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Introduction

Luminescent N-heterocyclic carbene Cu()
complexes with NAO chelating ligands exhibit
microsecond lifetimes and photocatalytic activity

Soumi Chakraborty, (22 Ergian Mao,” Thomas G. Gray (2 ® and Thomas S. Teets (&) *@
To replace precious noble metal-based photosensitizers in applications involving photoinduced charge
separation, energy transfer, or photocatalysis, Cu() complexes are considered to be cost-effective, earth-
abundant, and sustainable alternatives. An emerging and effective design principle in Cu() photosensiti-
zers involves heteroleptic structures where the HOMO and LUMO are spatially separated over two
different ligands. In the present work, we introduce a complementary class of heteroleptic, three-coordi-
nate copper photosensitizers that pairs variable NAO chelating ligands (8-hydroxyquinoline and
10-hydroxybenzolh]lquinoline) with a bulky 2,6-diisopropylphenyl-substituted N-heterocyclic carbene
(NHQC). In this design, both frontier orbitals are localized on the same ligand, the NAO chelate, such that
structural modulation of the electron-rich NAO-chelates can substantially tune the energy levels of the
HOMO and LUMO, thereby controlling the photoluminescence properties. Detailed photophysical and
electrochemical experiments as well as DFT calculations suggest charge-transfer transitions with intra-
ligand charge transfer (ILCT) character, involving the NAO ligands. This strategy successfully produced
long triplet excited-state lifetimes (up to 44 ps) in compounds that are strong photoreductants (E([Cul*/
*[Cu] as negative as —2.0 V vs. the ferrocenium/ferrocene couple). These properties allow these photo-
sensitizers to be used as photocatalysts in various transformations of organic compounds, such as hydro-
genation of substituted benzophenones, hydrodehalogenation of aryl/alkyl halides (including challenging
C-Cl bond activation) and E/Z isomerization of (E)-stilbene (an example of triplet—triplet energy transfer).

effective design of a photosensitizer, the main challenge
associated with the 3d transition metals is to overcome non-

Molecular photosensitizers have a wide range of applications
in fields that include materials science, biomedicine, photovol-
taics, and synthetic chemistry.'™ For a long time, the design
of homogeneous photosensitizers and photocatalysts primarily
relied on precious transition metals such as iridium(mr),*’
ruthenium(m)®° and platinum(u).'>"'* These precious transition
metals have demonstrated high efficiency as photocatalysts
due to features that include strong absorption over the visible
region and long excited-state lifetimes.”'> However, due to the
high cost and low abundance of the noble metals, it is impor-
tant to develop more sustainable and cost-effective approaches
to design photosensitizers for large-scale applications. As
such, there have been many prominent studies to introduce
earth-abundant first row transition metals as cheaper alterna-
tives to precious metals in various fields of chemistry. For the
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radiative deactivation of the triplet excited state caused by low-
lying metal-centered (MC) d-d transitions, observed when
there are partially filled 3d orbitals.’ In this context, Cu(r) com-
plexes have gained significant attention due to their closed
shell 3d"° electronic configuration that removes the possibility
of deleterious MC states and makes it more straightforward to
access long-lived charge-transfer transitions. As a result, Cu(i)-
based photosensitizers have been successfully studied for solar
cells, OLEDs, and photocatalytic reactions.'**® The majority of
Cu(1) photosensitizers so far are four-coordinate pseudo-tetra-
hedral homo- and heteroleptic complexes featuring diimine
(N~N) and diphoshphine (P"P) ligands. Detailed investigation
of the photophysical processes of four-coordinate Cu(1) com-
plexes supports a pseudo-Jahn-Teller flattening distortion in
the excited state leading to the formation of a five coordinate
exciplex, promoting fast nonradiative decay that decreases the
excited state lifetime.> A common strategy to alleviate this
problem is to introduce bulkier ligands in order to block the
geometrical distortion of the excited state as well as to increase
the lifetime."> An emerging approach that has gained recent

This journal is © The Royal Society of Chemistry 2026
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traction in the design of copper(1) photosensitizers involves
heteroleptic structures combining one electron-rich anionic
ligand with a neutral n-acceptor ligand; the ligands can be
monodentate or bidentate, resulting in coordination numbers
between two and four. Recent examples include four-coordi-
nate copper() complexes combining diphosphines with
anionic 4H-imadizolate chelates, capable of photoinduced
charge accumulation,’””'® and carbene metal amide (cMa)
complexes that span the entire coinage metal series and
include many examples of two-coordinate copper complexes
that are luminescent’®®® and function as solar
photosensitizers.**

The usual situation in the types of heteroleptic copper com-
plexes described above is that the HOMO is substantially loca-
lized on the electron-rich anionic ligand, with the LUMO loca-
lized on the neutral n-acceptor. A complementary approach to
three-coordinate copper(1) photosensitizers places the electron-
rich and n-accepting functionalities on the same anionic che-
lating ligand. With the frontier orbitals localized on the same
ligand, the low-energy excited state is best described as intra-
ligand charge transfer (ILCT), distinct from the more typical
metal-to-ligand charge transfer (MLCT, commonly observed in
homoleptic copper(i) chromophores) and ligand-to-ligand
charge transfer (LL'CT, commonly observed in heteroleptic
copper(1) chromophores). With ILCT excited states, both fron-
tier orbitals are centered on the same ligand and thus can be
tuned by structural modulation of that single ligand. In
addition, LL’CT excited states sometimes suffer from low oscil-
lator strengths when the donor (HOMO) and acceptor (LUMO)
orbitals are perpendicularly oriented,?* which is avoided in
ILCT excited states involving planar ligands.

