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Improving the photocatalytic efficiency of a fully
noble-metal-free system for CO, reduction remains a fundamental
challenge, which can be accomplished by facilitating electron
delivery as a consequence of exploiting intermolecular interactions.
Herein, we have designed two Cu(I) photosensitizers with different
pyridyl pendants at the phenanthroline moiety to enable dynamic
coordinative interactions between the sensitizers and a cobalt
macrocyclic catalyst. Compared to the parent Cu(I) photosensitizer,
one of the pyridine-tethered derivatives boosts the apparent
quantum yield up to 76 + 6% at 425 nm for selective (near 99%)
CO,-to-CO conversion. This value is nearly twice that of the parent
system with no pyridyl pendants (40 + 5%) and substantially
surpasses the record (57%) of the noble-metal-free systems reported
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so far. This system also realizes a maximum turnover number of 11 800 + 1400. In contrast, another Cu(I) photosensitizer, in which
the pyridine substituents are directly linked to the phenanthroline moiety, is inactive. The above behavior and photocatalytic
mechanism are systematically elucidated by transient fluorescence, transient absorption, transient X-ray absorption spectroscopies,
and quantum chemical calculations. This work highlights the advantage of constructing coordinative interactions to fine-tune the
electron transfer processes within noble-metal-free systems for CO, photoreduction.

noble-metal-free system, CO, photoreduction, transient,
interaction

Sunlight-driven reduction of CO, continues to attract attention
as a sustainable, carbon-neutral route to produce renewable
fuels.'~* Due to the sluggish multielectron reaction kinetics
and competition with H, evolution,” considerable efforts have
been made to develop efficient and selective systems for
photocatalytic CO, reduction. Up to now, various researchers
have studied transition metal complexes as molecular photo-
sensitizers (PSs) and catalysts, since they are highly
optimizable via synthetic methods and amenable to the
detailed mechanistic investigations.”® In the last several
decades, noble-metal-based PSs, like Ru, Ir, and Re PSs, have
been extensively adopted to photochemically drive CO,
reduction.””"" However, earth-abundant molecular systems,
enabling large-scale applications, have also attracted consid-
erable attention in recent years.">” "> Among them, Cu(I)-
based PSs have received great attention owing to their versatile
redox characteristics as well as the highly variable ligand
scaffolds, permitting the fine-tuning of their redox and excited-
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X-ray, absorption spectroscopy, electron transfer, coordinative,

state properties.'®">* For example, Ishitani and co-workers

have designed a diphosphine-tethered phenanthroline ligand to
stabilize a dimeric Cu(I) PS which exhibits a notable stability
during the photocatalytic CO, reduction along with Fe*>*® or
Mn”’ catalysts. The tetradentate nature of the ligand effectively
prevents the dissociation of diphosphine donors bound to the
Cu(I) centers, leading to a maximum quantum yield (@) of
57% in the coproduction of CO and HCOOH. Beller and co-
workers in situ deployed Cu(I) PSs by mixing Cu(I) precursors
and the individual ligands to drive the photochemical CO,
reduction catalyzed by either Fe cyclopentadienone'” or Mn
diimine complexes™® as catalysts. Furthermore, a water-soluble
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Figure 1. Cu(I) PSs. (a) Chemical structures, (b) UV—vis absorption, (c) emission, and (d) excited-state decay traces of the Cu(I) PSs. Deaerated
50 uM CH;CN solutions were used for the above spectra. Trace color: CuBCP, blue; CuPBCP, red; CuPPBCP, gold.

Cu(I) PS, having a tetrasulfonated form of [Cu'(xantphos)-
(bcp)]* (CuBCP in Figure 1; xantphos = 9,9-dimethyl-4,5-
bis(diphenylphosphino)xanthene, bcp = bathocuproine), was
also developed for efficient and selective CO,-to-CO
conversion with several water-soluble Co porphyrins as
catalysts, demonstrating the good selectivity (near 90%) and
high turnover numbers (TONS, up to 4000) even operated in
fully aqueous media where H, evolution is often facili-
tated.”” ™!

The above reports succeeded in revealing some promising
performances of Cu(I) PSs in light-driven CO, reduction.
However, there still remains a possibility of improving the
photocatalytic performance, since the noble-metal-containing
systems could demonstrate TON > 107 and ® > 80%.°>*> One
can therefore expect further improvement by the rational
optimization of the fundamental properties of both catalysts
and PSs as well as by more delicately controlling the electron
transfer (ET) efficiency among the PS, catalyst, and reductive
equivalents. Up to now, various strategies have been explored
to improve the ET efficiency in CO, photoreduction. These
include the covalent bonding,34_36 H—bonding,37 coordinate
bonding,38 and 7—rx stackingy*’”_41 interactions between the
PS and catalyst. However, most of them relied on the use of
noble-metal-based PSs and/or catalysts. In other words, studies
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attempting to improve the ET efficiency among the noble-
metal-free PS and catalyst have seldom been reported to
date.”*

In this context, we have fabricated noble-metal-free PSs
having pyridyl tethers to permit their dynamic interactions
with catalysts via coordinate bonding (Figure 1), where the
“dynamic interactions” are intended to express that the bond
formation and dissociation are dynamically taking place during
the photocatalysis. Among the available interaction modes
between PS and the catalyst, coordinate bonds can be highly
advantageous because of the following reasons. The metal—
ligand bonds can avoid the irreversible loss of association
between the PS and catalyst due to their ability to retrieve the
linkage depending upon the metal oxidation state, which
cannot be expected for the covalent linkages made of C—C,
C—0, C—N, etc. Moreover, the metal—ligand bond dissoci-
ation may play a role in suppressing undesirable back electron
transfer (BET). For example, the low-spin d’ Co(II) ion
possesses either an axially elongated square pyramidal or
octahedral geometry and thereby serves as a dynamically
exchanging coordination site in giving a linkage between the
PS and catalyst.”® The fast exchange is expected due to the
fundamental lability of the Co(II)-ligand bonds as well as the
relatively long axial bond distances caused by the so-called
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Table 1. Photophysical and Electrochemical Data: Summary of the Photophysical and Redox Properties of the Cu(I) PSs”

Eq Aem Asp €405 be
Cu PS V) (nm)  (om) (M™'em™!) ®,,.¢
CuBCP —-2.04 580 285, 1760 0.23% + 0.02%
388
CuPBCP —1.88 590 281, 3070 0.03% + 0.01%
395
CuPPBCP -1.97 590 289, 4000 0.16% + 0.02%
389

k. ko isosbestic ~ Ey_y  E,ge

7% (ns) (10° sH?  (10°s7Y)°  point (nm)  (eVY (V)

