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A two dimensional Cu(i) coordination sheet has been developed. By incorporating well-designed
chromophore linkers into the coordination polymer, the long conjugated system caused the maximum
UV-vis absorption wavelength red shift to the visible area (up to 550 nm). Adjacent sheets were
assembled in an ABAB fashion via m---m stacking and C—H---1 interactions to form a three-dimensional
structure. The interlayer stacking mode is important because its liability allows for exfoliation of the
material which results in the dispersion of the active sites and the enhancement of the visible-light
trapping capacity. Using this copper(i) coordination polymer, a series of click reactions were successfully
conducted under household light irradiation in the air at room temperature. And 1,4-substituted triazoles
were the single products in good yields. Moreover, the catalyst can be easily removed from the reaction

rsc.li/rsc-advances mixture.

1. Introduction

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tion is a hot research subject in click chemistry.® This reaction
has been widely used in organic synthesis, medicinal chemistry,
and polymer science.*” Recently, this particularly powerful
ligation reaction has been applied to biolabeling in vivo, due to
its high degree of specificity and the biocompatibility of both
starting materials. In previous work, a large variety of copper-
related catalysts which provide Cu(i) species have been used
for the important reaction. Such as the copper halide
compounds, some improved Cu(i)-organic complexes, simple
Cu(m) salts together with reducing agents and nano-structured
solid catalysts.*'* However, the oxide species existing in the
reaction system will influence the effect of Cu(i) catalysts and
homogeneous catalytic systems are inconvenient with regards to
the separation and purification of the product. As we all know,
although copper is an essential element for humans, large and
acute doses can have harmful, even fatal, effects.’® In this case
and due to the toxic properties of copper species in vivo, low
loading of copper catalyst or mild reaction conditions, such as
heterogeneous photocatalysis systems, should be applied.”” ™"
Coordination polymers are crystalline solids generated by
the association of metal-containing secondary building units
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and multi-topic organic linkers through strong bonds.?*** Their
function and application can be predicted through predesigned
ligand and the selective active catalytic sites. Because of their
unique attributes, low density, open structures with periodic
dual compositions, and amenability to bottom-up assembly
into a desired framework, these frameworks have emerged as
very promising materials for heterogeneous catalysis, gas
storage, drug delivery and photocatalysis over the past few
decades.**° So far, considerable work has been done on their
application in catalytic field using functional linkers or active
metal nodes of frameworks. And there have been only a few
amusing researches about application of photocatalysis in
organic synthesis using copper(u) coordination polymers.***
Only a tiny amount of studies has been reported of using Cu()
or the reduced Cu(u) coordination polymers as heterogeneous
catalysts for ‘click’ reactions.*** It is a challenge that use Cu(u)
coordination polymers as photocatalyst for CuUAAC reaction.

In this work, we report the synthesis of a two-dimensional
(2D) Cu(u) coordination polymer Cu(C;33H;oNOgS;3) (denoted as
Cu-TCTA); where H;TCTA is 5,5,5”-(nitrilotris(benzene-4,1-
diyl))tris(thiophene-2-carboxylic acid); as the photocatalyst
facilitates the important reaction (Scheme 1).* The introduc-
tion of the thiophene units into the triphenylamine which
results in the increase of the conjugation. Compared with
4,4’ 4"-tricarboxytriphenyl amine (H,;TCA, 390 nm), the
maximum UV-vis absorption wavelength of H;TCTA (450 nm)
shifted toward long wavelength (Fig. Sia, ESI{). And the first
oxidation potential is progressively shifted to more negative
values with increasing size of the conjugated backbone.** By
incorporate the well-designed chromophore linkers (H;TCTA)
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Scheme 1 Synthetic procedure of the Cu-TCTA and the design of
CuAAC reaction under irradiation.

into the coordination polymer, Cu-TCTA exhibits a broad solid-
state UV-vis absorption up to 550 nm (Fig. S1b, ESI}). It can be
used to catalyse the click reaction under household light irra-
diation in air with co-catalyst. The catalytic activity was then
demonstrated by a serious of cycloaddition reactions.