The work presented here introduces heteroleptic copper()
complexes with ILCT excited states that exhibit long excited-
state lifetimes and function as versatile photoredox catalysts.
They are supported by hydroxy-substituted quinoline deriva-
tives, 8-hydroxyquinoline and 10-hydroxybenzo[h]quinoline,
and both are capped with the same bulky N-heterocyclic
carbene (NHC), {1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-
imidazol-2-ylidene} (IPr). This and related NHC ligands have
been extensively used in other classes of copper(1) charge-
transfer chromophores,'>?***7* and we hypothesized that its
strong c-donor ability and large steric profile would be impor-
tant for stabilizing three-coordinate structures and promoting
long excited-state lifetimes. Two Cu(N~O)(IPr) complexes are
presented in this work, cataloguing their electrochemical and
photophysical properties, supplemented by DFT calculations,
with applications in photocatalytic reactions of organic com-
pounds. The copper(i) center facilitates intersystem crossing to
a *ILCT state, allowing these compounds to exhibit long-lived
phosphorescence (lifetimes up to 44 ps). These complexes are
also predicted to be strong photoreductants (E([Cu]'/¥[Cu]) =
—1.8 V to —2.0 V). The long excited-state lifetimes facilitate
good photocatalytic reactivity for an energetically uphill alkene
isomerization reaction that involves triplet-triplet energy trans-
fer, and the strong excited-state reducing capability enables
reductive photoredox transformations to be carried out on
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different substrate classes. The copper(r) complexes disclosed
here represent a new structural-class of charge-transfer
chromophores with attractive photophysical properties and
good excited-state reactivity.

Results and discussion
Synthesis and structural characterization

The synthesis of the heteroleptic copper complexes is outlined
in Scheme 1, with more details in the experimental section.
First, the neutral N~O ligand precursors are treated with either
benzylpotassium or NaHMDS (HMDS = bis(trimethylsilyl)Jamide)
ina 1:1 ratio to obtain the respective potassium or sodium salt.
These salts are combined with chloro[1,3-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene] copper(1), Cu(IPr)Cl, in a 1:1.2 ratio
in anhydrous THEF, stirring for 24 hours at room temperature.
Following purification, the desired products were obtained in
good yields, as specified in Scheme 1. Both complexes (Cul and
Cu2) are sensitive to aerobic conditions and are best stored
inside a nitrogen-filled glovebox. The complexes were character-
ized by "H and "*C{'"H} NMR spectroscopy (Fig. S47-850), which
are consistent with the proposed structures and confirm their
purity. High-resolution mass spectrometry was attempted on
Cul and Cu2, but in both cases the only ion observed has an
m/z value of ca. 492.24, which corresponds to the ligand-substi-
tution product [Cu(IPr)(MeCN)|" (Fig. S61 and S62), indicating
the compounds are not stable in MeCN.

The structural features of Cul and Cu2 were further charac-
terized by single-crystal X-ray diffraction, and the molecular
structures are illustrated in Fig. 1. Table S1 summarizes refine-
ment parameters, and Table S2 collects the bond lengths and
angles involving the copper center. The coordination environ-
ment in both complexes is planar, with the sum of the bond
angles around the copper center very near 360°. The best

O-w_.
Cu K O\Cu
2.\ L1-K
Ay N
\—/ THF, RT, 24 h '
(under Ny) N\/

\=/ THF, RT, 24 h N~
(under Ny)

IPr-Cu-ClI
Cu2 (73% yield)

Scheme 1 Synthesis of Cu()-NHC complexes using NAO chelating
ligands.
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Fig. 1 Molecular structures of Cul and Cu2 determined by single
crystal X-ray diffraction. Thermal ellipsoids are shown at the 50% prob-
ability level.

descriptor of the coordination geometry is distorted Y-shaped.
The smallest bond angle about copper is imposed by the N*O
chelate ring, giving an N-Cu-O angle of 82.87(7)° in Cu1 (five-
membered chelate) and 90.32(7)° in Cu2 (six-membered
chelate). There is a significant disparity between the other two
bond angles about the copper vertex, in which the O-Cu-C
angle is ca. 15° (Cul) or 22° (Cu2) smaller than the N-Cu-C
angle; this difference likely arises from the NHC tilting away
from the more sterically encumbered side of the N~O ligand.
The C-Cu bond distances are within the range of previously
reported NHC-Cu(1) complexes.>*

Frontier molecular orbitals

The frontier molecular orbitals of the stated Cu(1) complexes
were computed via DFT, using the PBEO hybrid functional and
the D3BJ dispersion correction. To expedite computation, the
NHC isopropyl groups were truncated to methyl groups; the
truncated structures are denoted as Cul’ and Cu2'. The opti-
mized geometries overlay well with the crystallographically
determined structures (Fig. S51 and S52), indicating that the
substituent modification does not drastically alter the pre-
ferred coordination geometry or ligand conformations.
Selected molecular orbitals are presented in Fig. 2, with partial
Kohn-Sham orbital energy-level diagrams in Fig. S53 and S54.
The HOMO and LUMO of Cul’ both predominantly localize on

Cu2'

Fig. 2 Frontier molecular orbitals of Cul’ and Cu2’, computed via DFT,
using the PBEO hybrid functional and the D3BJ dispersion correction.
The isopropyl groups of the NHC are truncated to methyl groups.
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the 8-hydroxyquinolinato ligand (97% contribution) with a
minimal contribution (2.6%) from orbitals on copper. The
electron density in the HOMO is more skewed towards the
hydroxy-substituted ring, whereas the LUMO density shifts
towards the N-heterocycle. The HOMO-1 is more delocalized,
with significant copper character (60%) and moderate ligand
character (10% NHC, 30% N~O). Similar orbital compositions
are observed in Cu2’ as well. These observations deviate some-
what from the previous literature report of [Cu(N~N)(NHC)]"
complexes, in which metal-centered orbitals are major contri-
butors to the HOMO.>* We propose that the electron-rich
nature of the anionic N*O ligands results in them being stron-
ger contributors to the HOMO for both Cul’ and Cu2'. The
computed HOMO-LUMO gaps are 3.73 eV in Cul’ and 3.58 eV
in Cu2'.

