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Abstract An amino-functionalized graphene-immobilized Ag-Cu composite (Ag-Cu/GO-NH2) was synthesized. The proper-
ties of the prepared catalyst were analyzed using various techniques, that showed high catalytic activity, good recyclability, and
easy separability in the green synthesis of f-hydroxy-1,2,3-triazole derivatives under mild reaction conditions resulting in good
to excellent yields. It provided an alternative heterogeneous catalytic strategy for the green synthesis of S-hydroxy-
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1,2,3-triazoles in water, which had an important scientific significance.
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1 Introduction

1,2,3-Triazoles, an important class of five-membered ni-
trogen-containing heterocycles, have wide applications in
various fields such as medicinal chemistry,!'! synthetic
chemistry®! and material sciencel. 1,2,3-Triazole skele-
tons as pharmacophores exhibited good biological proper-
ties, such as anticancer,! carbonic anhydrase inhibitors, !
and antibacterial activity,® which could be widely em-
ployed in the pharmaceutical development. Additionally,
1,2,3-triazoles could also be used as organic ligands in
synthetic chemistry.l®! For example, Wang et al.[%! report-
ed indazolyl-pyridinyl-triazole iridium complex catalyzed
the challenging selective reaction of benzylamines with
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arylamines in water. Given the importance of 1,2,3-tria-
zoles, much effort has been devoted to develop high-effi-
cient synthetic methods for the construction of 1,2,3-tria-
zole derivatives.I”! For decades, the azide-alkyne Huisgen
1,3-dipolar cycloaddition was commonly considered as the
main strategy led to the 1,2,3-triazole scaffold by click-
chemistry reaction.[®! The homogeneous metal-catalyzed
azide-alkyne cycloaddition has achieved considerable pro-
gresses in recent years.[’! The metal-based catalysts for the
synthesis of 1,2,3-triazoles mainly included copper, silver
or nickel complex.!'” For instance, Cu(Il)-azide complex is
an active catalyst for a three-component azide-epoxide-
alkyne cycloaddition reaction in water.['®® However, it was
difficult to overcome some inherent shortcomings associ-
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ated with homogeneous catalytic systems, including the
formation of metal-catalyzed homocoupling byproducts
and the contamination of the target products by metal salts,
which resulted in the need to recover and remove the cata-
lyst. Hence, there are ongoing efforts to achieve the click
synthesis of 1,2,3-triazoles by heterogeneous catalysis us-
ing hybrid materials such as metallic nanoparticles, meso-
porous silica, graphene oxides (GO) or activated carbon
and so on.!!!

Recently, functionalized graphene hybrids have attracted
extensive attention for organic synthesis in the heteroge-
neous catalysis due to their good thermal stability, excel-
lent catalytic performance, and dispersibility, including
C—X coupling reactions!'? and click-chemistry reac-
tion!3l. Especially, metal-graphene nanocomposites as
catalysts were also well compatible for the formation of
N-substituted 1,2,3-triazoles.'¥ For example, Mirza-
Aghayan’s group reported that a Cu,O/reduced graphene
oxide/TiO, nanomaterial was utilized in “click” reaction
for the synthesis of 1,4-disubstituted 1,2,3-triazoles via one
pot multicomponent reaction of benzyl halide or epoxide
derivatives with alkynes in presence of NaNs and tri-
ethylamine under visible light irradiation.!'>! This system
characterized mild conditions, excellent yields of the tria-
zole compounds, low catalyst loading and recoverability.
Moreover, Schiff base functionalized GO Cu(Il) complex
was found to be highly efficient in the click reaction for the
synthesis of 1,4-disubstituted 1,2,3-triazoles at room tem-
perature, and the catalyst could be easily recycled up to
successive four times without any noteworthy loss in the
catalytic action.l'*! Despite these achievements that 1,2,3-
triazoles were prepared by heterogeneous catalysis, the
development of low-cost and high-efficient graphene-
based catalysts to the synthesis of 1,2,3-triazoles is still
extremely essential.