2. Results and discussion

2.1 Synthesis and characterization of Cu-TCTA

The two-dimension coordination polymer of Cu-TCTA (CCDC
no. 1536834+) was synthesized through solvothermal reaction
of Cu(NO;),-3H,0 and H;TCTA at 100 °C for 3 days produced
oval-shaped crystals in the mixture of DMF and ethanol
(v/v =1:2), producing a yield of 57%. Elemental analyses and
powder X-ray diffraction (XRD) analysis indicated the pure
phase of its bulk sample. Single-crystal X-ray diffraction studies
reveal that Cu-TCTA crystallizes in the monoclinic with space
group P24/c. As shown in Fig. 1a, the asymmetric unit consists of
one Cu(n) ion connected by one ligand and one coordinated
DMF molecule. The copper atom is surrounded by four oxygen
atoms from carboxyl groups of four different H;TCTA ligands
and one oxygen atom from DMF molecule to attain a five-
coordinated square pyramidal geometry. The four carboxyl
groups from four different ligands bridging Cu(1) and Cu(14)

Fig. 1 (a) The ORTEP drawing of asymmetric unit of Cu-TCTA, the
atoms are represented by 30% probability thermal ellipsoids; (b)
perspective view of the 2D structure along the b axis and (c) along the ¢
axis. Colour code: Cu, turquoise; S, yellow; N, blue; O, red; C, grey;
H, violet. The lattice and coordinating solvents are omitted for clarity.
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(symmetry codes: A, 1 — x, 2 — y, —2 — z) forming the dinuclear
paddle-wheel units. The Cu(u)-O distances and the bond angles
of the adjacent donors around Cu(u) centre are in the range
from 1.943(9)-2.158(9) A and 87.9(4)-167.2(4)°, respectively.
Each dinuclear paddle-wheel cluster is connected to four
different deprotonated ligands to form two-dimensional layer
structures. One of the three carboxyl groups of the ligands is
uncoordinated (Fig. 1b). It is unlike the similar ligands.*>*

Since H;TCTA has enormous flexibility as a supramolecular
linker, it can be involved not only in coordination and
hydrogen-bonds via its carboxyl groups, but also the uncoordi-
nated arms of the ligands could form aromatic -7 stacking
interactions.***® As shown in Fig. 2a, the distance of the thio-
phene rings is 4.16 A between the adjacent sheets. And the
thiophene rings also have the C-H:---7 interactions with
benzene rings of the another sheet. The distance and angle of
C30-H30A---7t is 3.39 A and 143.7°, respectively. Adjacent sheets
were assembled in an ABAB fashion via m---m stacking and
C-H---1 interactions to form a three-dimensional structure
(Fig. 2b). When viewed along the ¢ axis, each layer exhibits
a large rhombic cages with a height of 17.27 A and width of
34.48 A (Fig. 1b). The packed structure exhibits 9.7 x 10.3 A?
one-dimension channels along the ¢ axis after removed the
coordinating DMF molecules (Fig. 1c). The interlayer stacking
mode is important because of its liability allows for exfoliation
of the material which results in the dispersion of the active sites
and the enhancement of visible-light trapping capacity.*”** The
effective free volume of Cu-TCTA was estimated to be 31.4%
after removed the lattice solvent and the coordinating DMF by
PLATON software.*

The introduction of the thiophene units results in the
increase of the conjugation. As shown in Fig. 3a, the distances
between the nitrogen-centred atom of TCTA fragment and the
copper atoms of adjacent layers range from 7.72 to 11.05 A,
which is shorter than the coordinated copper atoms ranging
from 11.35 to 12.33 A. These shorter distances benefit Cu-TCTA
forming the intermolecular charge transfer salts. Hence the
copper nodes have certain properties of copper(1), leading to the
framework presenting a weak fluorescence (Fig. 2b).>*%*

Besides, the long m-conjugated system reduces the rate of
back electron transfer and makes charge separation easy to
control. And the first oxidation potential is progressively shifted
to more negative values with increasing size of the conjugated
backbone. Solid state cyclic voltammetry of Cu-TCTA

Fig.2 (a) The interpenetration structure between 2D layers. (b) The 3D
stacking structure of Cu-TCTA view along the b axis.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) The distance of nitrogen centre of TCTA with copper cations
in interpenetration structure. (b) Family of emission spectra of Cu-
TCTA (0.05% in weight) in CHCls suspension upon addition of 2a, 1a
and TEA, excitation at 390 nm.