Photophysical properties

UV-vis absorption and steady-state photoluminescence spectra
were measured in THF at room temperature (298 K), and
photoluminescence spectra at 77 K were measured in
2-methyltetrahydrofuran. The overlaid spectra of Cul and Cu2
are depicted in Fig. 3 and all photophysical data are summar-
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Fig. 3 UV-vis absorption and photoluminescence spectra (at 298 K
and 77 K) of (a) Cul and (b) Cu2, recorded in THF at room temperature
and in 2-methyltetrahydrofuran at 77 K. Black solid line: absorption
spectrum; red solid line: photoluminescence spectrum at 298 K; blue
dashed line: photoluminescence spectrum at 77 K. The photo-
luminescence spectra are intensity-matched to the absorption spectrum
at the long wavelength maximum.
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ized in Table 1. Excitation spectra of these compounds, over-
laid with their UV-vis absorption spectra, are presented in the
SI (Fig. S1 and S2).

The UV-vis absorption spectra all exhibit a discernible
band in the near-UV to visible region. More specifically, the
spectrum of Cul shows a maximum at 423 nm (¢ = 1.5 x 10°
M~' em™, Fig. 3a, black solid line). On the other hand, in Cu2
the main band has a maximum of 377 nm (e = 2.4 x 10° M™*
em™', Fig. 3b, black solid line) with a weaker shoulder at
430 nm. To understand the nature of these visible transitions,
time-dependent DFT analysis was performed on truncated
model complexes Cul’ and Cu2'. The results are summarized
in Tables S5 and S6 with simulated absorption spectra in
Fig. S55 and S57, and they show that in each complex there is
a low-energy singlet transition with substantial oscillator
strength that is a pure HOMO — LUMO excitation. In Cu2’ the
computed S; state is a HOMO-1 — LUMO MLCT state, but its
oscillator strength is negligible (f = 0.0003). Given the nature
of the frontier orbitals described above, the most intense
absorption transitions can be described as intra-ligand charge-
transfer ("ILCT) in both Cul and Cu2. Electron-hole analysis,
summarized pictorially in Fig. S56 (Cul’) and Fig. S58 (Cu2’)
confirm this assignment. In both cases, the more intense low-
energy transition, S; in Cul’ and S, in Cu2’, has its excited-
state hole distribution primarily on the hydroxy-substituted
arm of the chelating ligand, with the electron distribution
more delocalized but skewed towards the N-heterocycle ring.

The room-temperature photoluminescence of Cul (Fig. 3,
red solid lines) consists of a band with a maximum at 560 nm.
The broad, featureless nature of this band, insights into the
frontier orbitals and excited states from DFT and TD-DFT cal-
culations, and the long excited-state lifetime (see below) are all
consistent with phosphorescence originating from a triplet
charge-transfer excited state. As further confirmation, elec-
tron-hole analysis of the S, — T; transition of truncated
model complex Cul’ (Fig. S56) shows that both the electron
and hole distribute almost exclusively on the 8-hydroxyquino-
lato ligand, with the higher-lying T, level presenting as an
MLCT state. The photoluminescence quantum yield (®p) is
0.03. The photoluminescence of Cul at 77 K shows two bands:
(i) a lower-intensity band at 535 nm, consistent with the rigido-
chromic shift of the room-temperature band; (ii) a more
intense, low-energy band at 672 nm (Fig. 3a, blue dashed line).
Such dual emission at 77 K is reproducible across multiple
samples and concentrations, confirming it is intrinsic to the
complex. The consistent appearance of this secondary band,
along with the relative peak intensities being unaffected by

Table 1 Summary of photophysical data of Cul and Cu2
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concentration, effectively rules out excimer or aggregate emis-
sion as its source (Fig. S5). This temperature-dependent dual
emission is most plausibly attributed to two closely spaced
triplet excited states. At room temperature, thermal population
favours emission from the higher-energy >CT state, resulting in
the single emission band, whereas at 77 K, emission from the
lower-energy triplet manifold becomes dominant, giving rise
to the second intense band. This assumption was further sup-
ported by the lifetime analysis of Cul at room temperature
which is described in the following section.

At 298 K, Cu2 shows bright red photoluminescence with its
spectrum centered at 636 nm (Fig. 3b, black solid line), ®@p;, =
0.08. A significant hypsochromic shift of 43 nm (1100 cm™)
was observed in the PL spectrum recorded at 77 K, in which
the maximum occurs at 593 nm, (Fig. 3b, blue dashed line),
likewise consistent with a charge-transfer transition. Similar to
Cul, the TD-DFT-computed S, — T, transition and associated
electron-hole analysis (Fig. S58) indicate that the low-energy
triplet state in Cu2 is best described as a °ILCT state.
Consistent with the ligand-localized nature of the T, state, the
T, geometries of Cul’ and Cu2’, optimized by spin-unrestricted
DFT, are minimally different than those of the respective S,
ground state (Fig. S59 and S60).

The PL lifetimes of Cul and Cu2 were determined by time-
correlated single photon counting (TCSPC) in THF at room
temperature, and the time-resolved photoluminescence decay
traces are presented in Fig. S3 and S4. The observed lifetimes
depend substantially on the choice of N*O ligand. The PL for
Cul decays on the microsecond timescale consistent with
phosphorescence from a triplet excited state. The decay is best
fit by a biexponential function, yielding z; = 3.6 ps (minor, 6%)
and 7, = 46 ps (major, 94%), corresponding to an average life-
time 7, = 44 ps. No prompt (nanosecond-scale) component
was detected, confirming that the observed photo-
luminescence is attributed exclusively to phosphorescence
rather than fluorescence. This observation supports the pres-
ence of two emissive triplet decay pathways in Cul, either orig-
inating from two closely spaced and non-interconverting
triplet excited states or two conformationally distinct environ-
ments. Consistent with this interpretation, a dual-emission
profile is observed at 77 K. On the other hand, the excited state
lifetime is over an order of magnitude smaller in Cu2 (2.9 ps),
reflecting a faster deactivation of its triplet excited state com-
pared to Cul. In combination with the observed photo-
luminescence quantum yields, we find that the radiative rate
constant in Cu2 (k. = 3 x 10* s7") is over 40x larger than that of
Cul (k. = 7 x 10*> s7"), with the nonradiative rate constants also

UV-vis absorption, A/nm (& x 107*/M™" em™) PL, 298 K, A/nm PL, 77 K, //nm 7/us Dpy, ky/s™t kor/s™* Eoo“leV
Cul  338(1.3),423 (1.6) 560 535, 672 44 0.03 7x10>° 2x10" 2.3
Cu2 365 (2.2), 377 (2.4), 430 (0.64) 636 593 2.9 0.08 3x10" 3x10° 2.1

“Eo, value were calculated from the 4, , peak in the 77 K emission spectra.

