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Photoactive four-coordinate copper(I) complexes
based on chelating diimine, diphosphine, and
diisocyanide ligands with high excited-state
energies

Tim H. Eggenweiler,a Alessandro Prescimone, b Daniel Häussinger a and
Oliver S. Wenger *a

Tetrahedral complexes of copper(I), a more abundant metal than the precious metals traditionally used,

have emerged as a suitable alternative in photochemistry and photophysics. While many ligand designs

focus on chelating α-diimine and diphosphine ligands, here we report the effect of chelating diisocyanide

ligands on photoactive copper(I) complexes. Three new heteroleptic copper(I) complexes are exhibiting

photoluminescence at room temperature from a 3MLCT excited state, and a homoleptic isocyanide

copper(I) complex luminesces from a ligand-centered state. Among the three new heteroleptic com-

plexes, the one that combines a diphosphine and diisocyanide ligand led to a nearly ideal tetrahedral geo-

metry and an unusually high 3MLCT excited-state energy. This high triplet energy was used in a proof-of-

principle upconversion process and triplet–triplet energy transfer photocatalysis. Our findings demon-

strate how diisocyanide chelate ligands can be used to tune the photophysical and photochemical pro-

perties of photoactive copper(I) complexes with four-coordinate coordination environments.

Introduction

Copper(I) complexes have been a classical workhorse in photo-
physics, photochemistry,1–4 and solar cells.5–8 Many of them
are characterized by favorable photophysical properties, such
as long luminescence lifetimes as well as high photo-
luminescence quantum yields due to their closed d10 subshell.
Early on, tetrahedral copper(I) complexes with α-diimine
ligands, like 1,10-phenantroline, were investigated,9,10 and as
an emerging field, trigonal11–13 and linear14,15 copper(I) com-
plexes are now increasingly investigated (Fig. 1a).

A key design principle for tetrahedral copper(I) complexes is
to introduce steric bulk around the metal center, that the
pseudo-Jahn–Teller distortion in the photoactive 3MLCT state
can be minimized and long-lived excited-states and good
luminescence properties can be achieved.16,17 Many homolep-
tic copper(I) complexes are straightforward to synthesize,
whereas obtaining heteroleptic complexes is more difficult but
can often be achieved if the steric bulk is big enough to
prevent coordination of two of the same ligands.18,19 This syn-
thetic approach provided access to photoactive copper(I) com-

plexes with particularly favorable photophysical and photoche-
mical properties owing to the combination of different ligand
classes such as diimines and diphosphines.20–27

The foundation for isocyanide ligands in copper(I) com-
plexes was laid by a heteroleptic complex with two monoden-
tate isocyanide ligands.28 By contrast, diisocyanide chelate
ligands are underexplored in photoactive copper(I) complex
until now.29 A recent study reported a copper(I) diisocyanide
complex from which no photoluminescence could be detected
in solution, and its electronic structure remained largely unex-
plored.29 Against this background and based on our own
research on photoactive transition metal complexes with che-
lating diisocyanide ligands,30–32 we report here a series of
homo- and heteroleptic copper(I) complexes, in which we
target a high energy for the luminescent 3MLCT state or any
other photoactive triplet excited state. High-energy triplet
excited states are interesting in the context of synthetic photo-
chemistry to sensitize triplet-energy transfer-based
photoreactions33,34 or for the storage of solar energy in the
form of chemical energy.35–37