In our previous works, the amino-graphene copper hy-
brids could be employed for the C—N coupling reac-
tion.'yy The heterogeneous catalysts showed low-cost,
high-efficacy, recoverability, and recyclability that met the
need of green chemistry. Therefore, we considered that
these might be compatible for catalyzed synthesis of
1,2,3-triazoles by “click” reaction. To the best of our
knowledge, Cu or Ag species could achieve excellent cat-
alytic efficacy to efficiently sew terminal alkyne to azide to
give triazole ring.' Some investigations suggested that
bimetallic catalysts might be superior to the monometallic
catalysts in the heterogeneous catalysis because of syner-
gistic effect between the active components and the sup-
port.l'”l For example, Paul’s group reported a modified
graphene supported Ag-Cu NPs with enhanced bimetallic
synergistic effect in oxidation and Chan-Lam coupling
reactions.!'’® Herein, it can be inferred that Ag-Cu bime-
tallic amino-graphene as a catalyst might be desirable for
the synthesis of 1,2,3-triazoles. However, whether bimetal-
lic Ag-Cu NPs supported on modified graphene can en-
hance catalytic activities or not, further studies should be
conducted.
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Keeping in view the above facts in mind, the amino-
functionalized graphene-immobilized Ag-Cu composite
(Ag-Cu/GO-NH,) was prepared and systematically evalu-
ated for one-pot three-component synthesis of 1,2,3-tri-
azoles in water, so as to get insight into the role of bimetal
nanoparticles and to explore the performance of catalyst.

2 Results and discussion

2.1 Characterization of Ag-Cu/GO-NH2 nanohybrid

Firstly, In FT-IR spectra of GO-NH, (Figure la), the
absorption band at 1728 and 1629 cm™! can be assigned to
the C=C and C=O stretching vibrations. The strong
peaks at 3440 and 1398 cm ! partially ascribe to absorbed
water. After grafting amino acids on the GO material, the
peaks at 1050, 1629, and 1728 cm™ ! are attributed to char-
acteristic amide bonds. The presence of a multiplet at 2922
cm ! was associated with the stretching vibrations of CH,.
For the Ag-Cu/GO-NH; hybrid, when the Ag-Cu nanopar-
ticles were immobilized on GO-NHj layers, the absorption
band strength was weakened obviously, indicating the pos-
sible interaction between Ag-Cu nanoparticles and the
grafted amino-functional groups on GO.

X-ray diffraction (XRD) of the GO-NH, and Ag-Cu/
GO-NHj; further confirmed the crystalline structures of the
catalysts, as shown in Figure 1b. The presence of the Ag
and Cu particles on the hybrid graphene material was evi-
denced by XRD, which shows the main peaks of Ag parti-
cles at 20 of 38.1°, 43.4°, and 64.5° correspond to the ex-
pected diffraction angles by the (111), (200), and (220)
planes of crystalline Ag, respectively. The peak at 44.4°
and 77.6° correspond to (111) and (311) planes of crystal-
line Cu. The peak at 23.7° is attributed to graphene stack-
ing.

(a) 2022

Ag-CW/GO-NH,
GO-NH,

1629 1398 1050 (b)

P
1728

—— Ag-Cu/GO-NH,

Transmittance/a.u.
Intensity/a.u.

——GO-NH,

4000 3500 3000 2500 2000 1500 1000 500

Wavelength/cm!

Figure 1 Caracterlization of catalysts by XRD, IR and SEM
(a) IR; (b) XRD; (c) and (d) SEM

The morphology of Ag-Cu/GO-NH, was studied by
scanning electron microscopy (SEM). From SEM images
(Figures 1c and 1d), it is observed that the Ag-Cu NPs an-
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chored on GO-NH, are mainly dispersed at the periphery
of graphene layers. A few Ag-Cu NPs aggregations are
also observed in SEM images. The existence of Ag-Cu
NPs at the periphery of amino-graphene sheets indicates
that the binding of Ag-Cu NPs to GO-NH: is affected after
functional modification.

