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Four new heteroleptic bis-chelate Cu(l) complexes showing
panchromatic visible absorption are described here. With this
heteroleptic design, we demonstrate that the energy levels of the
spatially separated HOMO and LUMO can be independently and
systematically controlled via ligand modification, with charge-
transfer absorption bands throughout the visible and NIR regions
that cover a wider range than typical Cu(l) chromophores.

In the field of solar photochemistry, harvesting solar energy and
converting it to a chemical potential is critically important. Since
molecular photosensitizers can absorb visible light and transfer
excited-state energy and/or charge, they have been widely used
in photochemistry applications including solar fuels®? and dye-
sensitized solar cells.? Outside of these solar energy-related
areas, researchers in the organic synthesis field have exploited
molecular photosensitizers as powerful tools to carry out
challenging organic reactions under mild conditions.*>

The most widely used molecular photosensitizers are
precious-metal complexes based on ruthenium® or iridium.”
Due to the high-price and scarcity of precious metals, cheaper
alternatives such as metal-free organic photosensitizers®° or
earth-abundant transition metal-based photosensitizers!!-13
have emerged for more sustainable development of large-scale
applications. 3d photosensitizers present specific technical
challenges; those with partially filled d orbitals have low-lying
ligand-field (d—d) excited states'* that can deactivate the
desired charge-transfer excited state. One approach to relieve
this problem is to use d° or d*° transition metals such as Zr(IV)*®
or Cu(l)1®

The most common Cu(l) photosensitizers are [Cu(phenR),]*,
where phen® is a substituted 1,10-phenanthroline. When these
D,4-symmetric Cu(l) complexes undergo metal-to-ligand charge
transfer (MLCT) excitation, the copper center has a formal +2
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oxidation state and is Jahn-Teller-active,’’1° leading to a
flattening distortion that reduces the excited-state lifetime. The
widespread solution to this challenge has been to incorporate
bulky substituents onto the 2- and 9-positions of the
phenanthroline to sterically block this distortion.29-22 Another
approach is to synthesize heteroleptic Cu(l) complexes using
diphosphine ligands in combination with phen® derivatives.?3
These compounds can have very long excited-state lifetimes,
but they typically absorb very poorly in the visible region. Some
metal complexes with panchromatic absorption using -
extended and/or m-donating chelating ligands have been
studied, primarily with group 8 transition metals.242°

In this work we introduce a new class of charge-neutral
heteroleptic Cu(l) chromophores, pairing 1,10-phenanthroline
(phen) and 2,2’-biquinoline (big) neutral diimine ligands (N~N)
with variably substituted, anionic B-diketiminate (NacNacR)
ligands. Related compounds have been disclosed, focusing
mainly on structural aspects.3® The design introduced here
Ir(1)
photosensitizers supported by NacNacR ligands, which showed

borrows insights from our previous work on
that the HOMO is mainly localized on NacNacR,3! and its energy
is tuned by modifying substituents on the NacNacR.3132 These
Ir(lll) photosensitizers are potent photoreductants and are
effective in organic synthesis applications.343> Unlike traditional
[Cu(phen®),]* complexes, where the HOMO (mixed Cu/N~AN
orbital) and LUMO (N~N rt* orbital) are strongly coupled,33:3*
in the reported Cu(N~N)(NacNacR)

heteroleptic compounds can be independently controlled,

the frontier orbitals
allowing the HOMO-LUMO gap and corresponding charge-
transfer absorption band to be readily tuned by simple synthetic
modifications of each ligand.

The syntheses of four Cu(N~N)(NacNacR) complexes and
their chemical structures are outlined in Scheme 1, together
with their numerical designations. All Cu(l) complexes were
prepared by stirring equimolecular amounts of CuO’Bu and the
protonated B-diketiminate NacNacR(H) first, then adding 1
equiv. of diimine ligand (N~N) in toluene solution at room
temperature or with mild heating. The Cu(l) complexes were
isolated in 19-57% vyield and characterized by multi-nuclear
NMR (Fig. S16-S23 in the ESIt). All complexes are air- and
moisture-sensitive. However, they are reasonably photostable,
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Scheme 1. Synthesis of heteroleptic Cu(NAN)(NacNacR) complexes.

with no new diamagnetic products appearing over 48 hours of
irradiation with blue LEDs in C¢Dg under nitrogen atmosphere
(Fig. S7-S10 in the ESIt). The molecular structures of all
complexes, determined by single-crystal X-ray diffraction, are
shown in Fig. 1 and the refinement data are summarized in
Tables S1 and S2 of the ESI.t Crystal structures reveal the
heteroleptic bis-chelate nature of Cu(l) complexes, with near C,,
symmetry. The structures of these compounds were further
evaluated by determining t, and t5 geometric indices.3>36 As
presented in Table S7, t4 ranges from 0.69 to 0.81 and t5 ranges
from 0.65 to 0.78, indicating distorted tetrahedral structures. In
the crystal structure of 1, the phenanthroline ligand is tilted
relative to the NacNacM® due to intermolecular m-stacking
interactions involving phen ligands on adjacent molecules, with
a centroid-to-centroid distance of 3.39 A (Fig. S1 in the ESIT).
This structural distortion is relaxed in solution, as determined
by comparing the solid-state structure with the DFT geometry
optimization in toluene solution (Fig. S2). Larger 14 and 15 values
are observed from the DFT-optimized structure (14 = 0.77, 15 =
0.76) compared to the crystal structure (t4 = 0.69, 15 = 0.65)

Journal Name

(Table S7).

