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A novel coordination polymer CuCl-Pyhc was successfully syn-
thesized, which can catalyze efficient and selective oxidation of
C(sp®)-H bonds under mild conditions, exhibiting exceptional
stability and remarkable recyclability. Furthermore, CuCl-Pyhc can
mimic natural monooxygenases and activate oxygen into singlet
oxygen (0,).

The selective oxidation of C(sp®)-H bonds is extensively
employed in the chemical industry for the synthesis of ketones
and various high-quality chemicals." Traditional homogeneous
processes typically rely on transition metal complexes, leading
to significant environmental impacts and substantial costs for
waste treatment procedures.”” Recently, photocatalysis has
garnered attention as a promising approach for harnessing
solar energy to generate photoexcited molecules. This process
activates molecular oxygen, producing reactive oxygen species
such as superoxide radicals ("O*>7) and singlet oxygen (‘O,)
through single electron transfer (SET) or energy transfer (EnT)
pathways.*” These reactive species facilitate the gentle conver-
sion of C(sp®)-H bonds. Meanwhile, molecular oxygen exhibits
advantages such as a high content of reactive oxygen species,
low cost, and no by-products generated during the reaction
process, which are in line with the concept of green chem-
istry.® And the high natural abundance and low toxicity of
copper in nature make copper-based catalysts more economi-
cally and environmentally attractive.” Recent studies have
revealed that Cu(1) complexes exhibit excellent capability in
activating molecular oxygen under visible light irradiation, dis-
playing high catalytic activity and favorable substrate selecti-
vity.® Additionally, the extensive adjustability of ligand coordi-
nation modes provides advantages to cuprous complexes in
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optimizing redox properties and excited state lifetimes, facili-
tating the development of photocatalytic systems.”'°

As heterogeneous catalysts, coordination polymers have
advantages such as controllable structure, structural modifi-
cation, and thermal stability."" Their unique structures can
effectively hinder the aggregation and leaching of metal
sites.'”> Moreover, the tunable nature of coordination polymer
materials allows the fixation of functional groups and photoca-
talysts into one specific structure to further prolong the
excited-state lifetime and overcome restrictions of homo-
geneous catalytic systems."® Therefore, they exhibit excellent
photocatalytic oxidation properties."* Based on these consider-
ations, we aimed to construct a novel multiphase catalyst by
combining the structural features of copper catalysts and
coordination polymers, exploring its capability to catalyze the
oxidation of C(sp®)-H bonds. Furthermore, the extended dura-
bility of copper in coordination polymers opens up the poten-
tial for substrate activation via photoinduced electron transfer
(PET) or excited state energy transfer."®

In this study, we constructed a novel coordination polymer
CuCl-Pyhc, with the cuprous ion as the metal center by intro-
ducing bidentate thiourea ligands. CuCl-Pyhc exhibited
efficient activation of molecular oxygen, producing 'O, reactive
oxygen species through the EnT pathway. During the reaction
process, the cocatalyst benzoquinone was introduced. The
photoexcited CuCl-Pyhc can form Cu(i) through a PET process
with benzoquinone. And according to previous reports, the
excited state of benzoquinone exhibits excellent hydrogen
atom transfer activity and can extract hydrogen atoms from
substrates.'® Using this catalytic platform can effectively
promote the oxidation of C(sp®)-H bonds. Additionally, as a
multiphase catalyst, CuCl-Pyhc has exhibited excellent recycl-
ability and stability.

The Pyhc ligand was synthesized according to a previously
reported procedure (Fig. S11). CuCl-Pyhc was obtained using
Pyhc and CuCl by the layered diffusion method. The single
crystal X-ray crystallographic study reflected that CuCl-Pyhc
crystallizes in a monoclinic crystal system with the space group
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P24/c. Each central Cu atom coordinates with two bridging
sulfur atoms, one N atom from different ligands, and a term-
inal chlorine atom to form a twisted tetrahedral coordination
configuration (Fig. 1b). This coordination method allowed the
ligands and copper atoms to connect end-to-end, forming a
regular two-dimensional structural material (Fig. 1a). The adja-
cent sheets then assembled in an ABAB fashion via n---n stack-
ing interactions between the ligands (Fig. 1c). Scanning elec-
tron microscopy revealed that the CuCl-Pyhc crystals were
arranged in thin layers (Fig. S4t). And the elemental spectrum
from Energy Dispersive X-ray Spectroscopy (EDS) showed a
uniform distribution of elements throughout the structure
(Fig. S5t). With its characteristics of exposed surface atoms
and active sites, CuCl-Pyhc exhibits excellent -catalytic
potential.

