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Development of transition metal-based photocatalysts with low cost, strong visible light absorption, and high efficiency is a long-
stand pursuit for advanced organic synthesis, yet remains highly challenging. In this article, an anthraquinone-based copper(I)
cyclic trinuclear complex (1) was designed and it featured strong visible light absorption, high charge separation efficiency and
photochemical properties. Complex 1 as a heterogeneous photocatalyst can efficiently catalyze homo-coupling of terminal
alkynes and denitrification-oxidative coupling reaction between hydrazinopyridine and terminal alkynes with excellent yield (up
to 99%), broad substrate tolerance (27 examples) and superior reusability (up to 10 cycles without loss of performance) under

mild conditions.
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1 Introduction

With the increasing global consumption of non-renewable
fossil fuels, the development of a sustainable, en-
vironmentally friendly and efficient energy supply is in great
demand and has become one of the major challenges [1,2].
Among the various clean energy sources, solar energy is
attractive, and tremendous progress has been achieved in its
storage and transformation. Especially, solar energy can be
absorbed by a photocatalyst whose excited state is able to
catalyze organic transformation [3—6]. In the past decades,
many metal complexes have been prepared and used as
photocatalysts; however, most of them are based on ex-
pensive noble metals including ruthenium (Ru) and iridium
(Ir) [7-12]. Besides high cost and scarcity, these complexes
are suffering from weak visible-light absorption, and poor
photostability, which hinder the further improvement of
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photocatalytic efficiency and their applications. Therefore,
the design of photocatalysts composed of low-cost and earth-
abundant metals with strong visible-light absorption, ex-
cellent photochemical stability and appropriate oxidation-
reduction potential are highly desired, yet remains a great
challenge.

Due to the high abundance, low price and toxicity, high
reactivity and low standard reduction potential of copper
(Cu) [13], Cu-based metal complexes can be a promising
alternative option for photocatalysis [14—16]. For instance,
Cu(I) complexes bearing phosphines or phenanthrolines li-
gands can act as photocatalysts to promote several organic
transformations [17-19]. However, these Cu(I) complexes
usually display low molar extinction coefficients (¢ < 3,000
M ' ¢cm ") in the visible range, limiting their photocatalytic
activities [20]. To address these issues, the introduction of
organic chromophores, such as boron dipyrromethene
(BODIPY), into Cu(I) complexes can effectively improve
their visible-light absorption, leading to significant en-
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hancement of photocatalytic activities [21,22]. Un-
fortunately, the intricate and multistep syntheses of BODIPY
ligand largely increase the cost of such Cu(I)-based photo-
catalysts and lower its accessibility. Moreover, Cu(I)-based
photocatalysts are generally soluble in most organic solvents,
resulting in difficulty in catalyst recovery.

Unlike the conventionally distorted tetrahedral and satu-
rated four-coordinate structure, each Cu(l) ion in copper-
based cyclic trinuclear complexes (Cu-CTCs) features a
linear and unsaturated two-coordinate conformation, leading
to interesting application in the fields of photoluminescence
(PL), optoelectronics, host-guest chemistry and catalysis
[23-28]. Recently, our studies demonstrated that the mod-
ification of pyrazole ligands remarkably altered the proper-
ties of Cu-CTCs [29-31]. Anthraquinone (AQ) and its
derivatives as classic organic photocatalysts are widely used
for various chemical reactions including photo-oxygen ac-
tivation and hydrogen atom transfer [32-36]. Thus, we en-
visioned that the incorporation of the AQ motif into Cu-
CTCs would improve the light absorption ability and pho-
tocatalytic activity. Importantly, AQ-based pyrazole ligands
are much cheaper than BODIPY ligands.