We chose in our work three different ligand classes: diiso-
cyanide, diphosphine and phenanthroline (Fig. 1b), to syn-
thesize and characterize a series of new homo- and heterolep-
tic copper(I) complexes. We anticipated two opposing effects
on the electronic structure of the complexes across this ligand
series: (1) as the σ-donation is likely somewhat increased in
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the diisocyanide and diphosphine ligands compared to phe-
nanthroline, the electron density at the copper(I) center can
potentially increase through this effect, which could lead to a
stabilization of the copper(II)-like 3MLCT excited state but raise
the energy of the metal-based HOMO in the electronic ground
state. (2) On the other hand, π-backbonding is expected to
increase with the diisocyanide and diphosphine ligands relative
to the phenanthroline ligand. Isocyanide ligands can stabilize
metals in significantly lower oxidation states than phenanthro-
line, and this is due to the substantially stronger π-backbonding
ability of isocyanides.38,39 As the electron density of the copper(I)
center can decrease through this effect, this could potentially
lead to stabilization of the metal-centered orbitals and raise the
energy of the photoactive 3MLCT state. It was not prior clear to
us which one of the two effects (σ-donation or π-backbonding)
is dominant, and hence we anticipated that our study would be
able to clarify this and thereby provide fundamental insight into
previously unexplored molecular design strategies for photo-
active copper(I) complexes.

From the diisocyanide, diphosphine and phenanthroline
ligands four new copper(I) complexes, [CuLCCLCC]+,
[CuLCCLPP]+, [CuLCCLNN]+ and [CuLNNLPP]+, were synthesized,
of which three, [CuLCCLPP]+, [CuLCCLNN]+ and [CuLNNLPP]+,
exhibit photoluminescence from a 3MLCT excited state in solu-
tion at room temperature. The ligand combination of the
diphosphine with the diisocyanide ligand leads to the complex
[CuLCCLPP]+, which displays an unusually high 3MLCT energy.
Finally, a new homoleptic isocyanide copper(I) complex,
[CuLCCLCC]+, was synthesized, which shows ligand-based
fluorescence.

Results and discussion
Synthesis and characterization

The two ligands LCC and LNN were synthesized according to
published methods,31,40,41 while LPP is commercially available.
From these three ligands the four copper(I) complexes could
be synthesized following the so-called HETPHEN (heteroleptic
phenanthrolines) approach.18,19 All four complexes were
characterized using 1H and 13C NMR spectroscopy, elemental
analysis, and high-resolution mass spectrometry.

In the 1H and 13C NMR spectra, the signals split into two
sets for all four copper(I) complexes due to the presence of two
different conformers in all four cases. Variable-temperature
NMR (VT NMR) spectroscopy was conducted for [CuLCCLPP]+

and reveals a dynamic interconversion between two confor-
mers. We believe a slow oscillating motion of the ligand back-
bone caused by the increased steric bulk is the reason for this
effect, similar to what we found previously for complexes with
diisocyanide ligands.42 This dynamic interconversion is
responsible for the relatively broad proton resonances
observed at 298 K for this compound. The direct relationship
between the two conformers of [CuLCCLPP]+ was further
demonstrated by 2D NMR experiments (Fig. S1 and S25). A dis-
sociation of [CuLCCLPP]+ into the two homoleptic complexes,
[CuLCCLCC]+ and [CuLPPLPP]+, as seen in similar reported
examples,43 is here not observed, even at higher temperature
(398 K). The 1H NMR spectrum of [CuLCCLPP]+ at 398 K differs
strongly from the one of the homoleptic complex [CuLCCLCC]+

at 298 K (Fig. S22).
For [CuLNNLPP]+, [CuLCCLNN]+ and [CuLCCLCC]+ two sets of

signals are likewise visible in the NMR spectra. However, in
these cases the interconversion between different conformers
is sufficiently slow on the NMR timescale to yield well-resolved
resonances at room temperature. This interconversion
between conformers likely arises from restricted rotation or
steric hindrance, leading to dynamic processes on the NMR
timescale.

Suitable crystals for single crystal X-ray diffraction analysis
could be obtained for all four complexes (Fig. 2). The crystal
structures show primarily tetrahedral geometry around the
copper(I) center. As an indicator for tetrahedral geometry, the
tetrahedral parameter τ4 (Table S8) can be determined (see SI
section 7 for the definition of the tetrahedral parameter).44