This journal is © The Royal Society of Chemistry 2026
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exhibiting an order-of-magnitude difference (2 x 10* s™* in
Cul and 3 x 10° s in Cu2).

Electrochemistry

The electrochemical properties of Cul and Cu2 were analyzed
by cyclic voltammetry, and the resulting voltammograms are
depicted in Fig. 4. The results of electrochemical analysis are
summarized in Table 2. All reduction potentials are reported
relative to the ferrocenium/ferrocene (Fc/Fc®) redox couple as
the internal reference. The wave associated with the one-elec-
tron oxidation of both Cul and Cu2 is reversible in nature,
with E;/, values of 0.35 V and 0.28 V, respectively (Fig. 4). Cul
possesses two irreversible reduction waves, at —2.59 V and
—2.78 V, respectively. On the other hand, Cu2 shows an irre-
versible reduction wave at —2.56 V. The reduction is expected
to involve the LUMO, which is primarily localized on the qui-
noline or benzoquinoline ring (Fig. 2). The excited-state oxi-
dation potentials (*E°) for these complexes, ie., the redox
potentials associated with electron transfer from the excited
state, were estimated and presented in Table 2. Cul has a
more negative *E°* (2.0 V) compared to Cu2 (*E* = —1.8 V),
signifying it is a slightly stronger photoreductant.

Photocatalytic activity

The excited-state redox potentials of Cul and Cu2, combined
with their long excited-state lifetimes, suggest they could be
potent photoredox reagents. Defined as E([Cu]'/*[Cu]), the esti-
mated *E® values of these compounds (Table 2) are —2.0 and
—1.8 V, respectively, indicating they are strong photoreduc-
tants. Therefore, we chose to check the photocatalytic ability of
these two complexes in reductive transformations of organic
compounds. As a model reaction, we chose the photo-hydro-
genation of different substituted benzophenone substrates, a
reaction we have previously studied using iridium photosensi-
tizers’” and p-diketiminate (NacNac)-supported copper(i)
photosensitizers.>®>*° The reaction conditions are depicted in

>
& cut =

o e b by by by by by v by
1 05 0 -05-1-15-2-25-3-35
(Evs Fc'/Fc) /I V

Fig. 4 Overlaid cyclic voltammograms of Cul and Cu2, recorded in
THF with 0.1 M NBu4PF¢ electrolyte, using a glassy carbon working elec-
trode, platinum wire counter electrode, and silver wire pseudo-refer-
ence electrode. A scan rate 0.1 V s™ was used, and potentials are
reported relative to an internal standard of ferrocene.
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Table 2 Summary of electrochemical data of Cul and Cu2

EVE ([Cul[cul®)  E™IV® ([Cul’/[cu]”) *E™V? ([Cu]'/¥{Cul’)
Cul 0.35 —-2.59, —2.78 -2.0
Cu2 0.28 -1.70, —2.56 -1.8

“Potentials for reversible couples are reported as half-wave potentials
E1)5), whereas for irreversible couples half-peak potentials®® are given.
Estimated as E°* — E, , (see Table 1 for E, , values).

Scheme 2. 4-Cyanobenzophenone (S1) was selected as the
initial test substrate and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH) was chosen as a sacrificial electron
and hydrogen donor. The catalytic reactions were carried out
in an NMR tube with S1 (1 equiv.), BIH (2 equiv.) and the
copper catalyst (Cul or Cu2, 10 mol%), in the presence of an
internal integration standard (1,3,5-trimethoxybenzene) in
CeDg. Samples were irradiated with blue LEDs and monitored
by "H NMR spectra recorded at different time intervals. Within
10 h, we determined a 99% NMR yield of the desired hydro-
genated product (4-cyanobenzhydrol, P1) with both Cul and
Cu2 as the photosensitizer. A control reaction without any
copper catalyst, otherwise identical, resulted in no product for-
mation. We then moved to check the scope of various benzo-
phenone substrates containing electron-donating or electron-
withdrawing groups.

NMR spectra for these screens are presented in the SI
(Fig. S12-528). The yields of all catalytic reactions were deter-
mined via integration of the NMR spectrum relative to the
internal standard. In two cases (unsubstituted S2 and dicyano-

o} OH
[Cu] (10 mol%)
| \_R BIH (2 equiv.) | \_R
X Z Blue LED X Z
S1-8 RT, 48 h, under N, P1-8
OH OH OH
CN SRS
P1 P2 P3
Cu1: 99%? Cu1: 42% Cu1: 95%"
Cu2: 99%7 on Cu2: 60% oy Cuz 42%"
P4 P5
Cu1: 99%° Cu1: 50%
Cu2: 68%" Cu2: 59%
OH OH OH CF;
F SRS
CFs Me
P6 P7 P8
Cu1: 98%° Cu1l: 41% Cu1: no reaction
Cu2: 48%b Cu2: no reaction Cu2: no reaction

Scheme 2 Photocatalytic hydrogenation of benzophenones using Cul
and Cu2 as photocatalysts. NMR yields for all products were determined
using 1,3,5-trimethoxybenzene as internal standard. °Reaction time
10 h. ® Reaction time 24 h.