Herein, we designed an AQ-based Cu-CTC (1) from an-
thraquinone-based pyrazole ligand (HL) and Cu(NO;),-3H,0
(Scheme 1). For comparison, a reference Cu-CTC (2) with-
out AQ groups was prepared (Scheme S2, Supporting In-
formation online). The introduction of AQ groups
significantly enhanced the light absorption ability and
complex 1 exhibited a high molar extinction coefficient (¢) of
2.44x10°M 'cm ' at 249 nm (Table SI, Supporting In-
formation online) in a dichloromethane (DCM) solution,
which is ca. 59-fold and 8-fold larger than those of 2 and HL,
respectively. In addition, in solid-state, complex 1 also ex-
hibited a wide range of light absorption (200—600 nm), good
charge separation efficiency and excellent ability to generate
reactive oxygen species (e.g., O, and 102). Interestingly,
complex 1 delivered excellent photocatalytic activities for
C—C coupling reactions including homo-coupling of terminal
alkynes (12 examples, yield up to 99) as well as deni-
trification-oxidative  coupling reaction between hy-
drazinopyridine and terminal alkynes (15 examples, yield up
to 99). Notably, Cu-CTC 1 as a heterogeneous photocatalyst
displayed superior stability and can be reused 10 times
without loss of catalytic performance.

2 Results and discussion

2.1 Structure and characterization

The anthraquinone-based pyrazolyl ligand (HL) was newly
prepared in gram scale from 1,8-dichloroanthracene-9,10-
dione, a low-cost and commercially available chemical (0.17
US dollar/g), via the Suzuki-Miyaura cross-coupling reac-
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Scheme 1 Schematic demonstration of AQ-based Cu-CTCs. Orange balls
represent Cu(l) ions (color online).

tions (Scheme S1 and see Supporting Information online for
details). The structure of HL was confirmed by nuclear
magnetic resonance (NMR), mass spectrometer (MS) and
single crystal X-ray diffraction (SCXRD) analysis (Figures
S1 and S7). A mixture of Cu(NO;),-3H,0, HL, and trie-
thylamine in acetonitrile (MeCN) under solvothermal con-
ditions afforded AQ-based CTC (1) as reddish-brown
platelet crystals, which were suitable for SCXRD analysis
(See Supporting Information online for details). For com-
parison, Cu-CTC (2) was prepared from the 3,5-di-
methylpyrazole ligand and Cu(NO3),3H,0 (See Scheme S2
and Supporting Information online for details). The SCXRD
analysis reveals that 1 crystallizes in the triclinic crystal
system with a space group of P-1 and CTC unit with a nine-
membered Cu;Ng features an ideal planar configuration in
the asymmetric unit (Figure la). In addition, the dihedral
angle between the AQ motif and Cu;Ng plane is 120°, and a
dimer is formed between two neighboring CTC units through
n-m interaction with a short Cu—Cu distance of 2.83 A, which
was commonly observed in reported Cu-CTCs (Figure 1b)
[22]. Moreover, the multiple ©t- interactions are observed in
the crystal including face-to-face and parallel displaced
shaped stacking between two neighboring anthraquinone
motifs with distances ranging from 3.38 to 3.62 A (Figure Ic,
d), as well as the tight stacking between anthraquinone and
CTC unit with a distance of 3.47 A (Figure le). Such n-n
interactions might promote electron transport in the crystals
of 1 [37], which makes it possible to serve as a promising
photocatalyst. The thermal stability and the phase purity of 1
were confirmed by thermogravimetric analyses (TGA) and
powder X-ray diffraction (PXRD) (Figure S3). XPS analysis
suggested that Cu ions were monovalent in 1 (Figure S4).

2.2 Optics and electrochemistry

Complex 1 exhibited a high molar extinction coefficient (&)
0f2.44x10° M ' cm ' at 249 nm in DCM solution (Table S1),
which is ca. 59-fold and 8-fold higher than that of 2 and HL,
respectively. Besides strong light absorption in solution, the
reddish-brown colored crystals of 1 also indicate it has strong
visible-light absorbing ability in solid-state. As shown in
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Figure 1 (a) Crystal structures of 1. (b) Side view showing an interdimer
Cu---Cu distance of 2.83 A. (c—e) n-m interactions in the stacking structure
of 1 (color online).