The high phase purity of CuCl-Pyhc was revealed by powder
X-ray diffraction (PXRD) (Fig. S61). And X-ray photoelectron
spectroscopy (XPS) spectra of CuCl-Pyhc showed that the
copper is +1 valent (Fig. S7}). Additionally, the thermal ana-
lysis conducted through TGA on the freshly synthesized CuCl-
Pyhc revealed that it started to decompose at approximately
200 °C, indicating its thermal stability under catalytic reaction
conditions (Fig. S8t). The photocurrent-time curves of Pyhc
and CuCl-Pyhc showed that the photocurrent density increased
and returned to the initial value when the light was turned on
and off (Fig. S91). CuCl-Pyhc exhibited higher photocurrent
density compared to Pyhc, indicating its superior charge separ-
ation efficiency. The results of electrochemical impedance
spectroscopy (EIS) revealed that the semicircle of CuCl-Pyhc
was smaller compared to that of Pyhc (Fig. S107), indicating a
lower charge transfer resistance.

The photoluminescence (PL) spectrum of CuCl-Pyhc
showed a strong emission peak at 570 nm (4, = 455 nm)
(Fig. S127). The solid-state UV-vis absorption spectrum of
CuCl-Pyhc exhibited a wider absorption band and a significant
red shift in comparison to Pyhe, which was likely related to the
effect of coordinated Cu(i) ions on the excited state of the
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Fig. 1 (a) The constituents and two-dimensional lamellar structure of
CuCl-Pyhc. (b) Connecting configuration between the ligands and the
Cu atom. (c) Stacking in an ABAB fashion of CuCl-Pyhc.
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ligand and the d-d transitions of Cu(1) ions (Fig $111)."” The
solid state cyclic voltammogram of CuCl-Pyhc exhibited redox
peaks at 0.06 V (vs. Ag/AgCl). In addition to the free energy
change (E°° = 2.33 eV) between the ground and excited states,
the reduction potential of the excited state CuCl-Pyhc was cal-
culated to be —2.36 V (Fig. S13 and S147)."® This potential indi-
cates that the excited state of CuCl-Pyhc can effectively activate
0,."> The oxygen quenching experiment conducted on the
CuCl-Pyhc suspension showed a gradual decrease in emission
intensity at 570 nm as the duration of oxygen exposure of the
suspension increased. Moreover, the fluorescence lifetime of
CuCl-Pyhc decreased from 3.38 ns in an Ar atmosphere to 2.71
ns in the presence of an oxygen atmosphere (Fig. 2a). The
luminescence quenching process was attributed to photo-
induced electron transfer or energy transfer from the excited
state of CuCl-Pyhc to molecular oxygen, activating the oxygen
to form active oxygen species. Afterwards, we conducted an
experiment on the oxidation of 1,3-diphenylisobenzofuran
(DPBF) by CuCl-Pyhc to elucidate its reactive oxygen species
behavior. DPBF is a well-known 'O, scavenger used to detect
'0, produced in a system. When 'O, oxidizes and degrades
DPBF, the absorption intensity of the DPBF at 1 = 410 nm
decreases, serving as an indicator of the produced '0,.*° We
tested DPBF photooxidation with and without CuCl-Pyhc
under visible light conditions. The experimental results
showed that after 200 s of light irradiation with the addition of
CuCl-Pyhc, the UV-vis absorption of DPBF at 410 nm decreased
significantly (Fig. 2b). In contrast, the blank control group
without CuCl-Pyhc only showed a slight decrease (Fig. 2¢ and
S15t), which confirmed that CuCl-Pyhc can activate oxygen to
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Fig. 2 (a) Luminescence decays of CuCl-Pyhc in CHsCN suspensions
with O, (red) and without O, (black) (the inset shows the time-depen-
dent emission of CuCl-Pyhc in the CH3CN suspension under an O,
atmosphere; the intensity was recorded at 570 nm with excitation at
455 nm). (b) The change in the UV-vis absorption spectrum of DPBF
with the duration of illumination in the presence of CuCl-Pyhc. (c)
Absorbance decay of DPBF with (red) or without (black) CuCl-Pyhc at
410 nm. (d) EPR spectra of CuCl-Pyhc in CH3zCN suspensions containing
TEMP (0.1 mM) in the dark (red) and with 455 nm LED irradiation (blue).
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form '0,. Electron paramagnetic resonance (EPR) spectroscopy
was further used to prove this point. In this analysis, 2,2,6,6-
tetramethyl-4-piperidone (TEMP) was used as a radical trap-
ping agent, specifically to identify the presence of 'O,. The
EPR results of CuCl-Pyhc displayed the characteristic signal of
TEMP-'0,, indicating the generation of singlet oxygen
(Fig. 2d).