This journal is © The Royal Society of Chemistry 2026
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substituted S5) both photosensitizers produce modest and
similar yields of the hydrogenation product; the latter example
is curious since S5 should be the most activated substrate. For
a few of the halo-substituted examples (S3, S4, and S6), Cul
clearly performs better as a photosensitizer and gives near-
quantitative yield of the respective benzhydrol product, with
only modest yields obtainable with Cu2. Methyl-substituted S7
is the most difficult substrate to reduce in this series, and we
were only able to obtain significant amounts of hydrogenation
product (41%) with Cul. Finally, with S8 no productive reac-
tion was observed with either catalyst, which we tentatively
ascribe the sterically blocking nature of the 2-trifluoromethyl
substituent. Overall, Cul outperforms Cu2 as a photocatalyst,
which is likely a function of it being a stronger photoreductant
(*E® —2.0 V vs. —1.8 V) and having a longer excited-state life-
time, both of which can contribute to higher quantum yields
for photoinduced electron transfer to the substrate.

Similar photoredox transformations were previously carried
out using a cyclometalated iridium photocatalyst.’” The pre-
vious work used 1 mol% catalyst (instead of 10 mol% as used
herein), with otherwise identical conditions. The yields with
Cul are comparable to or exceed those obtained with the Ir
photocatalyst in reactions involving the activated substrates
(those with electron-withdrawing groups, S1, S3, and S$4).
Interestingly, with Cul, photoreduction of S4 exhibits high
selectivity for hydrogenation (P4) over hydrodechlorination,
whereas the previously described Ir catalyst also produced a
substantial amount of P2 via combined hydrogenation and
hydrodechlorination.?” However, the present Cu photocatalysts
fall well short of the Ir photocatalyst with substrates bearing
electron-donating substituents due to their comparatively
lower excited-state reducing power compared to the Ir catalyst.

To determine kinetically preferred photoinduced electron
transfer steps in the above-described photoredox reactions,
Stern-Volmer quenching experiments were performed with
both Cul and Cu2 using 4-cyanobenzophenone (S1), benzo-
phenone (S2), and BIH as quenchers. The data for the quench-
ing experiments are presented in Fig. S6-S11 and summarized
in Table S4. With Cul, the quenching rate constants of S1 (k, =
6.2 x 10" M~' s7") and S2 (kq = 5.9 x 10° M™" s7") are signifi-
cantly higher than that of BIH (k, = 5.2 x 10° M™' s7),
suggesting oxidative quenching with the benzophenone sub-
strates is much faster than reductive quenching by BIH.
Similar observations were made with Cu2: the quenching rate
constants of S1 (kq = 2.6 x 10’ M~ ' s7') and S2 (kq = 3.1 x 107
M~ s7') are much faster than BIH (kq = 2.7 x 10° M~ ' s71), sig-
nifying that oxidative quenching by the substrate is kinetically
favored.

As a second class of challenging organic substrates, we were
also interested to see if Cul and Cu2 could reductively activate
organohalide substrates. Scheme 3 summarizes hydro-dehalo-
genation reactions of aryl halide and benzyl halide substrates,
with the associated 'H NMR spectra presented in the SI
(Fig. S29-S44). Reaction conditions were very similar to those
of the photo-hydrogenation reactions, with the substrate, BIH
(2 equiv.), and photosensitizer (10 mol%) irradiated with blue
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[Cu] (10 mol%)
BIH (2 equiv.) o~
N -
Ar—X —— > Ar—H or Ar H
or A X Blue LED
S9-13 RT, 48 h, under N, P9-13
X =BrorCl

®
®

F F
CN 0% "Me CF3 F
P9 P10 P11 P12 P13
from S9 from $10 from S11 from S12 from S13
(X=Br) (X=Br) (X=Br) (X=Br) X=Cl)
Cutl:98%"  Cul:51%  Cul:70%  Cul:94%  cyq.489
Cu2: 98%7 Cu2: 32% Cu2: 51% Cu2: 71% Cu2: 31%

Scheme 3 Photocatalytic de-halogenation of aryl/alkyl halides using
Cul and Cu2 as photocatalysts. NMR yields for all products were deter-
mined using 1,3,5-trimethoxybenzene or hexafluorobenzene as internal
standard. @ Reaction time 24 h.

LED light in C¢Dg with an internal standard (1,3,5-trimethoxy-
benzene). With 4-bromobenzonitrile (S9), a 98% NMR yield of
the respective hydrodebrominated product benzonitrile (P9)
was recorded after 24 h, using both copper catalysts. Methyl-4-
bromobenzoate ($10) is reduced to the product methyl benzo-
ate (P10) in moderate yields, 51% with Cul and only 32% yield
using Cu2, after 48 h. Benzyl bromide substrates are well-toler-
ated, with 1-methyl-4-(trifluoromethyl)benzene (P11) and pen-
tafluorotoluene (P12) produced from the respective benzyl
bromide substrates in 70% and 94% yield, respectively, using
Cul as the photocatalyst. However, considerably low yields
were recorded with Cu2, ie. 51% and 71%, respectively.
Finally, we tested the catalysts’ ability to activate the C-Cl
bond in chloropentafluorobenzene (S13). Moderate yields were
observed after 48 h of irradiation; 48% with Cul, and 31% for
Cu2.

Given the long excited-state lifetimes and relatively high
triplet energies of Cul and Cu2 (see Table 1), we further inves-
tigated the photocatalytic activity of these compounds in a
reaction involving triplet-triplet energy transfer. The isomeri-
zation of (E)-stilbene (1 equiv.) occurs in the presence of Cul
or Cu2 (10 mol%) under blue-light irradiation. Again, the reac-
tions were carried out in an NMR tube using C¢Ds as the
solvent and 1,3,5-trimethoxybenzene as the internal standard
(Fig. S45 and S46). A summary of the isomerization pro-
gression is presented in Table 3. In both cases, the photosta-
tionary E:Z ratio was nearly reached within 1 hour of
irradiation, with only slight additional progression over the
next 23 hours. The two photosensitizers gave quite different
photostationary states, with Cu2 nearly completely isomerizing
the (E)-stilbene; the final E: Z ratio after 24 h is 8:91 (Table 3,
entry 4). However, in spite of its much longer excited-state life-
time, Cul resulted in less isomerization, and after 24 hours of
irradiation a 61:39 E: Z ratio was observed (Table 3, entry 2).
We attribute these differences to the slightly different triplet
excited-state energies of the two photosensitizers. The triplet
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Table 3 Photocatalytic E/Z isomerization of (E)-stilbene: triplet—triplet
energy transfer using Cu())-NHC complexes as photocatalysts