Figure 2a, the solid-state ultraviolet-visible (UV/Vis) diffuse
reflectance spectroscopy of HL and 1 revealed that they both
absorbed light in the 200 to 600 nm region, while 2 only
absorbed light in the 200 to 400 nm region. This suggested
the induction of the AQ motif largely improved the visible-
light absorbing ability of Cu-CTC. In addition, the optical
band gap (E,) of HL, 1 and 2 was estimated to be approxi-
mately 1.91, 1.71 and 2.67 eV (Figure 2b and Figure S6a—c),
respectively, using the Tauc plot method. The Mott-Schottky
experiments determined the flat band potentials of HL, 1 and
2 were determined to be —0.61, —0.67 and —0.92 eV vs. Ag/
AgCl at pH 6.8, respectively (Figures S6d—f), which were
equal to their conduction band (CB) potentials. Afterward,
valence band (VB) potentials of HL, 1 and 2 could be esti-
mated to be 1.30, 1.04 and 1.75 eV vs. Ag/AgCl at pH 6.8
(Figure 2b), on account of the band gap energy equation. As
shown in Figure 2c, the electrochemical impedance spec-
troscopy (EIS) of HL, 1 and 2 showed a semicircle, but the
diameter of 1 was much smaller than those of HL and 2,
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indicating that the charge transfer resistance of 1 was the
lowest and the charge separation efficiency was the highest
compared with HL and 2. Moreover, the transient photo-
current measurement in Figure 2d showed that the photo-
current density of 1 was larger than those of HL and 2,
indicating that 1 had the best effective spatial separation
ability of photogenerated charge carriers. Furthermore,
electron paramagnetic resonance (EPR) experiments of 1
were performed to probe its ability to activate oxygen under
visible light irradiation. As shown in Figure 2e, f, in the
presence of the radical trapping reagents such as 5,5-di-
methyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetra-
methylpiperidone (TEMP), the EPR signals were observed
upon the white light irradiation of 1 in air, implying the
generation of superoxide radical anion (O, ) and singlet
oxygen (102). These experiments illustrate that 1 is a po-
tential excellent catalyst for photocatalytic oxidation reac-
tions.

2.3 Photocatalytic oxidative C—C coupling reaction

2.3.1 Homo-coupling reaction of terminal alkynes

1,3-Diynes as important components are widely present in
natural products and extensively used in the pharmaceutical
industry and material science [38,39]. Conventionally, the
preparation of 1,3-diynes using copper-based catalysts re-
quired relatively harsh reaction conditions such as high
temperature, and strong base [40—42]. Therefore, it is desired
to develop new catalysts to prepare the 1,3-diynes under mild
conditions. Recently, it has been found that Cu-CTC units
can activate C—H bonds of terminal alkynes [43-45].
Therefore, we have tested the photocatalytic activity of 1 for
the synthesis of 1,3-diynes. The reaction conditions were
optimized using homo-coupling of phenylacetylene (3a) as a
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Figure 2 (a) UV-Vis diffuse reflectance spectra; (b) schematic diagram of the optical band gap; (c) photocurrent response curves and (d) EIS Nyquist plots
of 1, 2 and HL. EPR spectra of 1 in the presence of (¢) DMPO or (f) TEMP before and after light irradiation (color online).
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Figure 3 (a) Comparison of the photocatalytic efficiency of four re-
prehensive Cu-based catalysts. (b) Effects of scavengers on homo-coupling
reaction of 3a under standard reaction conditions. (c) Recycling experi-
ments with 1 as the photocatalyst for the homo-coupling reaction of 3a. (d)
H NMR spectra of freshly prepared 1 (black) and recovered 1 after pho-

tocatalytic homo-coupling reaction of 3a (red) (color online).