measurements exhibited (Fig. 4a) reversible redox band centred
at 187 mV (vs. SCE) relative to the Cu"/Cu’ redox couple and also
an irreversible oxidative peak at 1.07 V (vs. SCE) relative to
TCTA'/TCTA. The transition energies (E°°) of H;TCTA is
2.70 eV, which is lower than H;TCA (E°~° = 3.25 eV) (Fig. 4b).
The redox potential of the excited-state H;TCTA'/H;TCTA*
couple was determined to be —1.63 V on the basis of transition

energies.>>%

2.2 Photocatalytic properties of Cu-TCTA

To probe the catalytic activity of Cu-TCTA for the CuAAC,
a series of experiments were performed to optimize the reaction
conditions. Trimethylamine (TEA) was used as the electron
donor (ED), instead of preventing copper(i) oxidation for most
the azide-alkyne cycloaddition reaction. And the reaction of
(azidomethyl) benzene (1a) and phenylacetylene (2a) was
initially investigated with 28 W household light as light source
at room temperature. Firstly, the reaction was tested with
different solvents with 0.5 mol% photocatalytic loading (Table
S2, ESI}). The reactions were monitored by means of "H NMR
spectroscopy. And conversions were determined by integration
of a particular signal from a proton in one of the starting
molecules (4.3 ppm) and the corresponding proton in the
product (5.5 ppm).** After standing the reaction mixture for
several days, the colourless rod like crystal was obtained. The
single crystal diffraction demonstrated that the product was 1,4-
substituted triazole (3a) (Fig. S8, ESIT). There were relatively low
yields in the solution of acetonitrile or ethanol under
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Fig. 4 (a) Solid state cyclic voltammetry of Cu-TCA (blue line) and
Cu-TCTA (red line), scan rate: 100 mV s~*. (b) Normalized absorption
(red line) and emission spectrum (black line) of HzTCA (dash line) and
HsTCTA (solid line) in DMF, excitation at 350 nm and 390 nm,
respectively.
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irradiation. Moderate catalytic activity was obtained for THF.
When CDCI; was used as the solvent, the yield of 3a was near
94% under irradiation and only 8.4% under dark after six hours.
CDCIl; was selected as the optimal solvent. Control experiments
in the absence of TEA or in the presence of H;TCTA were also
performed, but just minimal amount of 3a was detected under
irradiation and no click reaction was detected under dark. In
conclusion, the Cu-TCTA
(0.5 mol%), azide/alkyne/amine (0.5 mmol: 0.5 mmol: 0.5
mmol), room temperature, 6 h, was chosen to study the catalytic
activity.

In order to research the mechanism of photocatalytic CUAAC
click reaction. The luminescence properties of Cu-TCTA was
investigated when the substrates and co-catalyst were gradually
added to the suspension of Cu-TCTA in CHCl;. Cu-TCTA
exhibited a weak luminescence band at 500 nm upon excitation
at the wavelength of 390 nm. The luminescence was quenched
upon addition of 2a. Then the intensity of the emission at
500 nm was no significant change along the addition of 1a. But
the intensity was dramatically increase with TEA added into the
mixture (Fig. 3b). By analogy with previous reports, a stepwise
mechanism based on the observations for the photocatalytic
reaction with Cu(n)-coordination polymers is proposed. It
begins the Cu(u)-coordination polymers was reduced into Cu(i)-
coordination polymers under irradiation, then the process as
same as most azide-alkyne cycloaddition CuAAC reaction
mechanism which was proposed by Fokin and co-workers from
their DFT calculation.?