2.2 Activity of Ag-Cu/GO-NH: catalyst

According to the Ag or Cu salts promoted the click reac-
tion basing on the previous researches,®! the performance
of the Ag-Cu/GO-NH; catalyst was evaluated. A three-
component reaction of alkenyl oxide, sodium azide
(NaN3), and terminal alkynes was conducted for the syn-
thesis of 1,4-disubstituted 1,2,3-triazoles (3a). The initially
reaction of alkenyl oxide, NaN3, and phenylacetylene was
selected as a model for optimizing the conditions. As seen
from Table 1, delightfully, the reaction could proceed with
73% isolated yield using 5 mg of Ag-Cu/GO-NH, catalyst
at 80 C in H,0O. However, organic solvents were not
conducive to improve the yield of 3a (Enteries 1~5). The
main reason might be the poor solubility and low ioniza-
tion of NaNs. Next, the screening of reaction temperature
indicated that significantly improved reaction efficiency
could be obtained at 50 ‘C (Entries 6~10). Finally,
Ag-Cu/GO-NH; catalyst loading was further examined.
The reaction efficiency was slightly improved along with
the reduction of catalyst loading, and 2 mg of Ag-Cu/GO-

Table 1 Optimization of the reaction conditions”

Z ?
+ ©/<j 5 NaN, Catal., Solvent

1a 2a T.3h
N:NN OH
=
Ph
3a
Entry  Catalyst (loading/mg) 7/°C  Solvent  Yield*/%
1 Ag-Cu/GO-NH2 (5) 80 EtOH 16
2 Ag-Cu/GO-NH2 (5) 80 MeOH 12
3 Ag-Cu/GO-NH:(5) 80  H.0 73
4 Ag-Cu/GO-NH: (5) 80  CH:CN ND
5 Ag-Cu/GO-NH:2(5) 80  DMF ND
6 Ag-Cu/GO-NH:2(5) 70  H.0 81
7 Ag-Cu/GO-NH:2(5) 60  H.0 85
8 Ag-Cu/GO-NH:(5) 50  H.0 87
9 Ag-Cu/GO-NH2 (5) 40 H20 68
10 Ag-Cu/GO-NH2 (5) 25 H20 26
11 Ag-Cu/GO-NH2 (6) 50 H20 88
12 Ag-Cu/GO-NH2 (4) 50 H20 87
13 Ag-Cu/GO-NH2 (3) 50 H20 89
14 Ag-Cu/GO-NH2 (2) 50 H20 91
15 Ag-Cu/GO-NH:2 (1) 50  H.0 72
16 — 50 H>O ND

@ Reaction conditions: 1a (1 mmol), 2a (I mmol), NaN; (1.2 mmol), catalyst
(2~6 mg), reaction time (3 h), solvent (4 mL), atmosphere. ” Isolated yields.
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NH; was found to be the best choice (Entries 11~14).
However, when the loading was further reduced to 1 mg or
none of catalyst, it resulted to significant loss-efficiency
(Entries 15~16).

With the optimized conditions in hand, the scope of sub-
strates was explored. As shown in Scheme 1, various sub-
stituted alkynes were examined in this synthesis of 1,4-
disubstituted 1,2,3-triazoles (3a ~ 30). Most of pa-
ra-substituted phenylacetylene smoothly reacted with sty-
rene oxide and sodium azide, giving the corresponding
products in excellent yields (3b~3i). The electronic effect
and steric hindrance of substituents have a slight effect on
the reaction efficiency. While p- or o-chlorophenylacety-
lene was conducted (3¢ and 3k), a medium yield was ob-
tained, which might be due to the self-coupling reaction
occurred. Notably, heterocycle and alkyl terminal alkynes
were also compatible for the reaction, and the correspond-
ing products (31~30) were afforded in excellent yields.
Next, different epoxides were examined. Most epoxides
were suitable for this system, and the desired products
were also afforded in good yields (3p~3u). Substituent
groups have not obvious effect on the reactivity of epox-
ides. The obtained 1,4-disubstituted 1,2,3-triazoles might
have potential bioactivities and be employed in medicinal
chemistry.