model reaction. As shown in Table 1, the reaction could not
proceed without 1, and the optimal catalytic 1 content was
0.5 mol% of the substrate. Replacing the methanol with
tetrahydrofuran (THF), DCM or MeCN greatly reduced the
reaction conversion (Table 1, entries 3-5). The reaction
cannot take place in the absence of oxygen, light, and usage
of HL, Ir(ppy); or Ru(ppy);Cl, instead of 1 (Table 1, entries
6—11). When 2, or Cul was employed as a catalyst instead of
1, the yields were remarkably reduced to 32% or 14% (Table
1, entries 12—13). When the ligand HL was physically mixed
with 2 or Cul as catalysts, the conversion decreased to 45%
and 25% (Table 1, entries 14—15). These results show that the
anthraquinone ligand and copper ions play synergistic ef-
fects. To further evaluate the photocatalytic activity of 1, a
large-scale reaction involving 5 mmol of 3a with low cata-
lyst loading (0.016 mol% 1) was conducted. Notably, the
1,3-diynes products (4a) can be obtained with 87% conver-
sion (Table 1, entry 16), suggesting high photocatalytic ac-
tivity of 1. The turnover frequency (TOF) value of 1 was
1,088 mmol g ' h™' and was 2—6 orders of magnitude greater
than that of other reported Cu-based catalysts for self-cou-
pling reactions of 3a (Figure 3a and Table S3).

Under optimized reaction conditions, a series of terminal
alkynes were explored, and the results are listed in Table 2.
For aryl alkynes, the corresponding self-coupling products
were obtained in relatively high yields, which ranged from
93% to 99%, regardless of the electron-donating groups or
the electron-withdrawing groups. Generally, the stronger the
electron-withdrawing ability of the substituent, the higher
conversion yields were obtained. The reaction efficiency of
naphthyl (98% yield for 3j) with a large conjugated aromatic

December (2023) Vol.66 No.12

Table 1 Screening of synthetic conditions for l,4-diphenylbutadiyneﬂ)
1 (0.5 mol%)
®_: Air, MeOH O = - O
3a White-LED, 4 h 4a
"standard condition”

Entry Change from the “standard condition” Conversion (%)
1 none >99
2 No 1 NR
3 DCM instead MeOH 28
4 MeCN instead MeOH trace
5 THF instead MeOH 20
6 No light NR
7 0, instead Air >99
8 N, instead Air NR
9 HL instead 1 NR
10 Ir(ppy)s NR
11 Ru(ppy);Cl, NR
12 2 instead 1 32
13 Cul instead 1 14
14 HL+ 2 instead 1 45
15 HL+ Cul instead 1 25

16" 5 mmol 3a 87

a) Reaction conditions: phenylacetylene (0.5 mmol), 1 (0.0025 mmol),
MeOH (2 mL), air, 12 W white lamp, room temperature, 4 h. Conversion of
phenylacetylen was determined by gas chromatograph-mass spectrometer
(GC-MS) analysis. b) 3a (5 mmol), 1 (1 mg, 0.84 pmol).

Table 2 Substrate expansion of 1,3-diyne“)

1 (0.5 mol%)
R—@—: R O = O R
Air, MeOH
3a-l White-LED, 4 h 4a-l
4a, 99% 4b, 98%
F5C Q — = CF; F O = F
4c, 98% 4d, 93%

4e, 96%

HZN::

49, 94%

4f, 95%

OH
O ==
HO
4h, 93%
F == ==
ST T
4i, 96% 4j, 98%

O O0==000© ==X

4k, 99% 41, 96%

a) Reaction conditions: 3 (0.5 mmol), 1 (0.0025 mmol, 3 mg), MeOH
(2 mL), air, 12 W white lamp, room temperature, 4 h. Isolated yields are
presented here.

structural substituent or biphenyl (99% yield for 3k) groups
is comparable to that of phenyl groups. In addition, complex
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1 also effectively photocatalyzed the self-coupling of alkyne-
bearing aromatic heterocyclic substituents (31) with a high
yield of 96%. These results prove that 1 is an excellent
photocatalyst for the homo-coupling of aromatic terminal
alkynes.