τ4 is defined such, that it ranges between a value of 1,
corresponding to a perfect tetrahedral geometry, and a value of
0, corresponding to a perfect square planar geometry. For
[CuLCCLPP]+ this reveals a very high tetrahedral parameter (τ4 =
0.94), which is close to an ideal tetrahedral structure. This
value is significantly higher than those of [CuLNNLPP]+,
[CuLCCLNN]+ and [CuLCCLCC]+, as well as many reported photo-
active Cu(I) complexes (Table S9).29,45,46 For [CuLNNLPP]+ (τ4 =
0.70) and [CuLCCLNN]+ (τ4 = 0.69), a structure distorted from
ideal tetrahedral geometry, a seesaw-like geometry, is observed.
This distortion arises from the comparatively small bite angle
of phenanthroline in [CuLNNLPP]+ (77°) and [CuLCCLNN]+

(80.7°).

Fig. 1 (a) Representative coordination geometries of photoactive
copper(I) complexes. (b) Molecular structures of the bidentate ligands
used to form tetrahedral copper(I) complexes in this work: LCC, LNN and
LPP (mes = mesityl; Ph = phenyl). Using these three ligands, four new
tetrahedral copper(I) complexes were synthesized: [CuLCCLCC]+,
[CuLCCLPP]+, [CuLCCLNN]+ and [CuLNNLPP]+.
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Electrochemical properties

Cyclic voltammetry in MeCN of all four complexes revealed a
one-electron oxidation attributed to the CuI/II redox couple.
The trend in oxidation potential (Table 1), determined from
the peak current, is: [CuLCCLCC]+ (0.65 V vs. SCE) < [CuLCCLPP]+

(0.70 V vs. SCE) < [CuLCCLNN]+ (0.86 V vs. SCE) < [CuLNNLPP]+

(1.13 V vs. SCE). All four complexes show irreversible oxidation,
which can be also observed in similar copper(I) complexes.47–50

The increase in oxidation potential along this series is compa-
tible with decreasing electron density at the Cu(I) center. This
in turn can be interpreted in terms of the oxidation potential
being primarily influenced by the σ-donation of the ligands.
Accordingly, the observed trend is consistent with a decrease
in σ-donor strength in the order LCC > LPP > LNN, leading to the
lowest oxidation potential for [CuLCCLCC]+ and the highest oxi-
dation potential for [CuLNNLPP]+.

Furthermore, this trend is in accordance with reported
copper(I) complexes,29,47–50 for example [Cu(dpp)(binc)]+ (dpp
= 2,9-diphenyl-1,10-phenanthroline; binc = bis(2-isocyanophe-
nyl) phenylphosphonate) with an oxidation potential of 0.69 V
vs. SCE (ref. 29) comparable to [CuLCCLNN]+ (0.86 V vs. SCE) or
[Cu(dmp)(xantphos)]+ (dmp = 2,9-dimethyl-1,10-phenanthro-
line; xantphos = (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphe-
nylphosphane)) with an oxidation potential of 1.21 V vs. SCE
(ref. 48) comparable to [CuLNNLPP]+ (1.13 V vs. SCE). We con-
clude that the σ-donation effect mentioned in the introduction
is dominant here.

Photophysical studies

Photoexcitation into the MLCT absorption band of
[CuLNNLPP]+ (λexc = 430 nm) band leads to an emission at
540 nm in THF at room temperature, comparable to reported
structurally similar copper(I) complexes (Fig. 3).50,51 In
[CuLCCLPP]+ the emission is blue shifted compared to

[CuLNNLPP]+, indicating a higher-energy emissive excited state
for [CuLCCLPP]+. As the luminescence band shape is similar in
[CuLNNLPP]+ and [CuLCCLPP]+, it seems plausible that the emis-
sion originates from a 3MLCT excited state in both cases. The
emission blue-shift observed when replacing LNN by LCC on
the [CuLPP]+ fragment is at first glance surprising, given the
energetic destabilization of the metal-centered HOMO when
going from [CuLNNLPP]+ to [CuLCCLPP]+ found by cyclic voltam-
metry. Thus, it seems that the energy of the ligand-centered
LUMO is raised to an even greater extent than the metal-cen-
tered HOMO, which seems plausible because the m-terphenyl
backbone of the LCC ligand is overall less π-conjugated than
the phenanthroline backbone of LNN.