N
Cu] (10 mol%
A —>[ ) ) X O O

O Blue LED O O
RT, under N, *
(E)-stilbene (E)-stilbene (2)-stilbene
Entry Catalyst Time/h E:Z
1 Cul 1 68:32
2 Cul 24 61:39
3 Cu2 1 16:84
4 Cu2 24 8:91
5¢ Cul 24 100:1
6“ Cu2 24 100:1
7° — 24 100:1

¢ Catalytic reactions performed in dark (without blue LED irradiation)
for 24 h. PReaction performed in the absence of copper
photosensitizer.

energy of (E)-stilbene is 2.14 eV and that of (Z)-stilbene is 2.57
eV,” and we estimate that the triplet excited-state energy of
Cul is ca. 0.2 eV higher than that of Cu2 (Table 1), which may
allow Cul to back-sensitize (Z)-stilbene and limit the conver-
sion ratio. Control experiments reveal no isomerization in the
dark (Table 3, entries 5 and 6) or when the alkene is irradiated
in the absence of a copper photosensitizer (Table 3, entry 7).
The catalytic outcomes described here are comparable with
our report of Cu(r)(NacNac)(ArNC) series of
complexes, as well as a recent report that uses a cationic
Cu(1)-phenanthroline-NHC complex.*! These results demon-
strate that these three-coordinate Cu(1) photosensitizers can
promote some of the same reactions that were originally devel-
oped with noble-metal photocatalysts. Compared with typical
organic photocatalysts, Cul and Cu2 offer stronger excited-
state reducing power and longer triplet lifetimes, underscoring
their potential as sustainable photoredox platforms. Overall,
this present study introduces a modular class of three-coordi-
nate Cu(i) photosensitizers featuring ligand-localized frontier
orbitals, enabling long-lived excited states and potent photore-
ductive capabilities for versatile applicability in photocatalysis.

previous
38,39

Conclusions

In summary, herein we report a complimentary class of Cu(i)
NHC complexes featuring quinoline-based chelating N"O-
ligands. Both of the reported Cu(1) complexes, Cul and Cu2,
have all of the desirable attributes for a photosensitizer—
intense visible absorption, long excited-state lifetimes (as high
as 44 ps), and potent excited-state redox reactivity, allowing
them to function in photocatalytic reactions. A combination of
electrochemical and photophysical measurements, sup-
plemented with DFT calculations, reveals one key distinction
of this design compared to other heterolpetic copper(r) photo-
sensitizers. In the compounds introduced here, both the
HOMO and LUMO are localized on the same ligand, unlike
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typical heteroleptic designs that spatially separate the two fron-
tier orbitals. As such, the low-energy charge-transfer tran-
sitions that occur almost exclusively involve the N~O ligand,
and structural modifications to this ligand effectively tune
redox potentials, HOMO-LUMO gaps, and photoluminescence
properties. The NHC is photophysically innocent, but nonethe-
less its strong donor abilities and significant steric bulk are
likely important in stabilizing the three-coordinate structure
and inhibiting the well-known excited-state distortions that de-
activate charge-transfer excited states in copper(r) complexes.
These results motivate studies of copper(r) and other earth-
abundant charge-transfer chromophores supported by related
classes of chelating ligands that partner an electron-rich
anionic donor with a r-accepting conjugated group.

Experimental section
Materials and methods

All reactions were performed in a nitrogen-filled glovebox (at
<1 ppm of oxygen and <1 ppm of H,0). Solvents for synthesis,
photophysical and electrochemical measurements were either
dried and deoxygenated in a solvent purification system and
stored over 3 A molecular sieves or were obtained commercially
at anhydrous grade and used directly. NMR solvents were
stored inside the glovebox over 3 A molecular sieves. 'H, *C
{"H} and "°F NMR spectra were recorded on a JEOL ECA-400 or
JEOL ECA-500 NMR spectrometer at room temperature. High-
resolution mass spectrometry (HRMS) was performed at the
University of Houston Mass Spectrometry Laboratory using an
Agilent 6546 qTOF mass spectrometer. Samples for HRMS
were prepared in LC/MS-grade MeCN. Stock solutions for
photophysical measurements were prepared inside a nitrogen-
filled glovebox using anhydrous solvents. UV-vis absorption
spectra were recorded in anhydrous solvent in a screw-capped
quartz cuvettes using an Agilent Cary 8454 UV-vis spectro-
meter. Steady-state photoluminescence and excitation spectra
were recorded using a Horiba FluoroMax-4 spectrofluorometer.
The data are corrected for detector response and excitation
intensity. Low-temperature photoluminescence measurements
were performed in a custom quartz EPR tube with high-
vacuum valve, which was immersed in a sample holder con-
sisting of a finger Dewar filled with liquid nitrogen to attain a
temperature of 77 K. Solution-state photoluminescence
measurements were performed in quartz cuvettes with 1.0 cm
path length, using solutions with concentrations adjusted to
give absorbance values of 0.05-0.2 at the excitation
wavelength.