To evaluate the recyclability of this catalyst, the repeat-
ed experiment was conducted. As shown in Figure 2, the
as-prepared Ag-Cu/GO-NH, catalyst can be used five
times with slight decrease of catalytic activity, which indi-
cated good stability. Here, inductively coupled plasma
mass spectrometer (ICP-MS) analyzed the concentration of
metal ions in the reaction solution from leaching of Ag-Cu/
GO-NH,. It was found that the solution contained 0.4524
pg/mL Ag and 0.4454 pg/mL Cu ions after first recovery,
which can calculate that the Ag and Cu species leaching
rates of catalyst are about 2% and 5% by reused five times,
respectively, which might be the main reason leading to
slight decrease of catalytic activity.

Finally, in order to get insight into the role of bimetal
NPs and explore the performance of catalyst, the mono-
metallic Ag/GO-NH; and Cu/GO-NH: hybrids were fabri-
cated under standard conditions, and then different catalyt-
ic systems were compared for the synthesis of f-hydroxy-
1,2,3-triazoles. As seen from Table 2, the corresponding
Cu or Ag salts as homogeneous catalysts just showed ex-
tremely catalytic performance. In contrast, heterogeneous
catalysts could obviously enhance the reaction efficiency.
However, compared with Ag-Cu/GO-NH,, lower catalytic
activities were observed when monometallic Cu/GO-NH,
or Ag/GO-NH; catalysts was used. Transmission electron
microscopy (TEM) analyzed the nanostructures of differ-
ent catalysts in Figure 3. It found that the size of Ag or Cu
NPs supported on the GO-NH, is about 20 nm. The mor-
phology of Cu NPs was amorphous in the Cu/GO-NH,
hybrid. When the Ag and Cu species were both immobi-
lized on the GO-NH,, the smaller size of NPs (about 10
nm) could be obtained. Interestingly, the nanostructures
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N= N=N N=N, OH N=N OH
x ~ N\ oH <N X \C
COOEt oPh OBn
39, 87% 3r, 82% 3s, 73% 3t, 79% 3u, 75%
Scheme 1  Scope of substituted alkynes and epoxides
Table 2 Comparison of various catalysts for the synthesis of
100 p-hydroxy-1,2,3-triazoles
80 \(\OH
X 60 Conditions
3 + NaN; ——>
Q2
> 40
20 Entry Catalyst Conditions Yield*/%
1 Ag-Cu/GO-NHa 2mg, 50 ‘C,H20,3h 91
1 2 3 4 5 2 AgCOs 5mg, 50 C,H20,3 h 18
Runs 3 Cu(CH3COO)*H20 5mg, 50 C,H20,3 h 15
Figure 2 Reusabilities of Ag-Cu/GO-NH2 catalyst 4 AgNOs > mg, 50 OC’ H20,3h 17
5 Ag/GO-NH:2 2mg, 50 ‘C,H20,3h 21
and the morphology of Ag-Cu NPs without significant 6 Cu/GO-NH; 2mg, 50 ‘C,H20,3h 78

changes could be still supported on the GO-NH, after reuse
five times, which indicated good stability. According to the
above all, it concluded that the existence of synergistic
effect between Ag and Cu NPs would increase the surface
area available for reaction system and improve the surface
exposure of the catalytic active sites. Hence, bimetallic
Ag-Cu/GO-NH; catalyst showed higher reaction efficien-
cy. Additionally, compared to other heterogeneous cata-
lysts, such as Cu-coordinated DADO-functionalized gra-
phene oxide (GO-DADO-Cu),!''fl the Ag-Cu/GO-NH; cat-
alyst has a better catalytic performance.