A detailed kinetic study of the reaction between 1a and 2a
was conducted (Table S3, ESIt) to study the catalytic activity of
Cu-TCTA. There was a very low conversion in the first hour. Two
hours later, most of the substrates were converted into product,
and almost quantitatively converted (yield, 94.3%) after six
hours. When the catalytic reaction was stopped after 3 h, the
supernatant was obtained by centrifugation and filtration. Just
a 6.7% transformation was observed when subjected to stan-
dard conditions for another 3 h (Fig. S5, ESIt). These results
clearly demonstrate that the azide-alkyne cycloaddition reac-
tion majorly occurred in the heterogeneity fashion.**>>¢

After the reaction, Cu-TCTA was easily isolated from the
reaction mixture by centrifugation. On the basis of the scanning
electron microscopy and transmission electron microscopy
images, the nanoscale thin layers were in situ exfoliated from
the single-crystal blocks of 2D coordination polymers (Fig. 5a-
¢). The exfoliation was postulated to be due to the interlayer 7 --
m stacking by the comprehensive effects of mechanical shearing
forces during stirring, weak interactions relevant to the solvents
and other compounds, and interlayer charge repulsions during
the photoredox cycles. In addition, the indexing of the X-ray
powder diffraction patterns of the recovered catalyst indicated
that the integrity of the 2D coordination polymers was main-
tained during the reaction (Fig. 5d).*”

Control experiment with Cu-TCA and MOF-150 was con-
ducted under the same conditions. There was only 2% conver-
sion for MOF-150 and trace amount of product for Cu-TCA
(Fig. S7, ESIt). Dye uptake experiment (Fig. S2, ESIt) and IR
spectrum (Fig. S3, ESIf) of Cu-TCTA soaked with azide and

suitable reaction conditions:

RSC Adv., 2017, 7, 52907-52913 | 52909
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Fig. 5 (a) SEM image of Cu-TCTA; (b) SEM image of Cu-TCTA after
catalysed; (c) TEM image of exfoliated thin layers and (d) simulated
(red) and experimental (black) XRD patterns of the Cu—-TCTA crystal
and the experimental pattern of the catalyst recovered after 2 cycles of
catalysis (blue).

alkyne revealed that the photocatalytic azide-alkyne cycloaddi-
tion reaction was the surface reaction on the catalyst. In order to
demonstrated the surface catalytic reaction, the as-synthesized
Cu-TCTA was used to conduct click reaction. The yield was
only 7% at the same conditions (Fig. S7, ESIt). With the size of
the microcrystals reduced to a few micrometres or nanometres
by grinding Cu-TCTA crystals, the reaction of 1a with 2a has
a dramatic increase conversion (>90%) than the as-synthesized
catalyst, which size are hundred micrometres (Fig. S6, ESIt).

To evaluate the scope of this new Cu-TCTA catalysed process
further, reaction of benzyl azide and 4-methylbenzyl azide with
several aliphatic and aromatic terminal alkynes substituted by
electron-donating/electron-withdrawing groups were conducted
(Table 1). In all the cases, a single product 1,4-disubstituted 1,2,3-
triazoles were obtained. And the substrates bearing electron-
donating group such as methoxyl group (entries 3 and 8) or
electron-withdrawing group such as cyan group (entries 5 and 10)
at the para position of the phenyl ring are all suitable substrates.

Recyclability is an essential feature of any catalyst considered
for use.®® The reusability of the catalyst was tested for the
reaction of 1a and 2a in CDCl; in air upon household light
irradiation for 6 h. Though solid Cu-TCTA could be easily iso-
lated from the reaction suspension by filtration, it could only be
subsequently reused two times because of the unavoidable loss
of small quantities of catalyst, with only slight decrease in its
reactivity (yield, 90.2%). We also conducted the extensive
experiment that using large excesses of 1a (10 mmol), 2a
(10 mmol) and Cu-TCTA (2.5 pmol) while added 140 pL TEA
every 12 hours. A small aliquot of the supernatant reaction
mixture was analyzed by '"H NMR to calculate the reaction
yields. After 48 h reaction, the yield was 58.5%. It should be
noted that such a considerable amount indicates that Cu-TCTA
can be used into the laboratory practice.