289 £ 5 8.0 3.5 445 2.79 0.75

33.0 + 3.1; 7, = 3.5, 33%; 9.1 30.3 430 2.88 1.00
T, = 48.4, 67%

206 + 4 7.8 4.8 446 2.78 0.81

“Measured in in deaerated CH,CN solution at 298 K. Experimental error within $%. Potentials are versus Fc*’°. “Excited at 405 nm. The error bars
represent the standard deviations of three independent measurements. “Determined via the relative method with RuBPY (= Ru(bpy);(PFs),; bpy =
2,2"-bipyridine) as the standard, 0.095% at 298 K.** .= @,/ %k, = (1 — D,,)/7.* Msosbestic point was obtained from the intersection of
normalized absorption and emission spectra and E,_q values = 1240/isosbestic point (eV).*

Jahn—Teller effect. Furthermore, upon driving the ET from the
reductively quenched PS to the covalently associated catalyst,
the Co(II) center may turn into the d* Co(I) ion which favors
a square-planar geometry,*” resulting in the dissociation of the
catalyst from the PS to suppress the undesirable BET.

To this end, we demonstrate that the pyridyl tethers
introduced to CuBCP indeed bring about substantial catalytic
enhancement in photocatalytic CO, reduction, presenting our
proof of concept on the dynamic coordinative interaction into
precious-metal-free systems. Cobalt phthalocyanine tetracar-
boxylic acid (CoTCPc) is employed as a promising molecular
catalyst, where its electron-withdrawing™ carboxyl groups may
enable a high catalytic performance. The carboxyl groups are
located at two random p-positions due to the different
regioisomers arising from the synthesis. To evaluate the effect
of pyridyl tethers on CuBCP as the prototype, we designed and
synthesized two new types of heteroleptic Cu(I) PSs depicted
in Figure 1: [Cu'(xantphos)(pbcp)]PF¢ (CuPBCP; pbcp =
2,9-dimethyl-4,7-di(pyridin-4-yl)-1,10-phenanthroline) and
[Cu'(xantphos) (ppbcp) JPF4 (CuPPBCP; ppbcp = 2,9-dimeth-
yl-4,7-bis(4-(pyridin-4-yl)phenyl)-1,10-phenanthroline). The
former possesses two pyridyl groups directly bonded to the
2,9-dimethyl-1,10-phenanthroline backbone instead of the
phenyl groups in parent bcp. The latter has two pyridyl
groups bonded to the 4-positions of the phenyl groups of bep
in the prototype. Our study reveals that the CuPPBCP-driven
CO, reduction catalyzed by CoTCPc (i.e., the CuPPBCP/
CoTCPc system) achieves an excellent quantum yield (® = 76
+ 6% at 425 nm) with a near quantitative selectivity in CO
formation. This efficiency is almost twice higher than that of
the prototypical CuBCP/CoTCPc system (@ = 40 = 5% at
425 nm). Moreover, the CuPPBCP/CoTCPc system could
achieve a maximum TON of 11800 + 1400. These
performances also considerably surpass the previous molecular
system with dynamic interactions™”””~*" (® < 50%, TON <
1500). On the other hand, the CuPBCP/CoTCPc system is
found to exhibit rather poor photocatalytic activity, which is
even lower than that of the prototype system. However, this
result in turn demonstrates the importance of delicate control
in achieving highly eflicient photocatalytic systems with
desirable ET efficiency. Notably, transient X-ray absorption
spectroscopic techniques have been utilized to elucidate the
photophysics of photosensitizers and study the electron
transfer kinetics.

Three heteroleptic Cu(I) complexes of the type [Cu(P"P)-
(N"N)]* were prepared as PSs (Figure la and experimental
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details in the Supporting Information (SI)), with three kinds of
NN ligands, bep, pbep, and ppbcp. Two pyridyl pendants
were employed to replace the two phenyl groups at the 4,7-
position of the bcp prototype in CuPBCP, and two 4-
phenylpyridyl groups were employed in the case of CuPPBCP,
respectively, with the aim to generate coordinative interactions
with the macrocyclic Co(II) catalyst. The purities and
structures of these ligands and complexes were clarified by
elemental analysis and "H NMR spectroscopy (Table S1). The
above compounds were further characterized by "H—'"H NMR
correlation spectroscopy (COSY; Figures S1—S4), '*C and P
NMR (for Cu complexes, Figures S5—S8), mass spectroscopy
(Figures S9—S12), and single-crystal X-ray diffraction (Figure
S13 for CuPBCP only; Tables S2 and S6) methods,
respectively.

We then adopted various methods to determine the redox
and photophysical properties of the three Cu(I) PSs, as
summarized in Table 1. Cyclic voltammetry was first applied to
investigate their redox properties, where reversible one-
electron reduction waves and irreversible oxidation waves
were all observed for the three Cu(I) complexes in degassed
CH,CN (Figure S14). Notably, the electron-withdrawing
effects from the pyridyl pendants lead to more positive
reduction potentials (E,.q; —1.88/—1.97 vs —2.04 V vs Fc*/?)
of CuPBCP/CuPPBCP than the parent CuBCP, respectively,
consistent with the less reducing forces of the reduced-state
Cu(I) PSs. The excited-state reduction potentials (Ered’ex)46 of
the Cu(I) PSs (Table 1 and Figure S14) were then estimated
using the ground-state redox parameters together with the
emission energies (E;_o, €V). It can be seen that the E, .,
values of pyridine-tethered Cu(I) PSs (1.00 and 0.81 V vs
Fc*/%) are both more positive than that of the prototype
CuBCP (0.75 V), indicative of the stronger ability to oxidize
sacrificial reductant.