[CuLCCLNN]+ does not show emission in THF at room temp-
erature (Fig. S7) but luminesces in non-coordinating DCM
with a band maximum at 630 nm and a band shape compati-
ble with 3MLCT emission also in this case. The lack of emis-
sion in THF could be due to the slightly coordinating nature of
this solvent and the presence of a diisocyanide ligand that is
less rigid and less bulky in comparison to the conventionally
used diphosphines. The emission redshift compared to
[CuLNNLPP]+ when exchanging LPP with LCC on the [CuLNN]+

fragment can be understood on the basis that the phenanthro-
line-centered LUMO remains essentially constant in energy,
whereas the metal-centered HOMO increases in energy when
going from [CuLNNLPP]+ to [CuLCCLNN]+, as manifested by the
decrease in oxidation potential reported above.

The luminescence of [CuLCCLCC]+ is markedly blue shifted
with respect to the three heteroleptic complexes and its band
shape is significantly different than in the homoleptic com-
plexes and furthermore resembles the lowest-energy absorption
band of the [CuLCCLCC]+ complex. On this basis, the lumine-
scence of [CuLCCLCC]+ is assigned to an electronic transition
dominated by ligand-centered character. A direct comparison
with the fluorescence spectrum of LCC is not meaningful, as the
uncoordinated isocyanide carbon atom of the free ligand influ-
ences the photophysical properties.52 We conclude that in the
[CuLCCLCC]+ complex, the lowest MLCT excited states appear to
be shifted to substantially higher energies, presumably due to
the weaker overall π-conjugation of the diisocyanide ligand.

Photoluminescence quantum yield measurements in solu-
tion are complicated by photodegradation occurring while irra-
diating [CuLNNLPP]+ and [CuLCCLNN]+ (Fig. S5 and S7). This
may arise from partial (or full) detachment of one ligand in
solution or displacement of one ligand with a solvent mole-
cule.53 This behaviour is not observed in solid state (Fig. S11),
and therefore we focused on photoluminescence quantum yield
measurements for the 3MLCT emission of [CuLNNLPP]+,
[CuLCCLPP]+ and [CuLCCLNN]+ in the solid state. The photo-
luminescence quantum yield (Φ) in the solid-state decreases
from [CuLNNLPP]+ (50.6%) to [CuLCCLNN]+ (8.3%) and
[CuLCCLPP]+ (1.5%). The observed trend appears to arise from a
complex interplay between excited-state energy and concen-
tration quenching. On the one hand, according to the energy-
gap law, intrinsic nonradiative relaxation for individual com-
plexes decreases as the excited-state energy increases. On the

Fig. 2 X-ray crystal structures of the four copper(I) complexes: (a)
[CuLNNLPP]+, (b) [CuLCCLPP]+, (c) [CuLCCLNN]+ and (d) [CuLCCLCC]+.
Ellipsoids are drawn at 50% probability. Hydrogen atoms and counter-
ions are omitted for clarity. Depth cueing has been applied to enhance
structural visualization.
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other hand, higher excited-state energy may enhance concen-
tration-quenching pathways, offsetting this intrinsic advantage.

Going back to the solution state, [CuLNNLPP]+, [CuLCCLNN]+

and [CuLCCLCC]+ exhibit mono-exponential luminescence
decays (Fig. S4, S8 and S10), whereas [CuLCCLPP]+ exhibits a bi-
exponential decay due to the presence of two conformers. Here
we will focus on the lifetime of the longer-lived conformer (τ =

4.45 μs), as this displays the major contribution (81%) to the
luminescence decay, whereas the conformer with the shorter
excited-state lifetime (τ = 0.39 μs) contributes with only 19%
(Fig. S6). Furthermore, the photodegradation products of
[CuLCCLPP]+ and [CuLCCLNN]+ also emit, resulting in a multi-
exponential decay in solution (Fig. S5 and S7). For
[CuLCCLCC]+, the short luminescence lifetime (τ = 9.9 ns)
(Fig. S10) together with the band shape (Fig. 3) agrees with a
fluorescence emission from a ligand centered singlet excited
state. We did not find any evidence for a longer-lived triplet
excited state by transient absorption spectroscopy and there-
fore assume that the fluorescent excited state undergoes very
inefficient intersystem crossing in this case, presumably
because it contains limited metal-character.