Based on the above experimental results, we found that
CuCl-Pyhc exhibited the ability to activate oxygen. So we used
it as a photocatalyst for selective C(sp®)-H activation and oxi-
dation, wherein 4-ethylphenol was chosen as a model sub-
strate. However, we found that when only CuCl-Pyhc was
added as a photocatalyst, the reaction scarcely occurred
(Table 1, entry 3). After adding the cocatalyst benzoquinone,
the reaction could proceed efficiently. Next, we selected the
optimal light source and reaction solvent (Table S21). Under
the optimized conditions, a loading of 5 mg of CuCl-Pyhc and
benzoquinone (0.1 mmol) caused an 84% conversion of
4-ethylphenol (0.1 mmol) into 1-(4-hydroxyphenyl) ethan-1-one
with a selectivity >99% under irradiation with a 455 nm LED
for 8 h (Table 1, entry 1). Control experiments in the dark, or
without O,, showed negligible amounts of products, confirm-
ing the photocatalytic nature and O, were indispensable
(Table 1, entries 4 and 5). And when a control experiment was
performed without CuCl-Pyhc, the reaction scarcely occurred
(Table 1, entry 2). When using the ligand Pyhc instead of
CuCl-Pyhc or the copper salt CuCl with the same loading to
participate in the reaction, the yields of the product were low,
which also indicated the irreplaceability of CuCl-Pyhc (Table 1,
entries 6 and 7).

To demonstrate the broad applicability of this catalytic
method in C-H bond catalytic oxidation, we conducted experi-
ments using different substrates containing aryl R; and R,
groups. The outcomes revealed that both electron-rich and
electron-deficient substrates were successfully transformed
into the desired ketones with impressive yields (Table S37).

Afterwards, we conducted emission quenching experiments
on CuCl-Pyhc after adding benzoquinone. The luminescence

Table 1 Catalytic oxidation of the C—H bond of 4-ethylphenol?

AT

o]

S

CuCl-Pyhc, Benzoquinone

40°C, 05, 455nm LED

Entry Variation from standard conditions Yield” (%)
1 None 84

2 No CuCl-Pyhc N.R.

3 No benzoquinone N.R.

4 N, instead of O, N.R.

5 No light N.R.

6 Pyhc instead of CuCl-Pyhc N.R.

7 CuCl instead of CuCl-Pyhc 35

“Reaction conditions: CuCl-Pyhc (5 mg), 4-ethylphenol (0.1 mmol),
benzoquinone (0.1 mmol), CH3CN (4 mL), 455 nm LED, O,, 40 °C, 8 h.
b The yields were determined using 'H NMR spectroscopy with an
internal standard substance. N.R. = no reaction.
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intensity of CuCl-Pyhc was significantly reduced when it
adsorbed benzoquinone. A decrease in the fluorescence lifetime
of benzoquinone-adsorbed CuCl-Pyhc of 1.02 ns (Fig. S16%)
suggested the possibility of a PET process from the excited
state of CuCl-Pyhc to the benzoquinone molecules.' The pres-
ence of benzoquinone (0.067 M) in the acetonitrile suspension
of CuCl-Pyhc (3.0 mg) effectively quenched the emission at
570 nm, and the titration curve obeyed a typical Stern-Volmer
equation with the Volmer constant (Kgy) calculated as 1959
M~ (Fig. 3a). Subsequently, we compared the changes in Cu
valence state of CuCl-Pyhc under 455 nm LED illumination
under an oxygen atmosphere or with the addition of benzo-
quinone. XPS spectra revealed that the addition of benzo-
quinone resulted in a greater portion of Cu(r) being converted
to Cu(u), which further demonstrated the PET process from
CuCl-Pyhc to benzoquinone. And we conducted an investi-
gation on the impact of the O, atmosphere and benzoquinone
on the photocurrent of CuCl-Pyhe. The results indicated that
oxygen and benzoquinone can enhance the charge separation
efficiency of CuCl-Pyhc (Fig. S177).

Furthermore, we investigated the impact of incorporating
various inhibitors of active species under the optimal reaction
conditions on this catalytic system (Fig. 3c). When the 'O, sca-
venger cobalt acetylacetonate was added, a significant decrease
in yield to 32% was observed, indicating that 'O, played a
more dominant role in the reaction. In contrast, the addition
of the ‘O~ scavenger SOD and the hydroxyl radical scavenger
t-BuOH resulted in only minor decreases in conversion,
suggesting that "0*~ and "OH are not the primary reactive
oxygen species controlling the monooxygenation process. The
introduction of the electron scavenger AgNOj; into the reaction
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Fig. 3 (a) Emission quenching of CuCl-Pyhc after the addition of BQ
(inset shows the simulated Stern—Volmer curve; the intensity was
recorded at 570 nm with excitation at 455 nm). (b) XPS spectra of CuCl-
Pyhc for the Cuy, signal after 8 h illumination under an O, atmosphere
(upper panel) and with the addition of benzoquinone (lower panel). (c)
Effect of scavengers on the photocatalytic oxidation of 4-ethylphenol
over CuCl-Pyhc. (d) UV-vis spectra recording 3,5-DTBC oxidation by
CuCl-Pyhc (inset shows the relationship between the yield of 3,5-DTBQ
and the reaction time).