Next, the photophysical properties of the PSs in deaerated
CH;CN were investigated using UV—vis absorption and
steady-state fluorescent spectroscopies. Comparison of their
UV-—vis absorption spectra clarifies the similarity in their
absorption features (see Figure 1b), although the molar
absorptivity at ca. 400 nm decreases in the order CuPPBCP >
CuPBCP > CuBCP. By contrast, their steady-state emission
spectra (Figure 1lc) are structureless, in which the emission
maxima (/) for the two pyridyl tethered PSs are by ca. 10 nm
red-shifted relative to that of the parent CuBCP, reflecting the
electron-withdrawing effect of the pyridyl groups. The
emission quantum yields (®,,,) reveal a descending order as
follows; CuBCP (0.23%) > CuPPBCP (0.16%) > CuPBCP
(0.03%). The relatively low @, values are ascribed to the
exciplex quenching effect posed by the CH;CN coordination
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to the excited Cu dye.”” We further determined the excited-
state lifetimes by monitoring the fluorescence decays using
time-correlated single photon counting (TCSPC; Figure 2d).
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Figure 2. (a) Tr-XAS spectra (laser on/off) corresponding to the
excited states of 0.8 mM CuBCP (blue), CuPBCP (red), and
CuPPBCP (gold) via *MLCT transitions at a delay of 100 ps between
laser and X-ray pulses. Experimental Fourier transforms of k-
weighted Cu EXAFS of the laser-off (solid lines) and reconstructed
(dotted lines) excited states of (b) CuBCP assuming 35% excited
state, (c) CuPBCP assuming 27% excited state, and (d) CuPPBCP
assuming 9.5% excited state. Insets in (b—d) show the back Fourier
transformed experimental (solid lines) and fitted (dashed lines)
k[ (k)] of the laser off and reconstructed spectra for k values of 2—9
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The observed lifetimes display a trend similar to that seen in
®,,, by affording the values of CuBCP, CuPPBCP and
CuPBCP as 289, 206, and 33.0 ns, respectively (Table 1). The
biexponential decay traces of excited CuPBCP suggest the
presence of additional decay pathways. Since the lifetimes of
[Cu(P"P)(N"N)]* PSs are generally around 1077 s in
coordinative CH;CN,*”*® the shorter-lived (at 107% s) excited
state of CuPBCP with its biexponential decay traces suggest
the presence of additional decay pathways. We further
calculated their radiative (k,) and nonradiative (k,) decay
rate constants”” of these Cu(I) chromophores, showing their
similar k, values while a much faster k, was estimated for
CuPBCP than the other two, also indicative of more decay
pathways. The LUMO-HUMO gaps were also determined for
their ground- and excited-state structures (Table S3). The
excited-state structures of CuBCP, CuPBCP and CuPPBCP
display LUMO—HOMO energy gaps of —0.954, —0.845, and
—0.881 eV, respectively, with increasing energy gaps of
CuPBCP < CuPPBCP < CuBCP. The observed trends of
energy gaps are in agreement with the less long-lived excited
state”” observed for CuPBCP (33.0 ns) compared with those
of CuPPBCP (206 ns) and CuBCP (289 ns), respectively.
The above observations suggest that the covalent attachment
of pyridyl moieties to the N*N ligand of the Cu(I) PS results
in a decreased luminescent quantum yield and excited-state
lifetime, which are especially substantial for CuPBCP. The
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direct attachment of the pyridyl groups in CuPBCP should
serve as the sites to accelerate the nonradiative decay process.
One possible explanation is that the directly attached pyridines
induce the hydrogen bonding interactions with solvent
molecules, as documented for the luminescence switch-on
behavior of [Ru(bpy),(dppz)]** (dppz = dipyridophenazine)
upon insertion to DNA base pairs.”” Alternatively, they might
also pose influence on the geometric flattening of the *MLCT
state species, presumably by interacting solvent molecules or
counterions to form a low-energy excited state known as an
“exciplex”, which subsequently decays to the ground state and
thus shortens the excited-state lifetime.”* > Indeed, the losses
in emission lifetime and quantum yield in CuPPBCP are rather
small, attributable to the decreased electronic interactions
between the phen and pyridyl groups by the insertion of an
extra phenylene group at each tether.

To further verify the origins of the modest luminescent
properties of CuPBCP, the electronic and conformational
properties of the ground and excited states of the Cu(I) PSs
were studied through steady-state and time-resolved X-ray
absorption near-edge (XANES) and extended X-ray absorption
fine structure (EXAFS) spectroscopies (Figure S1S5). The
ground-state XANES spectra of CuBCP, CuPBCP and
CuPPBCP in degassed CH;CN (Figure S15a) display identical
features in the rising edge and main edge regions from 8980 to
9020 eV, indicative of their high similarity in the coordination
environments of the Cu(I) centers among the three PSs.
Moreover, all the Cu(I) PSs display a main peak at 8984 eV in
their XANES spectra, reflecting the nature of the 4p_ orbital in
the pseudotetrahedral coordination environments®”">* of the
Cu(I) complexes (Figure S15a). Each EXAFS spectrum of all
PSs further shows a prominent peak (Peak I) corresponding to
the average Cu—N and Cu—P bond distances (Figure S15b).
Analysis of these EXAFS spectra clearly reveals two similar
Cu—N distances at 2.08 = 0.01 A (CuBCP), 2.09 + 0.01 A
(CuPBCP), 2.05 + 0.02 A (CuPPBCP), and two comparable
Cu—P distances at 2.30 + 0.02 A (CuBCP/CuPBCP) and 2.28
+ 0.02 A (CuPPBCP) (Table S4 and SS, Figure S15). The
structural parameters experimentally determined by EXAFS are
in good agreement with structural parameters from their
single-crystal structural analysis. These parameters also agree
well with the DFT optimized coordinates (Tables S5—S8),
confirming the suitability of the level of our DFT calculations
adopted in this study.

Following the above steady-state XANES and EXAFS
measurements, picosecond time-resolved X-ray absorption
(tr-XAS) spectroscopy was employed to capture the snapshots
of excited-state conformations of PSs by using a 400 nm laser
as the pump source. The transient signal monitored at 100 ps
features two intense bleach transitions at 8982 and 8988 eV
together with a broad positive peak at ~9000 eV (Figure 2),
corresponding to the ground-state bleaching of the Cu(I) PSs
and formation of the formally oxidized Cu(Il) and *MLCT
excited state. As expected, the MLCT transition results in the
promotion of one of the (3d)'® electrons into the low-lying
7*(phen) orbital, thus leading to a d-level occupational change
from 3d'° to 3d°. A pre-edge feature corresponding to the s to
3d quadrupole transition is consequently observed at low
photon energies at 8979 eV (Figure 2) which gains intensity
due to 4p mixing”* into the Cu 3d shell.

The decay of the MLCT excited state was additionally
monitored by fixing the X-ray photon energy at 9000 eV and
varying the time delay between the laser and X-ray pulses
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(Figures S16 and S17). The *MLCT states of CuBCP,
CuPBCP and CuPPBCP are formed promptly within the ~100
ps pulse duration of the X-ray and decay within 287 + 63, 37 +
9 and 191 + 40 ns, respectively, in agreement with the
previous time-resolved fluorescent experiments (Table 1 and
Figure 1d). The excited state fractions of CuBCP, CuPBCP
and CuPPBCP were determined by comparing their laser-off
and laser-on XANES spectra (Figure S18) with those
previously reported for the heteroleptic Cu(I) complexes
possessing similar coordination environments.”> A relative
chemical shift in energy of 2 eV is typically observed between
Cu(I) and Cu(Il) reference complexes, such that the
proportions of the excited state of 35%, 27% and 9.5% are
estimated in the laser-on spectra of CuBCP, CuPBCP and
CuPPBCP, respectively. These spectral features were then used
to plot the actual or reconstructed XANES (Figure S18) and
EXAFS (Figures 2 and S19) spectra of the excited states.