2.3 Mechanism of catalytic reaction

Generally, the complete mechanism of the heterogene-
ous catalysis is not fully clear. However, on the basis of the
above control experiments in Table 2 and the reported
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“Isolated yield by silica gel chromatography. Conditions: 1a (1 mmol), 2a (1
mmol), NaN; (1.2 mmol), catalyst (2 mg/5 mg), reaction time 3 h, H,O (4
mL), atmosphere.

mechanisms for the synthesis of triazoles catalyzed by
copper complexes,['® the plausible mechanism for the
synthesis of 1,2,3-triazoles might follow the pathway as
shown in Scheme 2. In the first step, the azide coordinated
to the Ag-Cu NPs was involved in the nucleophilic attack
to epoxystyrene, which formed complex 1. Next, Ag-Cu
NPs activated the terminal alkyne by generating transient
alkynyl bimetallic intermediate complex 2, and then facili-
tated the cyclization reaction between alkyl-azide and aryl-
acetylene which was coordinated to the Ag-Cu center. Af-
ter cycloaddition, protonolysis of the complex 3 by aque-
ous media afforded the corresponding 1,2,3-triazoles.
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Figure 3 Pattern of TEM analysis for different catalysts
(a) Ag/GO-NH,; (b) Cu/GO-NHy; (¢) Ag-Cu/GO-NH,; (d) reused Ag-Cu/GO-
NH,

Yo

2a
o)
>—Ph
NaNy/H,0 i N(?N(? /F’jl)>

4 e
complex 3

Scheme 2 Proposed mechanism for the synthesis of 1,2,3-tri-
azoles in the absence of NaN3 and H2.0

According to these results, the present catalytic system
appears to be more efficient in the green synthesis of
p-hydroxy-1,2,3-triazoles for several reasons: (i) the exist-
ence of bimetal synergistic effect between Ag and Cu NPs
would improve the surface exposure of the catalytic active
sites, (ii) amino-functionalized graphene might facilitate
the better immobilization of the Ag-Cu NPs active centers,
and (iii) the bimetal nanoparticles might enhance the sta-
bility of catalyst. Hence, compared with homogeneous

538 http://sioc-journal.cn/
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catalysts, the Ag-Cu/GO-NH, with simple synthesis, easy
separation and recyclability have potential values in prac-
tical application.

3 Conclusions

In summary, a new heterogeneous catalytic system was
developed for the green click synthesis of p-hydroxy-
1,2,3-triazoles using Ag-Cu/GO-NH catalyst. Various
1,2,3-triazole derivatives were produced in good yields.
This Ag-Cu/GO-NH; nanohybrid showed high catalytic
activity and good recyclability. Compared with homoge-
neous reaction, the heterogeneous catalytic system was
very benefit to isolate product and recycle of catalyst,
which might be of great importance for practical applica-
tion.

4 Experimental section

4.1 Materials and characterization

GO was purchased from Nanjing XFNANO Materials
Tech Co.; Cu(CH3COO),°H,O and AgNO; were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). NaBH4 and solvents were purchased from Kelong
Chemical Reagent Co. Ltd. (Chengdu China). The deion-
ized (DI) water used throughout all experiments was puri-
fied to 18.2 MXm with the Millipore system. All reagents
were of analytical grade and were used as received. The
catalyst was characterized by Scanning Electron Micros-
copy (SEM, AJEOL JSM-6510LV, JAPAN) and X-Ray
Diffraction (XRD, D/MAX Ultima IV, JAPAN). Fourier
transform infrared (FT-IR) spectroscopy was performed on
a Perkin-Elmar model 2000 FT-IR spectrophotometer us-
ing the Spectrum v. 2.00 software package. Analytical thin
layer chromatography (TLC) was performed on percolated
silica gel 60 F254 plates. 'H NMR and '*C NMR spectra
were recorded in CDCl; with tetra-methylsilane (TMS) as
the internal standard. Column chromatography was con-
ducted on columns of silica gel (200~300 mesh).