2.3.2
drazinylpyridines with terminal alkynes

The high photocatalytic activity of 1 encourages us to further
explore other C—C coupling reactions of terminal alkynes.
The C—N bond cleavage is crucial in organic synthesis, but it
is less explored, especially for less active C—N bonds such as
amines and hydrazides, due to their high bond dissociation
energy [46,47]. Therefore, the Cu-CTC 1 photocatalyzed
denitrogenation coupling of 2-hydrazinopyridines with
terminal alkynes to form 2-(alkyl/aryl)pyridines was at-
tempted [48]. The reaction condition was optimized using 3a
and 2-hydrazinopyridine (5a) as model compounds (Table
3). Experiments have shown that the reaction cannot proceed
without any one of the bases, catalysts, light and oxygen
(Table 3, entries 2—5). The reaction did not take place when
the solvent was changed to THF or MeCN (Table 3, entries
6-7). The reaction did not occur when HL, Ir(ppy); or
Ru(ppy);Cl, was used as the catalyst (Table 3, entries 8—10).

Denitrogenation  oxidative

coupling of hy-

Table 3 Screening of synthetic conditions for 2-(phenylethynyl)pyridinea)

— 1 (0.5 mol%) =
Or= + G o=
N Air, MeOH, K,CO, = N
6aa

3a 5a White-LED, 6 h
"standard condition”

Entry Change from the “standard condition” Conversion (%)
1 none >99
2 No 1 NR
3 No light NR
4 No base NR
5 N, instead Air NR
6 THF instead MeOH NR
7 MeCN instead MeOH NR
8 HL instead 1 NR
9 Ir(ppy)s NR
10 Ru(ppy);Cl, NR
11 CuCl instead 1 41
12 2 instead 1 40
13 HL + 2 instead 1 71
14 HL +CuCl instead 1 55

15” 5 mmol 3a 53

a) Reaction conditions: phenylacetylene (0.5 mmol), 2-hydrazinopyr-
idine (0.5 mmol), 1 (0.0025 mmol), K,CO; (0.6 eq.), MeOH (2 mL), air,
12 W white lamp, room temperature, 6 h. Conversion of phenylacetylene
was determined by GC-MS analysis. b): 3a (5 mmol), 5a (5 mmol), 1 (1 mg
0.84 umol).
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When CuCl or 2 were used as catalysts, the conversions were
41% or only 40% (Table 3, entries 11-12). When HL was
physically mixed with CuCl or 2 as catalysts, the conversion
was 55% or 71% (Table 3, entries 13—14). Based on these
results, the conditions were optimized as follows: 0.5 mol%
1 as the catalyst, and 0.6 equiv. K,CO; as base in MeOH
(2 mL) for 6 h at rt under air atmosphere.

The scope of the substrate was explored using the opti-
mized condition. As shown in Table 4, the reactivity of al-
kynes with different groups was screened, and the
corresponding oxidative coupling products can be obtained
in high yields. Notably, the conversion of aryl alkynes (from
90% to 99%) was significantly higher than those of alkyl
alkynes (up to 88%). The alkynes with electron-donating
(3b) or -withdraw groups (3¢—3f), did not alter the yield of
coupling products. In addition, the alkynes with heterocyclic
substitutes (31 and 3m) also gave coupling products with
high yields of 96% and 94%, respectively. The alkynes with
extended conjugated substituents (3j and 3k) exhibited
slightly lower conversion (90% and 92% yields for 6ja and
6ka, respectively) compared with others. Finally, the re-
activity of 2-hydrazinopyridines derivatives was also tested.
Specifically, excellent yields can be obtained from the me-
thyl (Sb) and bromide substituted (5¢) 2-hydrazinopyridines.
Thus, 1 is a distinguished photocatalyst to catalyze deni-
trification-oxidative coupling of 2-hydrazinopyridines and
terminal alkynes.