The reconstructed MLCT states of all Cu(I) PSs exhibit a
pre-edge transition at 8979 eV and two 1s to 4p rising edge
transitions at 8984 and 8992 eV (Figure S19), in good
agreement for 4-fold coordinated Cu(II) ions.” This analysis
thus confirms the correct percentages of excited state fractions
used in the estimation of the laser on spectra of the Cu-based
photosensitizers described here. The derived excited states of
the Cu(I) PSs reveal 2 prominent peaks (peaks A and B)
corresponding to the distinct contributions of the shortened
Cu—N and elongated Cu—P bonds (Figure 2, Tables S4 and
S5), as previously observed in Cu(I)-based heteroleptic PSs.”
Analysis of the excited-state EXAFS of the Cu(I) PSs reveals
two shortened Cu—N distances at 2.01 =+ 0.02 A (CuBCP),
1.99 + 0.02 A (CuPBCP), 1.92 + 0.02 A (CuPPBCP) and two
elongated Cu—P distances at 2.39 + 0.01 A (CuBCP), 2.43 +
0.01 A (CuPBCP), and 2.38 + 0.02 A (CuPPBCP). These
changes are consistent with the formation of a flattened
geometry within the MLCT state induced by interactions with
solvents, the aforementioned “exciplex” effect.”*™>* From this
perspective, we further noticed that the DFT optimizations on
the excited-state vs the ground-state conformation of CuPBCP
display a larger change in the torsion of the pendant pyridine/
benzene rings of —0.7° and —0.2°, in comparison to CuBCP
which displays decreased torsions of —0.1° and —0.2° and
CuPPBCP with torsions close to 0° (Table S8). We note that
the geometric definitions of the torsion angle changes of the
pendant pyridyl or benzyl groups are graphically shown in
Table S8. The DFT calculations further show that the excited-
state CuPBCP displays a more flattened configuration with
torsional angle (the dihedral angle between the planes of the
diimine and diphosphine ligands) of 78.5° vs the excited-state
structures of CuBCP and CuPPBCP which show torsional
angles of 79.6° and 78.6° respectively (Table S4). More
substantially, analysis of the EXAFS within the first
coordination sphere of CuPBCP also displays more elongated
Cu—P distances of 2.43 + 0.02 A compared to CuBCP and
CuPPBCP (2.38 + 0.02—2.39 = 0.01 A; Figure 2b—d, Tables
S4 and SS). Consequently, the larger torsions in the pyridine
rings of CuPBCP with its more flattened state geometry are
presumed to lead to the decreased steric hindrance and
enhanced solvent accessibility in its excited-state conformation,
namely, a stronger exciplex effect, markedly decreasing the
excited-state lifetime of CuPBCP.
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The photochemical CO, reduction driven by the three PSs was
examined in a CH3;CN/TEA solution containing each PS,
CoTCPc as the catalyst, BIH (1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole) as the sacrificial electron
donor and phenol (5.0 vol %) as the proton source’** to
accelerate the catalytic CO, reduction. Here TEA functions as
a proton acceptor to deprotonate the oxidized BIH.” A
commonly observed drawback for the heteroleptic [Cu(P"P)-
(N*N)]* complexes has been the dissociation of the
diphosphine ligand during the photocatalysis due to the
formation of Cu(II) species.””*” Therefore, a general protocol
for photocatalysis in the presence of the free diphosphine
xantphos ligand (2.0 eq. of PS; 1.0 mM in our experiments)
was deployed to promote the repair of the PS during the
photocatalysis'> which indeed enhanced the stability of
photocatalytic performance (Figure S20 and Table S9). With
50 uM CoTCPc, CuBCP and CuPPBCP both enabled the
selective formation of CO with only a trace amount of H, and
no products in the solution phase, resulting in CO selectivity
over 97%. All components were confirmed to be necessary to
evolve CO with a similarly high efficiency (Table S9). The
reaction with *CO, atmosphere exhibited the formation of
BCO (m/z = 29; Figure S21) as a major product, evidencing
that the source of CO is the gaseous CO, rather than those
that might be given by the decomposition of organic moieties
in the mixture. Impressively, the CuPPBCP/CoTCPc system
displayed a substantially high @ of 76 + 6% at 425 nm (see the
SI for determination details). This @ is comparable to the
state-of-the-art molecular systems for photocatalytic CO,
reduction and even better than some noble-metal-based
pioneers (Table S10), like fac-[Re(4,4’-(MeO),bpy)(CO),{P-
(OEt);}]/fac-[Re(bpy)(CO);(CH;CN) J* (Do = 59% at 365
nm),”® and a Ru—Re dyad (@cq = 45% at 480 nm),*” as well
as the previous works on the dynamic interactions between
noble-metal PSs and respective catalysts (®co = 14.3% ~
46.6%).”*7~" Tt is only slightly lower than the record-high
system composed of fac-[Re(bpy)(CO);(CH;CN)]* catalyst
and a trinuclear Re PS (®cy = 82% at 436 nm).”> Most
importantly, this @ value is highest among the noble-metal-free
systems (Table S11), including Cu purpurin/FeTDHPP (P
= 6% at 450 nm; FeTDHPP = chloroiron(III) 5,10,15,20-
tetrakis(2’,6'-dihydroxyphenyl)-porphyrin),'® and
[Cu,(P,bph),]**/fac-Mn(4,4'-(OMe),bpy) (CO);Br
(®yucoonsco = 57% at 436 nm; P,bph = 4,7-diphenyl-2,9-
bis(dzi;)henylphosphinotetramethylene)-1,10-phenanthro-
line).