[CuLNNLPP]+ exhibits the longest 3MLCT lifetime (τ =
16.3 μs), and the magnitude of this lifetime is in agreement
with other reported examples of heteroleptic complexes with
diimine and diphosphine ligands.47,51 The shorter lifetime of τ
= 4.45 μs in deaerated THF for [CuLCCLPP]+, despite the blue
shifted 3MLCT emission, is most likely due to the more flexible
isocyanide backbone of LCC compared to LNN, leading to more
distortion of the excited state, and therefore more non-radia-
tive pathways seem to be present. This effect seems to be also
present for [CuLCCLNN]+, as a short lifetime of τ = 219 ns in
deaerated DCM was measured.

The 3MLCT excited state energy (labelled E00 in Table 1) was
estimated at 10% of the high-energy onset of the emission
spectra, providing values of 2.95 eV for [CuLCCLPP]+, 2.65 eV for
[CuLNNLPP]+, and 2.44 eV for [CuLCCLNN]+. For [CuLCCLCC]+, as
explained above, we observe ligand-based fluorescence, and
there is no evidence for significant population of the T1 excited
state. Based on the fluorescence spectrum of [CuLCCLPP]+, the
energy of the S1 excited state was estimated to be around 3.9 eV.

Among the four complexes investigated, [CuLCCLPP]+ dis-
plays particularly favourable properties, in that it features a
comparatively low oxidation potential (Eox = 0.70 V vs. SCE), an
unusually high triplet energy (E00 = 2.95 eV), and a relatively
long 3MLCT lifetime (4.45 μs for the predominant conformer).
These properties lead to an estimated excited-state oxidation

Fig. 3 UV/Vis absorption spectra (solid lines) and emission spectra
(dashed lines) of the four copper(I) complexes. [CuLCCLCC]+,
[CuLCCLPP]+, and [CuLNNLPP]+ were measured in dry, deaerated THF,
[CuLCCLNN]+ was measured in dry, deaerated DCM. Emission spectra
were recorded at 100 μM and normalized to the maximum intensity.
[CuLCCLPP]+ was excited with a 355 nm laser (20 mJ; 10 ns pulse width;
1 μs integration time) and the luminescence was recorded with a time-
gated delay of 500 ns. The other three complexes were excited using
continuous irradiation: [CuLNNLPP]+ at 430 nm, [CuLCCLNN]+ at 370 nm
and [CuLCCLCC]+ at 300 nm.

Table 1 Summary of the photophysical and electrochemical properties of CuI complexes

Entry Compound
λmax, em [nm] (Φ [%]) τ0 [µs]

E00 [eV] Eox [V. vs. SCE] E*
ox [V. vs. SCE]

THFa DCMa Powderd THFa DCMa — MeCNa —

1 [CuLNNLPP]+ 540 540 (50.6) 16.3 2.65 1.13 −1.52
2 [CuLCCLPP]+ (350)b 475 (1.5) 0.39c 2.95 0.70 −2.25

510 4.45c

3 [CuLCCLNN]+ (415)b 540 (8.3) (0.007)b 2.44 0.86 −1.58
630 (0.0011)b

0.219
4 [CuLCCLCC]+ 332 — 0.0099 — 0.65 —

a In dry, deaerated solvent at 20 °C. b Emission assigned to a photodegradation product. c Biexponential emission decay tentatively assigned to
the two different, slowly interconverting conformers as seen in the variable-temperature NMR studies. d Solid-state measurement at 20 °C. λmax,

em, wavelength of the emission band maximum; τ0, lifetime of the photoactive excited state. E00 was estimated from 10% of the high-energy onset
of the emission spectrum; Eox oxidation potential referenced against SCE; estimated E*

ox oxidation potential in the photoactive 3MLCT excited
state referenced against SCE; Φ photoluminescence quantum yield in the solid state at room temperature.
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potential E*
ox of −2.25 V vs. SCE, potentially making

[CuLCCLPP]+, a strong excited-state reductant,29,48,51,54,55 in
addition to a potent triplet energy donor. In the following, that
latter aspect will be in focus.