Compared to previous works, our system does not require UV
irradiation nor heating while still acquiring the same high
product yields with similarly low catalyst loading. As it is
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Table 1 Scope of the photocatalytic CUAAC*
Yield
Entry Azide Alkyne (%)
N3 _
1 Q_/ _ 93.5
N3
2 Q—/ Z—Q—“" 65.8
N3
3 O—/ =—< >—°\ 67.1
N3
4 Q—/ :_Qc. 90.9
N3
5 @_/ :—@—cu 78.1
6 /©/\N3 :—Q 77.0
8 /@ANS =—< >—°\ 66.7
N _
10 /©A ’ = < > o 54.3

¢ Reaction conditions: Cu-TCTA (0.5 mol%), azide/alkyne/amine (0.5
mmol : 0.5 mmol : 0.5 mmol), room temperature, household light
irradiation, 6 h. Yields were calculated by "H NMR analysis in CDClj.

a heterogeneously catalysed reaction it is easy to separate the
catalyst from the mixture. However, there are still some prob-
lems such as poor recyclability and the currently unavoidable
loss of catalyst.*>*™*

3. Experimental section
3.1 Reagents and instrumentation

All chemicals were of reagent-grade quality, obtained from
commercial sources and used without further purification. The
crystallographic data were collected on a Bruker SMART APEX
CCD diffractometer with graphite-monochromated Mo-Ka
radiation (A = 0.71073 A) using the SMART and SAINT
programs. Elemental analyses of C, H and N were performed
using a Vario EL III elemental analyzer. Fourier transform
infrared spectroscopy (FT-IR) spectra were recorded using KBr
pellets on a JASCO FT/IR-430. Powder X-ray diffraction (PXRD)
measurements were obtained on a Rigaku SmartLab XRD
instrument with a sealed Cu tube (1 = 1.54178 A). Thermogra-
vimetric analyses were performed on a Mettler-Toledo TGA/
SDTAS851 instrument and recorded under N, or air after
14 equilibrations at 100 °C followed by a ramp of 10 °C min~"
up to 800 °C. "H NMR was measured on a Varian INOVA-400
spectrometer with chemical shifts reported as ppm (in DMSO-

This journal is © The Royal Society of Chemistry 2017
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de or CDCl;, TMS as internal standard). The solid UV-vis spectra
were recorded on a Hitachi U-4100 UV-VIS-NIR Spectropho-
tometer. Liquid UV-vis spectra were performed on a TU-1900
spectrophotometer. The fluorescent spectra were measured on
Edinburgh FS920 Spectrometers. Transmission electron
microscopy (TEM) images were collected on a Tecnai F30
operated at 300 kV. The excitation and emission slits were both
3 nm wide. Scanning electron microscopy (SEM) images were
taken with a HITACHI UHR FE-SEM SU8200 microscope.

3.2 General methods

Solid-state voltammograms were measured by using a carbon-
paste working electrode, and a well-ground mixture of each
bulk sample and carbon paste (graphite and mineral oil) was set
in the channel of a glass tube and connected to a copper wire. A
platinum wire with a 0.5 mm diameter counter electrode and
saturated calomel reference electrode were used. Measurements
were performed by using a three electrode system in 0.1 M KNO;
aqueous solution at a scan rate of 100 mV s~ .

Dye-uptaking experiments were displayed by soaking Cu-
TCTA (7.8 mg) in a CH3;CN solution of methylene blue dye
(24 mM, 2 mL) overnight. The resulting crystalline powders
were washed thoroughly with methanol until the solution
became colorless. The washed samples were digested by
concentrated hydrochloric acid in CH3;CN/methanol (v/v =
1:1), and the resultant clear solution with light olivine color
was diluted to 10 mL. The concentration of methylene blue was
determined by comparing the UV-vis absorption with a stan-
dard curve.

3.3 Synthetic procedures

Synthesis and characterization of ligand H;TCTA. 3 mL Br,
were added drop wisely to the solution of NaOH (7.20 g, 0.18
mol) in 30 mL water on ice bath, and further stirred for 20 min.
The solution was transferred to a pressure-equalizing dropping
funnel and was added dropwisely to a solution of 1,1',1"-
[nitrilotris(4,1-phenylenethiene-5,2-diyl)Jtriethanone (3.34 g,
5.4 mmol) in 50 mL 1,4-dioxane for 5 h at 45 °C. Then the
mixture was put on ice-bath, a saturated aqueous solution of
hydroxylamine-HCI was added to quench the excessive sodium
hypobromite. Then the mixture was acidified to about pH 3 with
1 mmol mL™* HCI solution, the precipitate was filtered and
dried under vacuum. The crude product was recrystallized from
acetic acid to afford pure product as a yellowish solid (2.42 g,
72%). 'H NMR (400 MHz, DMSO-d¢) 6 = 13.10 (br s, 3H, acid),
7.75-7.69 (m, 9H, Ph and thiophene), 7.51 (d, J = 3.9 Hz, 3H,
thiophene), 7.15 (d, J = 8.7 Hz, 6H, Ph); "*C NMR (126 MHz,
DMSO-dg) 6 = 162.8, 149.4, 146.7, 134.4, 132.6, 128.0, 127.3,
124.4, 123.9. FTIR (KBr pellet; cm™"): 3456, 2852, 1674, 1596,
1536, 1508, 1448, 1322, 1276, 1186, 1103, 1037, 812, 747 cm ™.
HRMS (ESI) m/z caled for C33H,0NOgS; [M'] 622.0453, found
622.0467.