Dalton Trans., 2024, 53,10055-10059 | 10057


https://doi.org/10.1039/d4dt01257g

Published on 03 2024. Downloaded on 18/8/2024 06:48:45.

Communication

system led to a considerable reduction in the yield by 38%,
underscoring the critical role of photogenerated electrons in
the catalytic process.”> And after the addition of the radical
capturing agent TEMPO, the yield was only 5%, which proved
that the reaction possibly underwent a free radical process.”?
To verify the similarity between the catalyst and natural
enzymes, we conducted a typical experiment to oxidize ortho
diphenol to the corresponding quinone, simulating a natural
copper based oxidase, which is of great significance for the
biosynthesis of melanin and other polyphenolic natural pro-
ducts.>* When 3,5-di-tert-butylcatechol (3,5-DTBC) was selected
as the substrate, the photocatalysis by CuCl-Pyhc demonstrated
that it simulated the active center of natural catechol oxidase
for the oxidation of 3,5-DTBC to 3,5-di-tert-butyl-o-benzo-
quinone (3,5-DTBQ), and it exhibited excellent catalytic poten-
tial (Fig. 3d).

And we evaluated the adsorption capability of CuCl-Pyhc
for the substrate. The "H NMR spectrum of the impregnated
crystals (denoted CuCl-Pyhc@4-ethylphenol) showed that the
CuCl-Pyhc adsorbed about 0.48 moles of 4-ethylphenol per
copper node (Fig. 4b). And the IR spectrum displayed a new C-
H stretching vibration at 2963.62 cm™", while the peak for the
C-H bond of free 4-ethylphenol appeared at 2962.17 cm™*
(Fig. 4a). These findings demonstrated that the substrate could
be adsorbed by CuCl-Pyhc. Afterwards, we examined the reac-
tion yield over time, finding the highest yield was achieved
when the reaction time reached 8 hours. In addition, we con-
ducted two sets of experiments to remove CuCl-Pyhc through
filtration at 2 and 4 hours, and the yields only showed a mar-
ginal improvement (Fig. 4c), confirming its significant role as
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Fig. 4 (a) IR spectra of CuCl-Pyhc impregnated with 4-ethylphenol
(red); free CuCl-Pyhc (black); and free 4-ethylphenol (blue). (b) *H NMR
spectra of the crystals of Pyhc, 4-ethylphenol, CuCl-Pyhc, and CuCl-
Pyhc@4-ethylphenol (in DMSO-ds and sulfuric acid-d,). (c) Catalytic
traces of oxidation of 4-ethylphenol under the optimal conditions with
the catalyst CuCl-Pyhc filtered after 2 h and 4 h. (d) Recycling experi-
ments of oxidation of 4-ethylphenol with CuCl-Pyhc under optimal
conditions.
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a heterogeneous catalyst. CuCl-Pyhc also proved to be highly
recyclable, maintaining its activity after five reuse cycles
(Fig. 4d). The PXRD and IR spectra of CuCl-Pyhc obtained sim-
ultaneously indicated good structural stability (Fig. S18 and
S19%).

A possible reaction mechanism was proposed based on our
experimental observations and literature review. Firstly, the
light irradiation promoted the formation of excited states of
CuCl-Pyhc, and a PET process and an EnT process possibly
resulted in the production of benzoquinone radicals and
superoxide species Cu(u)-O,”. The in situ generated benzo-
quinone radicals acted as hydrogen transfer reagents to
capture hydrogen atoms from the substrates and generated the
corresponding alkyl radicals,®® then exchanged hydrogen
atoms to obtain Cu(u)-O-OH. The alkyl radicals underwent an
oxygen transfer step with Cu(u)-O-OH to obtain the final oxi-
dation products (Fig. $201).>%*”

In summary, we reported a new platform for the oxidation
of C(sp®)-H bonds with high efficiency and selectivity by
merging of the energy transfer and photoinduced electron
transfer process into one cuprous coordination polymer. The
CuCl-Pyhc has similar catalytic activity to natural enzymes,
which can efficiently activate O, to form the active metallic
oxygen active species for the oxidation of C(sp®)-H bonds.
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