The frontier orbital energy levels of all complexes were
computed by DFT and experimentally evaluated via cyclic
voltammetry (Fig. 2). Kohn—Sham frontier orbital depictions for
1-4 with partial orbital energy-level diagrams are presented in
Fig. S11-S14 of the ESIt, with HOMO and LUMO levels
summarized in Fig. 2. The LUMO in these complexes is mainly
localized on the diimine ligand (94%—96% of density for phen
complexes 1-3, and 92% for big complex 4) and the HOMO is
delocalized between Cu and the NacNacR ligand. As the
electron-richness of the NacNacR increases (NacNacY >
NacNacMe > NacNac™8), the HOMO becomes more NacNac-
localized (79% on NacNac® for 3, 54% on NacNacVe for 1, and
37% on NacNac™8® for 2). Comparing the Cu(phen)(NacNacR)
series (1-3), the LUMO energies span a small range of about 0.4
eV, from -2.34 eV (NacNac"® complex 2) to -1.91 eV (NacNac®
complex 3). In contrast, the HOMO energies are strongly
responsive to the NacNacR substitution pattern, spanning a 1.3
eV range from -5.62 eV (NacNacf!8) to -4.32 eV (NacNac%). The
two Cu(N~AN)(NacNacMe) complexes (1 and 4) show that the
LUMO energy is substantially shifted by altering the NAN ligand,
with minimal effect on the HOMO energy. Replacing phen (1)
with biq (4) stabilizes the LUMO energy by 0.45 eV with the

F(18 F(10)
F(14) (,) F©) rond
- 4 4
F(13) /ﬁ;‘ﬁﬁm ‘)'f“t A1
F(16) )] \ NG) F(7) F(12)
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F(spﬁ-‘\/. F(a)?-'m:

\

»

F(4) 2 F2)

Fig. 1. Molecular structures of 1-4 determined by single-crystal X-ray diffraction.
Thermal ellipsoids are drawn at the 50% probability level and hydrogen atoms are
omitted for the clarity.
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Fig. 2. Frontier orbital energy levels and compositions of complexes a)
Cu(phen)(NacNac®) and b) Cu(NAN)(NacNacVe) complexes, determined by DFT with
implicit toluene solvation. Orbital percentages are as a function of density. c) Redox
potentials of complexes 1-4 determined by cyclic voltammetry. For irreversible waves,
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HOMO decreasing only by 0.15 eV, demonstrating the
independent tunability of HOMO and LUMO energy levels.

The redox potentials of 1-4 determined by cyclic
voltammetry are presented in Fig. 2c and summarized in Table
1, and the voltammograms are shown in Fig. S15 of the ESI.t

The electrochemical data reproduce the trends observed by DFT.

Unlike most Cu(l) diimine complexes which have oxidation
potentials more positive than the ferrocene couple (Fc*/0),2237.38
1-4 have oxidation waves at or below the ferrocene couple,
formally Cu"/Cu' but also involving substantial NacNacR
oxidation based on the computed HOMO composition (see Fig.
2 and above discussion). This large potential shift relative to
homoleptic copper diimine complexes is a result of the electron-
rich, m-donating NacNac ligand, which destabilizes the HOMO.
The oxidation wave is strongly responsive to the NacNac®
substitution pattern, for example anodically shifting by about
700 mV from 1 (NacNacMe) to 2 (NacNac8), which is decorated
with electron-withdrawing groups. Replacement of the N-
phenyl rings (1) with cyclohexyl groups (3) leads to a slight
cathodic shift of the anodic peak potential (E,.) by 60 mV,
indicating the more electron-rich NacNac® destabilizes the
HOMO. The complexes also show cathodic waves in their CVs,
indicating reduction of the complex via population of the NAN
n* LUMO. In the Cu(phen)(NacNac®) series (1-3), the
differences in reduction potential are smaller than the
differences in the above-mentioned oxidation wave. Altering
the diimine ligand in the two Cu(N~N)(NacNacV¢) (1 and 4) has
a large effect on the reduction potential, with the reduction
potential of 4 (-2.12 V) more positive than that of 1 (-2.61 V) by
490 mV. In contrast, the difference between the oxidation
potentials of those two complexes is only 230 mV. Therefore,
the electrochemical data further demonstrate that the spatially
separated HOMO and LUMO can be independently tuned by
altering the NacNacR and N”N ligands, respectively.