Photoluminescence quantum yields were determined rela-
tive to a standard of tetraphenylporphyrin (TPP) in toluene
which has a reported fluorescence quantum yield of 0.11, or
quinine sulfate in 0.05 M aqueous sulfuric acid which has a
reported fluorescence quantum yield of 0.52.***3 For the stan-
dard and each sample, five optically dilute samples of varying
concentrations were measured, prepared by sequential
addition of a stock solution to toluene in a screw-capped

This journal is © The Royal Society of Chemistry 2026
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cuvette. The absorbance at the excitation wavelength was <0.1
for each measurement. UV-vis absorption spectra and a PL
spectrum was recorded at each concentration, ensuring identi-
cal slit widths for each measurement. The PL spectrum was
integrated using OriginPro software, and for the copper
complex and the standard the integrated PL was plotted vs. the
absorbance at the excitation wavelength, which for optically
dilute samples yields a straight line. The slope of each line was
determined, and by using eqn (1) below the quantum yield
was determined: @, is the PL quantum yield of the copper
complex and @, is the quantum yield of the standard. A cor-
rection for solvent index of refraction was not needed, since
toluene was used as the solvent for both the standard and the
copper complex.

slope,

Dy = Dy
slope,,

(1)

Photoluminescence lifetimes of the copper complexes were
measured on a Horiba DeltaFlex Lifetime system using a
460 nm or 390 nm pulsed diode excitation source. Cyclic vol-
tammetry (CV) measurements were performed with a CH
instrument 602E potentiostat interfaced with a nitrogen-filled
glovebox via wire feedthroughs. Tetrabutylammonium hexa-
fluorophosphate (NBu,PF,) was used as the supporting electro-
lyte (0.1 M solution in THF), glassy carbon (3 mm diameter)
was used as the working electrode, Pt wire was the counter
electrode, and a silver wire immersed in 0.1 M NBu,PFs THF
solution was used as a pseudo-reference electrode. CV
measurements were referenced to an internal standard ferro-
cene. Starting materials and reagents were obtained from com-
mercial sources unless otherwise stated. Benzyl potassium®*
and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole
(BIH)*® were prepared by following reported procedures.

General procedure for preparation of N*O-K and N*O-Na salts

In a nitrogen filled glovebox, the neutral N*O-H proligand
(8-hydroxyquinoline, L1H or 10-hydroxybenzo[h]quinoline,
L2H, 1 mmol) was added to a 20 mL vial equipped with a stir
bar. Benzylpotassium (for L1H, 1 mmol) or NaHMDS (for
L2H, 1 mmol) was added to the reaction pot followed by the
addition of diethyl ether (5 mL). The reaction mixture was
stirred at room temperature for 12 hours. After completion, a
yellowish precipitate was observed. The supernatant was dec-
anted and rest of the reaction mixture was dried under
vacuum to obtain yellow solid product.

General procedure for preparation of the Cu complexes

In a nitrogen-filled glovebox, L1-K or L2-Na (0.2 mmol) was
added to a 20 mL vial equipped with a stir bar. Anhydrous
THF (10 mL) was added, and the mixture was stirred for
15 minutes to make a clear solution. In a separate vial, (2,5-bis
(2,6-diisopropylphenyl)cyclopent-3-en-1-yl)copper(u) chloride
(IPr-Cu-Cl, 1.2 equiv., 0.24 mmol) was dissolved in THF, and
this solution was added dropwise to the reaction vial contain-
ing the N~O ligand. The reaction mixture was allowed to stir
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for 24 hours at room temperature. After completion, THF was
evaporated under vacuum, followed by a two-step extraction of
the compound into toluene. The crude product was purified
by washing with pentane. Both Cu complexes were character-
ized by '"H and "C{'H} NMR spectroscopy and X-ray
crystallography.

Synthesis of L1-Cu-IPr (Cul). Cul was prepared by using
IPr-Cu-Cl (0.209 mmol, 102 mg) and L1-K (0.17 mmol, 32 mg)
following the general synthetic procedure. The crude com-
pound was purified by repeated washing with pentane (3
times). Yield: 72 mg, 69%. Yellow block-shaped single crystals
of this compound were grown from a THF solution layered
with pentane inside the glovebox freezer. '"H NMR (500 MHz,
CeDg) 6 (ppm): 7.52 (dd, J; = 8.5 Hz, J, = 1.5 Hz, 1H, CH"),
7.42 (br, d, J = 4.0 Hz, 1H, CH*"), 7.33 (t, J = 7.8 Hz, 1H, CH"),
7.21-7.18 (m, 3H, CH*"""%), 7.10 (d, J = 7.5 Hz, 4H, CH""'9),
6.65 (dd, J; = 8.0 Hz, J, = 4.5 Hz, 1H, CH""), 6.58 (dd, J; = 8.0
Hz, J, = 1.0 Hz, 1H, CHY), 6.41 (s, 2H, CH""%), 2.89 (sept, J =
6.8 Hz, 4H, iPr CH "), 1.44 (d, J = 7.0 Hz, 12H, iPr CH;""°),
1.13 (d, J = 7.0 Hz, 12H, iPr CH;""°). C{'H} NMR (126 MHz,
CeDe) & (ppm): 187.1(NCN), 146.1, 143.71, 143.68, 137.1, 136.4,
130.9, 130.8, 130.1, 128.3, 124.2, 122.0, 119.5, 113.4, 106.6,
29.0 (CH), 24.7 (CH3), 24.0 (CH3).

Synthesis of L2-Cu-IPr (Cu2). Cu2 was prepared by using
IPr-Cu-Cl (0.16 mmol, 80 mg) and L2-Na (0.14 mmol, 31 mg)
following the general synthetic procedure. The crude com-
pound was purified by repeated washing with pentane (3
times). Yield: 66 mg, 73%. Red plate-shaped single crystals of
this compound were grown from toluene solution layered with
pentane inside the glovebox freezer. '"H NMR (500 MHz, C¢Dy)
& (ppm): 7.81 (dd, J; = 5.0 Hz, J, = 2.0 Hz, 1H, CH"), 7.60 (t, ] =
7.8 Hz, 1H, CH*"), 7.45 (d, J = 8.5 Hz, 1H, CH™), 7.33 (dd, J; =
8.0 Hz, J, = 2.0 Hz, 1H, CH*), 7.27 (d, J = 7.0 Hz, 1H, CH"),
7.22 (t,] = 7.8 Hz, 2H, CH""°), 7.14-7.10 (m, 4H, CH""°), 6.90
(d, J = 5.5 Hz, 1H, CH™), 6.85 (d, J = 7.0 Hz, 1H, CH"), 6.57
(dd, J, = 8.0 Hz, J, = 5.0 Hz, 1H, CH"), 6.46 (br s, 2H, CH "),
2.95 (br s, 4H, ipr CH""), 1.41 (d, J = 7.0 Hz, 12H, iPr
CH,"™), 1.13 (d, J = 7.0 Hz, 12H, iPr CH;""°). C{'H} NMR
(126 MHz, C¢De) & (ppm): 171.9(NCN), 149.9, 149.0, 146.2,
137.9, 135.3, 131.8, 130.5, 129.3, 128.3, 127.4, 124.1, 123.2,
121.9, 121.4, 118.3, 116.5, 110.7, 28.9 (CH), 24.5 (CH;), 24.2
(CHS).

