine, dried
over Na,SO,, filtered. The crude was purified via a precipi-
tation adding an excess of pentane to a few mL solution of the
compound in dichloromethane to obtain a yellow solid. The
precipitate was filtered, dissolved in dichloromethane and
lastly the solvent was removed under reduced pressure to
obtain the product as a yellow solid (424 mg, 0.85 mmol).
Yield: 44%. "H NMR (400 MHz, C,Ds0S) & = 8.73 (s, 2H), 8.63
(s, 2H), 8.22-8.16 (m, 2H), 7.95 (d, J = 7.6 Hz, 4H), 7.60 (dt, J =
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6.7, 3.4 Hz, 2H), 7.48 (t, ] = 7.6 Hz, 4H), 7.37 (t, ] = 7.4 Hz, 2H),
6.35 (s, 4H) ppm. **C NMR (101 MHz, DMSO) § 149.74, 146.53,
136.80, 133.47, 130.80, 128.95, 128.30, 127.92, 127.16, 127.10,
125.25, 123.00, 52.10 ppm. HRMS m/z (C3oH,3Ng): 495.2046
(calc.), 495.2044 (found).

Synthesis of 2,3-bis(1'-benzyl-1'H-1',2',3"-triazol-4'-yl)benzo
[g]quinoxaline (6). 2,3-Bis(1-benzyl-1H-1,2,3-triazol-4-yl)benzo
[g]lquinoxaline (0.105 g, 0.46 mmol, 1.00 equiv.) was dissolved
in a solution of ethanol and water (7:3). Then the following
reactants were added: sodium ascorbate (0.102 g, 0.51 mmol,
1.12 equiv.), copper sulphate penta-hydrate (0.048 g,
0.19 mmol, 0.42 equiv.), sodium carbonate (0.058 mg,
0.55 mmol, 1.20 equiv.), benzylazide (0.122 g, 0.92 mmol, 2.00
equiv.). The mixture of reaction was left under stirring for two
days. After this period time, a solution of NH,OH (10%) was
added. The organic product was extracted three times with di-
chloromethane, then it was washed with water (three times)
and brine, dried over Na,SO, and filtered. The solvent was
removed under vacuum. The product was purified by a silica
gel column chromatography using a solution of DCM/MeOH
(95:5) as eluent that was performed twice. The product was
obtained as a brownish powder (36 mg, 0.07 mmol). Yield:
16%. "H NMR (400 MHz, CDCl;) & = 8.70 (s, 1H), 8.10 (d, J =
8.3 Hz, 2H), 7.58 (dd, J = 6.6, 3.2 Hz, 1H), 7.46-7.33 (m, 5H),
5.61 (s, 2H). ">C NMR (101 MHz, CDCl;) § = 146.42, 145.03,
137.65, 134.47, 134.43, 129.33, 129.00, 128.72, 128.54, 128.42,
127.81, 127.21, 125.47 ppm. HRMS (ESI) m/z (M + HJ',
C30H,,Ng): 495.2045 (calc.), 495.2044 (found).

General procedure for the synthesis of the copper complexes

Following a previously published procedure,* the synthesis
was performed as follows. The precursor, Cu(CH3;CN),BF,
(1.00 equiv.), was dissolved together with DPEPhos (1.00
equiv.) in a solution of dry dichloromethane, under an Ar
atmosphere. After circa 30 minutes, the chosen benzoquinoxa-
line-based ligand (1.00 equiv. for the mononuclear, 0.5 equiv.
for the binuclear complexes) was added to the solution, still
under inert atmosphere. The reaction stirred for four hours.
Lastly, the solvent was removed under reduced pressure in a
rotary evaporator. The crude product was dissolved in a
minimum amount of dichloromethane and crystallized by a
slow diffusion of cyclohexane.

Synthesis of the mononuclear copper complex 1. According
to the general procedure, the copper complex 1 was obtained,
after a precipitation in pentane, as an orange powder with a
yield of 60% (30 mg, 0.028 mmol). "H NMR (400 MHz, CD,Cl,)
5 = 8.65 (s, 1H), 8.58 (s, 1H), 8.46 (s, 1H), 8.04 (d, J = 8.5 Hz,
1H), 7.58-7.50 (m, 3H), 7.43-7.26 (m, 7H), 7.23 (t, J = 7.2 Hz,
4H), 7.11 (dq, J = 15.0, 8.1, 7.5 Hz, 17H), 7.01 (t, J = 7.5 Hz,
2H), 6.84-6.73 (m, 2H), 5.98 (s, 2H), 2.99 (s, 3H) ppm. **C
NMR (126 MHz, CD,Cl,) & 157.87, 154.16, 149.16, 148.62,
139.08, 136.79, 134.69, 134.53, 133.86, 133.80, 133.73, 133.61,
132.38, 130.79, 130.65, 130.56, 129.80, 129.17, 129.11, 129.07,
129.03, 128.51, 128.44, 127.93, 127.84, 127.49, 127.27, 126.14,
125.51, 124.68, 124.56, 124.45, 123.37, 120.44, 52.32,
23.76 ppm. HRMS (ESI) m/z (CsgH,5Cu;N50,P,"): 952.2395
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(calce.), 952.2367 (found). Elemental analysis
[C5sH45sBCUF,N;OP,]: C = 65.96, H = 4.33, N = 6.73 (calc.); C =
65.92, H = 4.37, N = 6.84 (found).