Several comparisons were made to highlight the excellent
performance of our CuPPBCP/CoTCPc system. Foremost, a
lower @ of 40 + 5% at 425 nm was achieved with the parent
CuBCP under identical conditions, reflecting that the
enhanced catalytic performance relies on the dynamic
interactions based on the peripheral pyridyl coordination to
the catalytically active center. In addition, the CO production
rate for the CuPPBCP/CoTCPc gradually decreased after 3 h
of reaction, presumably due to the decomposition of Cu(I)
PS°%°7 or the consumption of BIH. Nevertheless, the CuBCP/
CoTCPc system showed even an earlier cease in CO formation
after ca. 2 h. Therefore, the dynamic coordinative interactions
in the CuPPBCP/CoTCPc system may also be responsible for
its increased ® and longevity achieved in the photocatalysis.
Decreasing the catalyst concentrations down to 5.0 and 0.5 uM
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Table 2. Photoreduction of CO,: Results of Photocatalytic CO, Reduction Experiments”

entry PS [CoTCPc] (uM) n(CO) (umol) n(H,) (umol) TON(CO)? TON’(CO)* CO% D i
1 CuBCP 50.0 85.5 +£5.3 1.33 + 0.39 428 + 26 42.8 +2.6 98.5 40 + 5%
2 CuPBCP 50.0 1.10 = 0.15 0.38 + 0.13 5.50 + 0.75 0.5S + 0.08 74.3 0.5 £ 0.2%
3 CuPPBCP 50.0 140 £ 7 1.95 + 0.31 700 + 33 70.0 + 3.3 98.6 76 + 6%
4 IrBPY 50.0 784 + 5.7 1.13 £ 0.20 392 + 28 392 + 2.8 98.6 30 + 4%
S CuPPBCP 5.00 38.1 + 5.0 248 + 0.44 1910 + 250 19.1 £ 2.5 93.9 45 + 4%
6 CuPPBCP 0.500 23.6 + 2.8 1.70 + 0.24 11 800 + 1400 11.8 + 1.4 93.2 9.7 £ 2.2%

“Standard condition: PS (0.5 mM), xantphos ligand (1.0 mM), phenol (5.0 v%), and BIH (50 mM) in 4 mL CH;CN/TEA (v:v = 5:1) within 3 h
of 425 nm irradiation (20 mW cm™) under 1 atm CO,. The errors represent the standard deviations of three independent measurements.
bCalculated for the TON values based on the catalyst amount (0.4 umol). “Calculated for the TON values based on the PS amount (4.0 gmol).

(Figures S22 and S23; Table 2) further increased the TON up
to 11800 + 1400 based on the catalyst amount, which is
superior to most of the noble-metal-free molecular systems
(Table S11), albeit with a moderate TON based on the PS
amount (Table 2). These excellent performances were also
compared with a benchmark noble-metal-based PS, IrBPY (=
[Ir(bpy) (ppy),]PFs, ppy = 2-phenylpyridine; Figure S24),
where the initial @ at 425 nm for our CaPPBCP (76 + 6% vs
30 & 4%) is ca. 2.5 times higher than that of IrBPY (Figure 3
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Figure 3. Photoreduction of CO,. Time profiles of photocatalytic CO
(star) and H, (circle) formation using 0.5 mM PS and S0 uM
CoTCPc (red) under 425 nm of irradiation (20 mW cm™2). Trace
colors: CuBCP, blue; CuPBCP, red; CuPPBCP, gold; IrBPY, green.
The error bars represent the standard deviations of three independent
measurements.

and Table 2). This clearly highlights the outstanding
photocatalytic performance of the CuPPBCP/CoTCPc sys-
tem. In sharp contrast, the CuPBCP/CoTCPc system is nearly
inactive, showing a 1/140 of TON of CuPPBCP/CoTCPc
(5.0 vs 700). The inferior performance of CuPBCP in
photochemically driving the catalysis is attributable to its
substantially shorter-lived character in the excited state
compared with the remainders, as described later in detail.

As a type of covalent bonds, the labile coordinate bond not
only endows the dynamic stability in the coordinatively
interacted system, but also additionally facilitates the ET
processes by utilizing the inner-sphere ET (ISET) via the
coordinative interaction.”” To examine the coordinative
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interaction between the catalyst and sensitizer in solution, we
conducted the 'H NMR titration experiments, where d,-DMF
was adopted as the most suitable solvent instead of CD;CN to
prepare highly concentrated CoTCPc solutions.”® The proton
peak assignments for CuPBCP and CuPPBCP in d,-DMF were
thus made prior to the titration experiments (Table S2, Figures
S25 and S26). Then, the addition of CoTCPc into the d,-DMF
solution of CuPBCP induced notable shifts together with the
broadening/relaxation in the proton signals responsible for the
pbep ligand, indicating the interaction between CoTCPc and
CuPBCP via the pbcp ligand, most probably by the
coordinative interaction discussed above (Figure S27). The
binding constant’®®" can be calculated using the variations in
the chemical shifts, giving a 1:1 binding constant (K;;) of 943
+ 13 M in non-cooperative 1:2 model (see detailed analysis
in Bxperimental Section and Table S12). The K;; value is
approaching to the order of 10° M™', corresponding to the
value determined for the coordinative interaction between a
pyridine-tethered Ir(III) PS and Co(II) phthalocyanine
catalysts.”® The results clearly evidence the presence of a
coordinative interaction between CuPBCP and CoTCPc. The
observed peak patterns also reveal that the ligand exchange rate
is much faster than the NMR time scale, reflecting the dynamic
exchange processes occurring in solution. The parallel 'H
NMR titration of the CuPPBCP/CoTCPc system revealed a
K, of 3628 + 236 M~ in non-cooperative 2:1 model (Figure
$28 and Table S13). The higher binding constant of
CuPPBCP suggests more facile binding to CoTCPc with its
more distant pyridine units. In contrast, the titration of
CoTCPc into a solution of CuBCP yielded a negligible shift in
all proton signals (Figure S29), ascertaining the requirement of
pyridyl tethers to promote the associations between the
catalyst and PS.

We further examined whether the components, TEA and
phenol, added in the photocatalysis solution interfere with the
interaction between CuPBCP and CoTCPc. In Figure S30, in
contrast to the CH3;CN solution containing 50 uM CoTCPc,
we first observed negligible spectral differences in the presence
of either phenol or sodium phenolate by UV—vis absorption
spectroscopy, excluding their interferences via interactions with
CoTCPc. In contrast, the Q-band of CoTCPc at 673 nm
became narrower and more intense in the presence of 17 vol %
TEA (CH,;CN:TEA (v:v) = 5:1), which can be attributed to
either the axial coordination of TEA** or the deprotonation
of CoTCPc. However, the latter is less possible, since the
complete deprotonation of CoTCPc by NaOH decreased the
intensity of the Q-band at 673 nm instead. Further addition of
phenol induced no changes, suggesting the TEA-interaction is
still dominant. The "H NMR titration was therefore carried out
in the presence of excess TEA. During the 'H NMR titration in
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Table 3. ET Kinetic Data: Related Data and Calculated Reaction Constants from Time-Resolved Spectroscopies in Degassed
CH,CN Solutions”

fluorescence quenching TAS Tr-XAS
Ps 7o (ns) kg (X 10° M7's7) g 7' (ns) T (us)  ker (X10°M7H ST 7" (ns) 7, (ps)
CuBCP 289 + 5 9.35 + 0.5 99.3 + 0.2% 302 + 13 758 £5.2 3.72 £ 0.51 287 + 63 27.6 £ 2.6
CuPBCP 33.0 £ 3.1 207 £ 1.1 97.2 + 1.1% 47.0 £ 6.2 234 + 26 4.77 + 0.92 37.0 £ 9.0 6.01 + 2.83
CuPPBCP 206 + 4 10.3 + 0.6 99.1 + 0.4% 214 £ 10 280 + 36 547 £ 0.85 191 + 40 4.40 + 1.86