Synthesis of Cu-TCTA. H;TCTA (20 mg, 0.032 mmol) and
Cu(NOs),-3H,0 (36 mg, 0.15 mmol) were dissolved in 6 mL of
mixed solvent containing dimethylformamide (DMF) and
ethanol in a screw-capped vial. The resulting mixture was kept

This journal is © The Royal Society of Chemistry 2017
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in an oven at 110 °C for 2 days. After cooling the oven to room
temperature, yellow-green, block-shaped single crystals were
separated, washed with ethanol and dried naturally at room
temperature. The reaction yield based on the weight of the
solvent-free material was approximately 52% relative to
H;TCTA. Anal. caled for CuCs9H;5N304S;: C 56.33, H 4.00, N
5.05%. Found: C 53.05, H 4.38, N 6.32%. IR (KBr): 3027 (w), 1659
(s), 1597 (s), 1536 (s), 1505 (m), 1449 (vs), 1395 (vs), 1273 (s),

1184 (m), 1101 (m), 812 (m), 768 (W), 667 (W) cm™".

3.4 Catalysis details

Typical procedure for the photocatalytic CuAAC reaction.
Cu-TCTA (0.5 mol%) was dispersed in 1.5 mL of CDCl; in
a quartz test tube and then the correspondent amount of each
reactant (azide/alkyne/amine (0.5 mmol:0.5 mmol: 0.5
mmol)) was added. The reaction mixture was stirred and irra-
diated with household light at room temperature and under air
for 6 h. The solid catalyst was separated by filtration. The
reactions were monitored by means of "H NMR spectroscopy.
And conversions were determined by integration of a particular
signal from a proton in one of the starting molecules (4.3 ppm)
and the corresponding proton in the product (5.5 ppm).

Synthesis the substrates 1a and 1b. The benzyl azides were
synthesized by the following protocol:** the proper benzyl halide
(benzyl chloride or 4-methylbenzyl bromide) was dissolved
(50 mmol, 1 equiv.) in 120 mL of dimethyl sulfoxide (DMSO) in
a one-necked flask. Sodium azide (75.8 mmol, 1.45 equiv.) was
then added to the reaction flask and the reaction mixture was
stirred at room temperature overnight. The resulting product
was extracted by ethyl acetate. The organic phase was washed
with saturated NacCl solution and dried over Na,SO,. Finally, the
solvent was removed under vacuum leading to pale yellow oil.
The products were characterized by "H NMR. Benzyl azide: 'H
NMR (400 MHz, CDCl;) é: 7.29-7.38 (m, 5H), 4.30 (s, 2H). 4-
Methylbenzyl azide: "H NMR (300 MHz, CDCl;) 6: 7.11 (s, 4H),
4.19 (s, 2H), 2.27 (s, 3H).

4. Conclusions

In a summary, a new 2D copper(u) coordination polymer has
been prepared using elaborately designed ligand of thiophenyl
triphenylamine carboxylic acid derivatives. The long conjugated
system caused the maximum UV-vis absorption wavelength red
shift to the visible area and reduced the recombination velocity
of electrons and holes. Using this copper(u) coordination poly-
mer, a series of click reactions were successfully conducted
under the household light irradiation in air with the presence of
trimethylamine. The 1,4-substituted triazoles were the single
products and have good yields. And it features high catalytic
activity, rapid dynamics of the substrate to product trans-
formation. Moreover, the catalyst can be easily removed from
the reaction mixture.
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