Synthesis of the binuclear copper complex 2. According to
the general procedure, the copper complex 2 was obtained as a
red powder with a yield of 54% (0.203 g, 0.011 mmol). "H NMR
(400 MHz, CD,Cl,) 5 = 8.66 (d, J = 7.8 Hz, 2H), 8.49 (d, J = 4.2
Hz, 2H), 7.52 (dd, J = 7.9, 3.1 Hz, 4H), 7.43 (dd, J = 6.7, 3.3 Hz,
2H), 7.32 (t,J = 8.0 Hz, 5H), 7.29-7.08 (m, 47H), 7.02 (q, ] = 7.1
Hz, 8H), 6.79 (dt, J = 7.8, 4.1 Hz, 4H), 6.25 (d, J = 4.7 Hz, 4H)
ppm. *C NMR (101 MHz, CD,Cl,) § = 157.96, 157.90, 148.94,
147.94, 137.28, 134.64, 134.53, 133.88, 133.81, 133.73, 132.61,
130.84, 130.40, 130.21, 130.03, 129.62, 129.38, 129.33, 129.28,
129.23, 129.18, 129.16, 128.43, 128.36, 128.20, 126.59, 125.57,
124.89, 123.95, 123.79, 120.40, 52.19, 30.99 ppm. HRMS (ESI)
m/z (C10,H7sBCU,F4NgO,P,"): 1783.3819 (calc.), 1783.3853
(found). Elemental analysis [C;0,H7gB,Cu,FgNgO,P,]-CH,Cl,:
C=63.21, H=4.12, N = 5.72 (calc.]; C=63.16, H=4.22, N =
5.80 (found).

Synthesis of the binuclear copper complex 3. For the syn-
thesis of the binuclear copper complex 3 was adopted the
general procedure modified, using 2.5 equiv. of the copper pre-
cursor and of DPEPhos. The product was obtained, after two
recrystallizations, as a purple powder with a yield of 54%
(0.020 g, 0.01 mmol). "H NMR (400 MHz, CD,Cl,) & = 8.48 (d, J
= 21.9 Hz, 4H), 7.57 (s, 7H), 7.47-7.21 (m, 29H), 7.16 (dt, J =
8.2, 2.6 Hz, 5H), 7.07 (dd, J = 6.5, 3.3 Hz, 3H), 7.00-6.92 (m,
5H), 6.78-6.64 (m, 8H), 6.53 (s, 14H), 5.82 (s, 4H) ppm. °C
NMR (101 MHz, CD,Cl,) § = 158.95, 142.57, 135.06, 134.94,
134.78, 134.49, 132.75, 131.90, 129.48, 129.33, 129.26, 128.81,
128.40, 128.15, 126.63, 125.74, 123.64, 121.01, 55.59 ppm.
HRMS (ESI) m/z (C10,H,3Cu,NgO,P,>"BF,”): 1783.3819 (calc.),
1783.3834 (found). Elemental analysis: N = 5.93, C = 65.51, H =
4.38 (calc.); N =5.94, C = 65.27, H = 4.27 (found).

Computational details

The GW/BSE computations were carried out at CD-ev GW(10)/
BSE level of theory, ie. eigenvalue-only self-consistent GW
(evGW)*®> employing contour deformation (CD)*® for the
highest 10 occupied and lowest 10 unoccupied orbitals fol-
lowed by the Bethe-Salpeter equation (BSE). For non- and
scalar-relativistic one-component (1c) calculations, the def2-
TZVP basis set®” was taken for Cu, P, N and C atoms in triazole
and benzoquinoxaline moieties, and the def2-SV(P) basis set’’
was taken for the rest of the atoms. For quasirelativistic two-
component (2c) calculations, the all-electron x2¢c-TZVPall/SV(P)
all-2c basis set®® was used. The resolution-of-the-identity (RI)
approximation was used for all two-electron integrals.

All orbital and auxiliary basis sets were taken from the
TURBOMOLE basis-set library.**** The “Coulomb-fitting”
auxiliary basis sets (denoted jbas) were used in the ground-
state density functional theory (DFT) computations, and the
“MP2-fitting” auxiliary basis sets (denoted cbas) were used in
the GW/BSE computations. The ground-state DFT compu-
tations were carried out with the modules DSCF and RIDFT,
and the self-consistent field convergence criterion scfconv = 8
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and DFT grid 4 were used. The geometry optimization was con-
sidered converged when the change in energy and cartesian
gradients reached thresholds of 10~” and 10~* hartree, respect-
ively. The GW/BSE computations were carried out with the
ESCF module, and the convergence criterion rpaconv = 6 was
used. Furthermore, in evGW, the damping parameter was set
to n = 0.001 in order to achieve rapid convergence. In CD-GW,
128 grid points were used, also 128 parameters were taken in
the Padé approximant.
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