“Errors are provided as the standard deviation from three parallel experimental data. 7,: excited-state lifetime measured by time-resolved
luminescence spectroscopy. k). reductive quenching rate constant with BIH from fluorescence quenching. 77;: quenching fractions with BIH
([BIH] = 0.05 M) from fluorescence quenching. 7,: excited-state lifetime measured by TAS. 7,: reduced-state lifetime measured by TAS. kgr.:
reaction rate constant between reduced PS and CoTCPc determined by TAS. 7,": excited-state lifetime measured by tr-XAS. 7,: formation time
scales for the Co(I) species measured by tr-XAS.

the CuPBCP/CoTCPc/TEA system as the example, the shifts O o_
el - =1+ kgry[Q]
were still visible (Figure S31), and the K;; was calculated as T (8)
901 + 44 M~ in non-cooperative 1:2 model (Table S14). This
value is quite consistent with that determined in the TEA-free We then moved to transient absorption spectroscopy (TAS;

system (see above, 943 + 13 M_l), Clearly indicating that the Figure 4 and Table 3 Wlth experimental details in the SI) fOI'
binding constant with TEA is negligibly smaller than that by analyzing the different states of the Cu(I) PSs and the kinetics
the pyridyl tethers in CuPBCP. Therefore, the above results of the second ET step. For CuBCP, the excitation at 420 nm

demonstrate that substantial coordinative interaction has been leads to significant positive absorption peaks at 330 and 530
achieved between each pyridine-appended Cu(I) PS and nm, where the latter is assignable to the absorption by the
CoTCPc, which can be a key reason for the efficiency *MLCT state of the PS (Figure 4a). The transient species has a
improvement from CuBCP to CuPPBCP. lifetime (7,’) of 301.6 ns, which is close to the result of the

time-resolved emission lifetime (7, = 289.0 ns). The addition
of an excess of BIH affords a long-lived species (7; = 75.8 us;
Figure 4b) with a growth of major absorption at 350 nm,
indicative of the formation of a reductively quenched product,
CuBCP" according to eq 2. The subsequent process is regarded

To clarify the photocatalytic mechanism, the photoinduced ET
processes (eqs 1—5) were investigated by observing the excited
states of Cu(I) PSs. Due to the overlapped absorbance
between CoTCPc and Cu(I) PSs, the quenching of the excited : e
state of the Cu(I) PSs was examined by the time-resolved as the ET from CuBCP" to COTCPC (eq 3)’_Wh.1Ch 18
luminescence spectroscopy (Figures $S32—S34 and Table 3). ?wdencefl by the decrea.sed longevity of .CuB CP~ with an
As expected, all Cu(T) PSs can be effectively quenched by BIH, increase in the concentration of CoTCPc (Flgul.re 4c). By using
which suggests a reductive quenching pathway (eqs 1—3). The eq 8, the second-order rate Scon_sltarltl for. this stegg can be
dynamic™” reductive quenching constants for BIH (kygu)), as calculated as kgr = 3.72 X 10°M™ s (Flgurfe 4d).
determined by Stern—Volmer (eq 4) plots, 38 follows a Under the same COIl(‘Thtl.ODS, tbe TAS behaV}or of CuPBCP
decreasing order to be CuPBCP, CuPPBCP, and CuBCP or CuPPBCP upon excitation (Figure 4e and i) together with
(207, 10.3, and 9.35 X 10° Mfl s} Table 3), in good the response to the addition of BIH (Figure 4f and j) is similaf
agreement with the tendency of their E,q. values (1.00, 0.81, to CuBCP. It can be noticed that the lifetimes of CuPBCP

and 0.77 V; Table 1). On the other hand, negligible quenching and CuPPBCP™ are much longer ‘than those of CEBC.P_
was observed by the addition of CoTCPc, indicating the lack (Table 3). Importantly, the reaction of CuPBCP~ with
of oxidative quenching by the catalyst (eqs 1 S and 6). We also CoTCPc at incregasingl cor;centrations gives rise to a higher
calculated the quenching fractions (17) to calculate the kgr = 477 X 10° M7 s™ than that observed by CuBCP".

formation efficiency of the reduced-state PSs (eq 7; Table 3), Moreover, the increase in kgr for CuPPBCP™ (5.47 X 10° M~
in which all the three systems are all approaching to 100%, s7') is even higher. The significantly faster ET rates by these
showing insignificant negative effects from the poor emission pyridyl tethered systems rather contradict with the trend
ability of CuPBCP. expected from the driving forces of ET, since the reduction
® potentials of CaPBCP and CuPPBCP (E,.4 = —1.88 and —1.97
CuPS + hv =3 CuPS* (1) V) are anodically shifted with regard to that of CuBCP (—2.04
V; Table 1). This contradiction in turn supports the major role
CuPS* + BIH LIH)» CuPS™ + BIH.T (2) of the coordinative interaction between the pyridyl sub-
L stituents and CoTCPc in substantially accelerating the ET by
- 11 ET I . . .. .

CuPS™ + Co TCPc — CuPS + Co TCPc 3) overcoming the disfavored driving force of the reaction.
L Tr-XAS was again employed to directly monitor the
CuPS* + Co"TCPc =5 CuPS* + Co'TCPc (4) electronic conﬁguratlons and ET kinetics of the photo-
generated Co(I) state® under photocatalytic conditions in a
CuPS" + BIH — CuPS + BIH" ) multimolecular assembly consisting of the Cu(I) PSs, CoTCPc
I, catalyst and BIH (Figures S, S35, and S36). Figure Sa shows
T 1+ k7[Q] 6) the Co tr-XAS spectra of all three multimolecular assemblies at
an average time delay of 12.3 us between the laser and X-ray
k(s BIH] pulses. A prominent peak with a shoulder feature at 7714/7718
= k+E +k [BIH] X 100(%) eV (LII) together with a broad dip (III) at 7724 eV is obtained
r T Par T Tq(BIH) 7) which corresponds to the formation of the reduced Co(I)
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Figure 4. Nanosecond TAS. Nanosecond TAS results of (a—d) CuBCP, (e—h) CuPBCP, and (i—1) CuPPBCP. TAS evolution of Cu(I) PSs (a,e,i)
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upon excitation at 425 nm.

species”> and the ground-state bleaching of the Co(II)
compound, respectively. These energy transitions in turn
show that the K-edge of the Co center shifts to lower energy,
indicating the reduction of Co(II) and confirming the
formation of Co(I) through ET from the Cu-based PSs. The
kinetics for the Co(I) formation were further investigated by
fixing the photon energy to 7714 eV to monitor the formation

1991

of Co(I), with varying time delays between the laser and X-ray
pulses (Figures 5 and S36). The formation time scales (z,) for
the Co(I) species with CuPBCP and CuPPBCP are 6.01 +
2.83 and 4.40 + 1.86 us, respectively. In sharp contrast, the
Co(I) intermediate is formed with CuBCP at a significantly
slower pace within 27.6 + 2.6 us, strongly confirming the
facilitated electron transfer from the pyridine-decorated Cu(I)
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Figure 6. Proposed photocatalytic mechanism. Suggested photocatalytic mechanism for the reduction of CO, using the CuPPBCP/CoTCPc
system was a representative example.