UV-vis absorption spectra of 1-4 are overlaid in Fig. 3 and
the data summarized in Table 1. All the complexes exhibit
intense ligand-centered m—nt* transitions in the UV region (A <
350 nm) and broad, low-energy charge-transfer bands that span
the visible to near-infrared region. Complexes 1 and 3 with
electron-rich NacNac ligands exhibit broad low-energy charge-
transfer bands that result in panchromatic visible absorption.
Molar absorptivity (g) values of these intense charge-transfer
bands are on the order of 103 M~cm. The peak wavelengths

Table 1. Summary of photophysical and electrochemical data. UV-vis data was measured
toluene, electrochemical data in THF with 0.1 M NBu,4PFg supporting electrolyte.

(exlOi; nMn’llcm’l) BV Eee/v

1 3512 (23), 396 (17), 634 (4.5) -0.76 -2.61°
2 323(33),489(7.3) +0.01 -2.02°
3 374 (5.8), 696 (3.4) -0.73¢ -2.61
314 (35), 326 (38), 340 (37), -0.53 212

356 (24), 4207 (6), 796 (1.9)

@ shoulder ® Irreversible wave. Cathodic peak potential (E,) is indicated.
“Irreversible wave. Anodic peak potential () is indicated.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Overlaid UV-vis absorption spectra of complexes 1-4, obtained in toluene at room
temperature (Black: 1, Red: 2, Blue: 3, Magenta: 4). The low-energy charge-transfer
bands in the visible and near-infrared regions are presented in the inset. The vertical
lines in the inset are calculated transition wavelengths and corresponding oscillator
strengths, determined by TD-DFT with implicit toluene solvation. The photographs above
the plot show toluene solutions of the complexes at concentrations of ca. 0.3 mM.

of the low-energy charge-transfer absorption bands correlate
with the HOMO-LUMO gaps estimated by DFT calculations and
cyclic voltammetry (Fig. 2). The charge-transfer maxima of 1 and
3 are 634 nm and 696 nm, respectively, whereas 2 displays a
corresponding band at shorter wavelength, 489 nm, on account
of the stabilized HOMO and larger HOMO-LUMO gap. Replacing
phen with biq stabilizes the LUMO and gives a smaller HOMO-
LUMO gap and red-shifted charge-transfer absorption. Complex
4 (N~AN = biq) has a low-energy absorption band centered at 796
nm, a much longer wavelength than that of 1 (634 nm).
Calculated singlet transitions and oscillator strengths
determined by TD-DFT are overlaid with experimental UV-vis
absorption spectra in the inset of Fig. 3 and comprehensively
summarized in Tables S8-S11 of the ESIt. Experimentally we
observe a decrease in € as the charge-transfer band shifts to
lower energy, although the trend in oscillator strengths (f) is not
as clear in the TD-DFT. Nevertheless, the low-energy charge-
transfer excitation consists of overlapping transitions involving
primarily HOMO-1 and HOMO as the donor orbitals and the
LUMO and LUMO+1 as acceptor orbitals. All transitions with
significant oscillator strength involve two one-electron
transitions mixing through configuration interaction. When
considering the nature of the frontier orbitals as shown in Fig. 2
and summarized in Tables S8-S11, these low-energy transitions
can be assigned as mixed metal-ligand to ligand charge transfer
(MMLL'CT), intermediate between metal-to-ligand charge
transfer (MLCT) and ligand-to-ligand charge transfer (LL'CT). As
illustrated in Fig. 2, the HOMO of 2 is more localized on the
metal, and the low-energy charge-transfer band thus has more
MLCT character. Complexes 1, 3, and 4 have more electron-rich

J. Name., 2013, 00, 1-3 | 3
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NacNacR ligands with HOMO is more NacNacR-localized, leading
to greater LL'CT character in the absorption band.

Complexes 1-4 are not luminescent in solution at room
temperature or 77 K, and preliminary investigations of
hydrodehalogenation and ketone reduction photoredox
reactions using these complexes as photosensitizers were
unsuccessful. We suspect the lack of luminescence and
photoredox reactivity indicates short excited-state lifetimes in
these compounds, so a major goal moving forward is to discover
molecular design strategies that beget longer charge-transfer
lifetimes and lead to luminescence and/or productive charge
transport following solar excitation.

In summary, four heteroleptic bis-chelate Cu(l)
chromophores have been prepared and characterized. We
demonstrate that the HOMO and LUMO energies of these
complexes here are independently tunable by simple
modification of ligand substituents, due to their spatially
separated frontier orbitals. These chromophores show strong
absorption spanning the UV, visible, and near-infrared regions,
including intense charge-transfer bands that span a much larger
portion of the spectrum than typical copper photosensitizers.
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