Sensitized triplet–triplet annihilation upconversion

Among the three heteroleptic complexes investigated herein
and compared to many previously reported tetrahedral copper
(I) complexes,2 [CuLCCLPP]+ displays a high 3MLCT excited-state
energy (Table 1). This complex was therefore used in a triplet–
triplet energy transfer (TTET) experiment with 4,4′-dimethoxy-
1,1′-biphenyl (BP), in which the lowest triplet excited state (T1)
is 2.74 eV above the electronic ground state.56 Irradiating
[CuLCCLPP]+ in the presence of 25 mM BP results in a triplet–
triplet energy transfer (TTET) (Fig. 4a) forming the lowest
triplet excited state of BP (3BP*). The 3BP* species can be
observed directly in the transient absorption spectrum
(Fig. 4b), where a new band with a maximum at 393 nm arises,
which matches recently reported examples of triplet biphenyl
species.56 The lifetime of the desired 3BP* photoproduct in
deaerated THF at room temperature is 149 µs (Fig. S14).

Expectedly, the 3MLCT emission of [CuLCCLPP]+ observed in
the absence of BP (Fig. S13), is quenched by BP in the transi-

ent absorption spectrum (Fig. 4b).56 The luminescence
quenching rate constant could not be determined, because the
emission of the photodegradation product discussed in the
previous section overlaps with the emission from [CuLCCLPP]+.
This becomes increasingly problematic at higher concen-
trations of BP, as the 3MLCT emission of [CuLCCLPP]+ is
quenched, but the emission of the photodegradation product
remains seemingly unaffected. The main conclusion from this
series of experiments is that the unusually high triplet excited
state energy of [CuLCCLPP]+ is confirmed by the TTET process
to BP.

Following the triplet–triplet energy transfer (TTET), two
3BP* species undergo triplet–triplet annihilation (TTA)
(Fig. 4c), resulting in the population of the S1 state of BP at
3.97 eV (ref. 56) and delayed fluorescence from that state with
a band maximum at 347 nm (purple part of Fig. 4d). The
upconversion luminescence spectrum of BP is identical to that
obtained upon direct BP excitation,57 but is still detectable
after 100 µs delay time, which confirms the delayed nature of
the upconversion fluorescence reflecting the 3BP* lifetime. For
reference, the prompt fluorescence of BP obtained after direct
UV excitation is 11 ns.56,57 Additionally, back energy transfer
from BP to [CuLCCLPP]+ is observed as a long-lived lumine-

Fig. 4 Triplet–triplet energy transfer (TTET) experiment using 100 μM [CuLCCLPP]+ and 25 mM 4,4’-dimethoxy-1,1’-biphenyl (BP) in deaerated THF.
Excitation was performed at 355 nm (25 mJ; 10 ns pulse width). Detection occurred with a 1 μs integration time. (a) Jablonski diagram illustrating
excitation and relaxation pathways of the TTET relevant to the (b) transient absorption spectrum measured with different time delays (1 to 500 μs).
(c) Jablonski diagram illustrating excitation, triplet–triplet annihilation upconversion (TTA-UC) and relaxation pathways of the TTET and TTA-UC rele-
vant to the (d) emission spectrum measured with different time delays (1 to 100 μs). The asterisk indicates the second harmonic of the upconverted
emission of BP.
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scence signal at 500 nm (blue marked part of Fig. 4d). This
confirms our expectation (Fig. 4c) that the triplet energies of
the [CuLCCLPP]+ donor and the BP acceptor are close in energy,
such that the long-lived 3BP* state can repopulate the lumines-
cent 3MLCT excited state of [CuLCCLPP]+. Typically, this is the
case when the donor–acceptor energy gap is on the order of
0.2 eV or less.58

The main finding of this section is that the high 3MLCT
energy of [CuLCCLPP]+ is confirmed by the TTET experiments
and the upconversion studies. The upconversion process itself
is not the primary focus of this work and exhibits a compara-
tively small anti Stokes shift and low efficiency. As a result, a
detailed photophysical characterization of the upconversion
mechanism was not feasible within the scope of this study.