PSs to CoTCPc benefited from dynamic coordinative differently from those decay kinetics of the reduced-state Cu
interactions. It is important here to remark that the time PSs from TAS. This is due to the higher concentrations of
scales of formation of Co(I) in the tr-XAS experiments vary CoTCPc and Cu(I) PSs employed in the tr-XAS measure-
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ments for a sufficient transient signal response together with
the diffusion-governed nature of these interactions.”®

Opverall, the above multiple spectroscopic results clearly
demonstrate that the catalytic systems of the Cu(I) PSs follow
the reductive quenching pathway and that the ET processes
from the two pyridine-tethered Cu(I) PSs to CoTCPc can be
facilitated via dynamic coordinative interaction. Via the
dynamic coordinative interaction with binding constants at
10> M~ order of magnitude, the ground-state PS-catalyst
complex should not be the main species for catalysis.”® Thus,
the reaction between the PS and catalyst should proceed
mainly in a bimolecular manner rather than a unimolecular
way. Beside the conventional outer-sphere electron transfer
(OSET) by the random collision between the PS and catalyst,
the intermolecular electron transfer can be additionally
facilitated in a manner of ISET via the coordinative interaction
as either a stable adduct or a transition state.’’ Such
facilitations have been demonstrated by the TAS and tr-XAS
measurements. Importantly, among the three reaction steps
(eqs 1-3) related to the Cu(I) PSs, the rapid reaction rates of
2 and 3 involving CuPBCP manifest that its inactivity in
photocatalytic CO, reduction should mainly originate from its
short-lived excited state character (eq 1).

With verifications on the overall ET kinetics, further
mechanistic studies were operated on CoTCPc to elucidate
the overall mechanism. First, the redox properties of CoTCPc
can be revealed by its CVs in the presence of TEA (Figure
$37). Under N,, three reduction events appeared in the CV of
CoTCPc. The first reversible one should be attributed to the
Co"! reduction (Ereq) = —0.88 V), while the two subsequent
reduction waves may be induced by the reduction on the
phthalocyanine ring.””*® The introduction of CO, induces a
current enhancement at the second reduction wave (E,q, =
—1.40 V), indicating that the two-electron reduced species can
initiate the catalytic reduction of CO, Further, an additional
catalytic wave appeared at the Co™! reduction wave in the CV
upon the addition of phenol under CO,, showing the
decreased overpotential required for effective catalysis by
enabling the proton-dependent transfer.”’° The quite positive
catalytic potential for CO, reduction should contribute to the
high catalytic activity of CoTCPc in photocatalysis.

DFT calculation at MO6™" level further shed light on the
catalytic mechanism of CoTCPc proposed in Figure 6. The
calculated reduction potentials for the two successive reduction
events of CoTCPc are in good agreement with the measured
ones (dashed box in Figure 6), displaying that the calculation
methods are suitable for this system and that the initial species
in the presence of TEA is less likely to be the deprotonated
form of CoTCPc. In the presence of highly reducing
CuPPBCP" (E,4 = —1.97 V), the Co(Il) catalyst can be
doubly reduced according to the above CV results discussed
above. With BIH as a two-electron reductant, the involvement
of highly reducing BI- radical (E,4 = —2.06 V) from the TEA-
deprotonated BIH* can also serve as another driving force.”
After double reduction, a low-spin Co(I)-ligand radical species
was calculated as the intermediate for subsequent CO, binding.
The formation of this species is favored with a negligible
energy change of 0.05 kcal mol™, followed by protonation to
yield a low-spin Co-COOH species*’ with a slight uphill
energy of 8.24 kcal mol™". The coordinated CO, is partially
activated due to its slightly bent configuration (Figure S38).

1993

Followed by the cleavage of the C—OH bond, a low-spin Co-
CO intermediate can be generated with a favorable energy
change of —19.72 kcal mol™". The final release of CO with the
regeneration of the catalyst is thermodynamically favorable
with a decreasing energy of —2.12 kcal mol™". Negligible
distortion of the phthalocyanine ring can be noticed for all
calculated intermediates. With the above insights, an overall
catalytic cycle for CuPPBCP/CoTCPc can be proposed
(Figure 6). The ET kinetic data are also presented.

In summary, the construction of dynamic coordinative
interactions affords a high-performance system for photo-
catalytic reduction of CO, to CO by using earth-abundant
elements only. An outstanding apparent quantum yield of 76 +
6% at 425 nm has been achieved with a near-unity selectivity
and a maximum turnover number of 11800 =+ 1400. The
remarkable performances are attributed the accelerated
intramolecular electron transfer pathway based on the dynamic
coordinative interactions between the photosensitizer and the
catalyst. In particular, the sharply different activity of the two
pyridine-tethered photosensitizers reveals the importance of
delicate design of linkers to preserve long emission lifetime.
We also highlight the promising and versatile use of time-
resolved X-ray absorption spectroscopy, which not only verifies
the structure—activity relationship among the Cu(I) photo-
sensitizers, but also unveils the electron transfer kinetics
required to understand the photocatalysis. We believe that our
work herein opens avenues toward the development of highly
cost-efficient molecular systems for photocatalytic CO,
reduction.

CuBCP”? was prepared following the previously reported methods.
RuBPY (97%, Sigma), IrBPY (98%, BLD China), sodium phenolate
(98%, Sigma), and other chemicals were commercially available and
used without further purification.