X-ray crystallography

Single crystals of both copper complexes were mounted on a
Bruker Apex II three-circle diffractometer using MoKa radi-
ation (4 = 0.71073 A). The data were collected at 123(2) K and
processed and refined within the APEXII software. Structures
were solved by intrinsic phasing in SHELXT and refined by
standard difference Fourier techniques in the program
SHELXL."® Hydrogen atoms were placed in calculated posi-
tions using the standard riding model and refined isotopically;
all non-hydrogen atoms were refined anisotropically.
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Photocatalysis

Photocatalytic reactions were carried out using a home-built
photoreactor that consists of a glass dish wrapped with blue
LED strips (purchased from Creative Lighting Solutions,
Model: Blue Flexible LED Strips, 12 vdc. Emission profile:
400-500 nm) on the inside wall with the outside wall wrapped
with aluminum foil.

Hydrogenation of benzophenone substrates. In a nitrogen-
filled glovebox, the respective benzophenone substrate (S1-S8,
0.05 mmol), BIH (0.1 mmol) as a sacrificial reagent and hydro-
gen source, and 1,3,5-trimethoxybenzene (0.017 mmol, 0.33
equiv.) as an internal standard were taken in a small vial and
dissolved in 0.7 mL of C¢Ds. The copper photosensitizer
(10 mol%) was added to it, then the mixture was transferred to
an NMR tube which was further sealed with parafilm and
taken out of glovebox. The NMR tube was placed inside the
photoreactor and irradiated with blue LED light. The NMR
yield of the product was determined by "H NMR spectroscopy,
integrating relative to the internal standard.

Hydrodehalogenation of aryl/alkyl halides. In a nitrogen-
filled glovebox, the respective aryl/alkyl halide substrate (S9-
$13, 0.05 mmol), BIH (0.1 mmol) as a sacrificial reagent and
hydrogen source, and 1,3,5-trimethoxybenzene (0.017 mmol,
0.33 equiv.) as an internal standard were taken in a small vial
and dissolved in 0.7 mL of C¢Ds. The copper photosensitizer
(10 mol%) was added to it, then the mixture was transferred to
an NMR tube which was further sealed with parafilm and
taken out of glovebox. The NMR tube was placed inside the
photoreactor and irradiated with blue LED light. The NMR
yield of the product was determined by "H NMR spectroscopy,
integrating relative to the internal standard.

E/Z isomerization of (E)-stilbene. In a nitrogen-filled glove-
box, (E)-stilbene (6.3 mg, 0.035 mmol), the copper photosensi-
tizer (10 mol%) and 1,3,5-trimethoxybenzene (6 mg,
0.035 mmol) as an internal standard were taken in a small vial
and dissolved in 0.7 mL of C¢Ds. The reaction mixture was
transferred to an NMR tube which was further sealed with par-
afilm and taken out of glovebox. The NMR tube was placed
inside the photoreactor and irradiated with blue LED light. For
control reactions, a similar set up was made either (i) without
using the catalyst; or (ii) the NMR tube was placed in dark for
24 h. All the reactions were monitored by 'H NMR spec-
troscopy. The E/Z ratio was determined by "H NMR spec-
troscopy, integrating relative to the internal standard.

Stern-Volmer quenching experiments. In a nitrogen-filled
glovebox, stock solutions of the copper photosensitizer (4 mg
in 2.5 mL of toluene), 4-cyanobenzophenone (45 mg in 1.2 mL
of toluene), benzophenone (50 mg in 1.2 mL of toluene) and
BIH (60 mg in 0.8 mL of toluene) were prepared. The cuvette
was filled with 2.5 mL of toluene and 10-15 pL of the stock
solution of the copper complex. The photoluminescence spec-
trum was recorded in the absence of quencher and after each
addition of different aliquots of the quencher solution. The
ratio (Io/I), where I, and I are the photoluminescence intensity
in the absence and presence of quencher, respectively, was
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plotted against concentration of the quencher to determine
the Stern-Volmer constant (Kgy) directly from the slope. The
quenching rate constant (k) is related to Kgy as follows: Kgy =
kq x 7o, where 7, is the photoluminescence lifetime of the
copper complex.

DFT calculations

Density functional theory (DFT) computations were carried out
using Gaussian16*” to model the frontier orbitals and excited
states of the luminescent copper complexes Cul and Cu2. For
each compound, the molecular geometry from single-crystal
X-ray diffraction was used as the input and the isopropyl
groups on the NHC ligand were truncated to methyl groups.
Ground state geometries were optimized, and frequency ana-
lysis reported no imaginary frequency, thereby confirming the
converged structures to be minima of the potential energy
hypersurface. The first 20 singlet and triplet excited states were
calculated by time-dependent DFT (TD-DFT) on the ground
state geometries (Franck-Condon excited states). The
PBEO hybrid functional’®* and the D3BJ dispersion
correction”®*® was applied throughout. The SDD core potential
and basis set®® were utilized for copper, while the TZVP basis
sets®®> were assigned to nonmetal atoms. Electron-hole ana-
lysis™ on excited-state transitions was performed with
Multiwfn,** and the plots were prepared using Blender 4.5.%°
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