Triplet–triplet energy transfer photocatalysis

To explore the application potential of [CuLCCLPP]+ in triplet–
triplet energy transfer photocatalysis, the intramolecular [2 +
2] cycloaddition of norbornadiene to quadricyclane (Fig. 5a), a
molecular solar thermal energy storage (MOST) system, was
chosen.37,59,60 Norbornadiene exhibits a triplet energy of 2.7
eV, and [CuLCCLPP]+ should therefore be able to sensitize this
triplet excited state and catalyze the photoisomerization reac-
tion of norbornadiene to quadricyclane. The reaction was
monitored by 1H-NMR spectroscopy as a function of continu-
ous irradiation at 365 nm (Fig. 5b) and over time, the proton
resonance of norbornadiene at 1.94 ppm (red) gets smaller
and three new resonances corresponding to quadricyclane
(green) increase. After two hours of reaction time a yield of
59% was observed with [CuLCCLPP]+, whereas only minor turn-
over (4%) occurred without a photocatalyst (Fig. S3).

Conclusions

Tetrahedral copper(I) complexes play a central role in photo-
physics and photochemistry with favourable properties of long
luminescence lifetimes and high quantum yields, with many
previous studies focusing on phenanthroline and diphosphine
ligands.1–4 Our work aimed to increase the triplet energy of
copper(I) complexes through diisocyanide chelate ligands and
achieve fundamental insights for the design principles of
photoactive copper(I) complexes beyond the traditionally used
α-diimine and diphosphine ligands.

The metal-based HOMO is destabilized when going from
phenanthroline to diphosphine to diisocyanide, as seen in the
markedly lowered oxidation potential when going from
[CuLCCLNN]+ to [CuLCCLPP]+ and [CuLCCLCC]+, or when compar-
ing [CuLNNLPP]+ and [CuLCCLNN]+. This suggests that σ-
donation effects outweigh π-backbonding effects as far as the
HOMO energy is concerned. At the same time, the energy of
the ligand-based LUMO increases across the abovementioned
ligand series, presumably due to decreasing π-conjugation in
the ligand backbone in the series LNN > LPP > LCC. In the
[CuLCCLPP]+ complex, this leads to a luminescent 3MLCT
excited state with a markedly higher energy than in many
known photoactive copper(I) complexes.29,48,51,54,55 Proof-of-
principle upconversion and triplet–triplet energy transfer
photocatalysis experiments illustrate the usefulness of the
unusually high-energy 3MLCT excited state of [CuLCCLPP]+. The
upper limit of our design approach is reached in the homolep-
tic [CuLCCLCC]+ diisocyanide copper(I) complex, where a
ligand-centered excited state becomes photoactive.

In summary, our work illustrates how diisocyanide chelate
ligands can be used to tune the photophysical and photoche-
mical properties of photoactive copper(I) complexes with four-
coordinate coordination environments.
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Fig. 5 (a) [2 + 2] Cycloaddition of norbornadiene to quadricyclane in
deaerated THF-d8. Starting material conversion and product yield were
determined by 1H-NMR spectroscopy using trimethyl(phenyl)silane as
an internal standard. (b) 1H-NMR spectra (aliphatic region) of the reac-
tion mixture. Signals corresponding to norbornadiene (starting material)
are highlighted in red, and those of quadricyclane (product) are high-
lighted in green. The signal marked with an asterisk (*) originates from
residual non-deuterated THF present in THF-d8.
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CCDC 2502158–2502161 contain the supplementary crystal-
lographic data for this paper.61a–d
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