NMR data were obtained on Bruker advance III instruments (400/
500 MHz). Electrochemical measurements were carried out using an
electrochemical workstation (CHI 660D). Gas chromatographic
analysis was conducted on an Agilent 7820A gas chromatography.
The isotopic labeling experiment was conducted under *CO,
atmosphere and the gas in the headspace was analyzed by a
quantitative mass spectrometer attached Agilent 7890A gas
chromatography. The liquid phase of the reaction system was
analyzed by an ion chromatograph (Metrohm) to detect the presence
of formate. UV—vis spectra were collected on a Shimadzu UV-3600
spectrophotometer. The emission experiments were conducted on a
modular fluorescent life and steady-state fluorescence spectrometer
(FLSP1000, Edinburgh Instruments Ltd.). The TAS was carried out
on a laser flash photolysis instrument (LP980, Edinburgh Instruments
Ltd.). All experiments were operated at room temperature (24—25
°C) unless otherwise stated.

The pyridine-tethered ligands was prepared via Suzuki coupling
according to the reported procedure for the pbcp ligand” with
modifications. One mmol of 4,7-dibromo-2,9-dimethyl-1,10-phenan-
throline, 2.5 mmol of (4-(pyridin-4-yl)phenyl)boronic acid (for
ppbep) or 4-phenylboronic acid (for pbep), 15 mol % P(PPh,),, and
3 mmol of K,CO; were dissolved in 50 mL of dioxane/H,O (v:v =
S:1) mixed solvent and degassed with argon. After heating at 100 °C
for 1 day, the reaction mixture was cooled to room temperature and

https://doi.org/10.1021/jacsau.3c00218
JACS Au 2023, 3, 1984-1997


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00218/suppl_file/au3c00218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00218/suppl_file/au3c00218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00218/suppl_file/au3c00218_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

subjected to extraction with DCM, followed by washing with brine
twice and then drying over MgSO,. The column chromatography
with DCM/CH;OH (2%) afforded a pale yellow powder with
moderate yields (ppbcp: 32%; pbep: 35%).

For pbcp: Q-TOF ESI-MS(+): [pbcp+H]* (measured: 363.1603;
simulated: 363.1604). '"H NMR (CD,Cl,, 400 MHz, 25 °C): § (ppm)
= 8.82—8.77 (m, 4H), 7.73 (s, 2H), 7.51 (s, 2H), 7.51—7.48 (m, 4H),
2.99 (s, 6H). Elemental analysis: Calculated (C,,HjN,), C, 79.54; H,
5.01; N, 15.46; Measured, C, 79.44; H, 5.08; N, 15.48.

For ppbcp: Q-TOF ESI-MS(+): [ppbcp+H]* (measured:
515.2230; simulated: 515.2230); 'H NMR (CD,Cl,, 400 MHz, 25
°C): § [ppm] = 8.77—8.69 (m, 4H), 7.92—7.85 (m, 4H), 7.85 (s,
2H), 7.76—7.69 (m, 4H), 7.68—7.62 (m, 4H), 7.56 (s, 2H), 2.99 (s,
6H). Elemental analysis: Calculated (C;H,N,), C, 84.02; H, 5.09;
N, 10.89; Measured, C, 83.98; H, 5.13; N, 10.89.

The synthesis follows a similar procedure for preparing heteroleptic
Cu(I) PSs.”” In a 50 mL Schlenk tube, [Cu(CH;CN),]PF4 (186 mg,
0.5 mmol) and xantphos (289 mg, 0.5 mmol) are dissolved in 10 mL
of dry DCM at room temperature under N, and darkness. The
resulting solution is stirred at 40 °C for 2 h. The reaction mixture is
then added with the pbcp ligand (180 mg, 0.5 mmol) or ppbcp ligand
(257 mg, 0.5 mmol) under N, flow. The resulting mixture is then
heated at 45 °C for 2 h. The reaction mixture was then allowed to
cool to room temperature, and the solvent was evaporated under
reduced pressure. Then a minimal volume of dry DCM (ca. S mL)
was added to dissolve most the orange residue, which was filtrated via
a 045 pm PTFE membrane, followed by the addition of excess
xantphos (ca. 70 mg) into the filtrate to prevent the formation of
[Cu(N”N),]*. Finally, excess dry hexane (50 mL) was added to
precipitate CuPBCP/CuPPBCP as a yellow crystalline powder (76%/
65% yield). It should be noted that the presence of trace water will
make the product oily, leading to the high difficulties in cultivating
single crystals.

For CuPBCP: Q-TOF ESI-MS(+): [Cu(xantphos)(pbcp)]*
(measured: 1003.2767; simulated: 1003.2750). 'H NMR (CD;CN,
400 MHz, 25 °C): § (ppm) = 8.82 (dd, 4H, ] = 4.4, 1.6), 7.80 (dd,
2H, J = 7.9, 1.3), 7.69 (s, 2H), 7.58 (s, 2H), 7.51 (dd, 4H, ] = 44,
1.6), 7.35—7.27 (m, 6H), 7.20—7.06 (m, 18H), 2.37 (s, 6H), 1.76 (s,
6H). 3C NMR (126 MHz, CD,CN) § 158.51, 154.85, 150.27,
146.99, 14434, 14327, 14326, 133.93, 133.02, 132.96, 132.90,
131.56, 131.43, 131.30, 130.25, 130.05, 128.66, 128.63, 128.59,
128.03, 125.63, 125.42, 124.99, 124.16, 123.17, 121.46, 35.96, 27.93,
26.90. 3'P NMR (202 MHz, CD;CN) § —9.77. Elemental analysis:
Calculated (CuCg4HgoN,OFP;), C, 65.82; H, 4.38; N, 4.87;
Measured, C, 66.01; H, 4.42; N, 4.96.

For CuPPBCP: Q-TOF ESI-MS(+): [Cu(xantphos)(ppbcp)]*
(measured: 1155.3384; simulated: 1155.3376). '"H NMR (CD,CN,
400 MHz, 25 °C) § (ppm) = 8.74—8.68 (m, 4H), 8.01—-7.93 (m,
4H), 7.83-7.77 (m, 4H), 7.75-7.66 (m, 8H), 7.60 (s, 2H), 7.34—
7.27 (m, 6H), 7.23—7.03 (m, 18H), 2.36 (s, 6H), 1.76 (s, 6H). *C
NMR (126 MHz, CD;CN) §: 158.21, 154.90, 150.47, 148.95, 146.85,
143.50, 138.64, 137.48, 133.94, 133.05, 132.99, 132.93, 131.67,
131.55, 131.42, 130.45, 13025, 130.02, 128.66, 128.62, 128.38,
127.97, 127.47, 125.67, 125.45, 125.41, 123.26, 121.52, 35.97, 27.91,
26.91. 3'P NMR (202 MHz, CD;CN) § —9.91. Elemental analysis:
Calculated (CuC,sHN,OFP;), C, 69.20; H, 4.49; N, 4.30;
Measured, C, 69.64; H, 4.44; N, 4.41.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00218.
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