2.4 Reaction mechanisms and recyclability tests

To probe the reaction mechanisms, several control experi-
ments were conducted. Specifically, after adding hydro-

Table 4 Substrate expansion of 2-(phenylethynyl)pyridinea}

— 1 (0.5 mol%) —
R—= + R2—<\j>—NHNH2 —_——» R—=— />—R2
N Air, MeOH, K,CO4 N
3a-q 5a-c White-LED, 6 h 6aa-ca
=0 =\ F3C = \_
N Y N Y ¢ N Y
6aa, 99% 6ba, 94% 6ca, 90%
Br =\ CO = p Pn = }q/
6fa, 92% 6ja, 90% 6ka, 92%
I\ — /T N\ — — Y
O=0 0= O=0
— / s N / \ /
6la, 96% 6ma, 94% 6na, 93%
-0 0= =0
N Y N Y N Y
60a, 92% 6pa, 88% 6qa, 85%
N / N / N /
6ab, 98% 6ac, 98% 6bc, 93%

a) Reaction conditions: 3 (0.5 mmol), 5 (0.5 mmol), 1 (0.0025 mmol,
3 mg), K,CO; (0.3 mmol), MeOH (2 mL), air, 12 W white lamp, room
temperature, 6 h. Isolated yields are presented here.
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quinone (HQ), a scavenger for free radicals, or p-benzoqui-
none (BQ), a scavenger for O, , the homo-coupling of 3a is
completely inhibited, indicating that O, is involved in the
reaction process (Figure 3b). The addition of the scavengers
for holes (KI), electrons (CuSO,) or l02 (2,2,6,6-tetra-
methylpiperidinooxy (TEMPO)), slightly decreases the
yields of reactions, suggesting the holes, electrons and 102
can be ruled out from the reaction pathway. Similarly, the
reaction mechanism of denitrogenation oxidative coupling
was also examined. Specifically, with the addition of HQ, or
TEMPO, the denitrogenation coupling reaction is completely
inhibited, indicating that '0, is the main active species in-
volved in the catalytic cycles (Figure S9a). In addition, the
reaction is also completely inhibited after adding CuSO,,
indicating that electron transfer also occurs during the cata-
lytic cycles (Figure S9a). When adding the KI or BQ, the
yields of reactions are slightly decreased, implying the hole
and O, are not involved. Based on the control experiments
and the previously reported examples [41,48,49], the reac-
tion mechanisms of homo-coupling and denitrogenation
oxidative coupling reaction photocatalyzed by 1 is proposed
and is shown in Figures S8 and S10 (See Supporting In-
formation online for details).

The stability of 1 during the photocatalytic cycles was
examined. Generally, the crystals of 1 were recovered by
centrifugation and washing with MeOH, and then were used
for the next catalytic runs. Interestingly, for the homo-cou-
pling reaction, the PXRD of 1 after 10 cycles exhibited
identical peaks with decreased intensity compared to as-
prepared crystals of 1 (Figure S11b). Meanwhile, 'H NMR
spectra of 1 after 10 cycles displayed identically character-
istic signals (Figure 3d). These results confirmed that the
structural integrity of 1 remains intact during the photo-
catalytic cycles, and the slightly decreased crystallinity
might be due to the stirring. Similarly, for the denitrogena-
tion oxidative coupling reaction, after 5 runs, complex 1
remains intact evidenced by PXRD and 'H NMR analysis
(Figure S11). More importantly, the photocatalytic perfor-
mance of 1 did not noticeably change after 10 runs (Figure
3c). These results demonstrate the prominent stability and
reusability of 1 as a heterogeneous photocatalyst.

3  Conclusions

In summary, we successfully prepared an anthraquinone-
based Cu-CTC (1) from readily accessible sources with low
cost. Complex 1 delivered strong light absorption ability
either in solution or in solid-state, and exhibited high charge
separation efficiency as well as excellent photochemical
properties, endowing the activation of oxygen to O,  and
102 under light irradiation. Owing to these merits of 1, we
demonstrated that 1 can efficiently photocatalyze homo-

coupling and the denitrification-oxidative coupling reaction
of terminal alkynes with broad substrate compatibility (27
examples), excellent yields (up to 99%), and superior reu-
sability (up to 10 runs without loss of catalytic performance)
under mild conditions. This study provides a new paradigm
for the construction of efficient copper-based photocatalysts
for advanced organic synthesis.
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