4.2 Synthesis of catalyst

GO (100 mg) was added in 500 mL of N,N-dimethylfor-
mamide (DMF), and then sonicated for 60 min to give the
homogeneous suspension. 4-Amino-2,2,6,6-tetramethyl-
piperidine (10 mmol, 1.58 g), O-(7-azabenzotriazol-1-yl)-
N,N,N'.N'-tetra-methyluronium hexafluorophosphate (HA-
TU, 10 mmol, 3.8 g) and EtsN (20 mmol, 2.02 g) were
added into the mixture by stirring. The mixture kept warm
at 30 ‘C for 48 h until completion of reaction. Then the
solid was isolated by vacuum filtration and filter cake was
washed with distilled water repeatedly. Finally, the ob-
tained solid was dispersed into 500 mL of H,O again to
obtain the GO-NH; solution.

Cu(CH3COO),*H»0 solution (10 mmol/L, 20 mL) and
AgNOs solution (10 mmol/L, 30 mL) were dropped into
GO-NH; suspension by the constant flow pump, respec-
tively, and then sonicated for 30 min. Next, the 50 mL of
2.0 mgemL ! NaBH4 solution was added dropwise into the

Chin. J. Org. Chem. 2022, 42, 534~542
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above solution. After completion of reaction, the obtained
solid was filtrated and washed with water and ethanol, re-
spectively. Finally, the prepared catalyst (Ag-Cu/GO-
NH>) was dried at 50 ‘C for 24 h under N». The loadings
of Ag and Cu species were calculated about 22 and 9 wt%
in theory.

For the Ag/GO-NH; and Cu/GO-NH; catalysts, the syn-
thetic procedures were the same with Ag-Cu/GO-NH,.

4.3 Synthesis of B-hydroxy-1,2,3-triazoles

A three-component reaction of alkenyl oxide (2, 1.0
mmol), sodium azide (NaNs, 1.2 mmol), and terminal al-
kynes (1, 1.0 mmol) was conducted stirring at setting tem-
perature for 3 h in an atmosphere. After the completion of
reaction, the mixture was diluted with H,O (20 mL), and
extracted with ethyl acetate (10 mLX3). The combined
organic layers were washed with saturated brine twice, and
dried over anhydrous Na,SOs. After filtration, the solvent
was evaporated in vacuo. The crude product was purified
by silica gel chromatography [V{(petroleum ether) : V(ethyl
acetate)=10 . 1~5 I 1] to give the desired compounds.

4.4 Recoverability of catalyst

Phenylacetylene (1a, 5 mmol), styrene oxide (2a, 5
mmol), sodium azide (NaN3, 6 mmol), catalyst (10 mg),
and HO (20 mL) were added into a 50 mL
round-bottomed flask and stirring at setting temperature for
3 h in an air atmosphere. After the completion of reaction,
the mixture was centrifuged to separate the solid and H,O
phase. The solid was washed with ethyl acetate (10 mL X
3) by filtration. The filtrate was dried over anhydrous
Na,SO4. After filtration, the solvent was evaporated in
vacuo. The crude product was purified by silica gel chro-
matography [V(petroleum ether) : V(ethyl acetate)=10 :
1] to give the desired compound 3a. The recovered catalyst
was collected from filter cake and dried for 12 h under
vacuum oven, and then reused in the next reaction.

2-Phenyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethan-1-ol
(3a): 242 mg, white solid, 91% yield. m.p. 130~132 C;
"H NMR (400 MHz, CDCl3) 6: 7.79~7.74 (m, 2H), 7.73
(s, 1H), 7.44~7.29 (m, 8H), 5.71 (dd, /=28.3, 3.7 Hz, 1H),
4.66 (ddd, J=13.2, 8.3, 5.2 Hz, 1H), 4.25 (ddd, J=12.2,
8.3, 3.7 Hz, 1H), 3.92~3.72 (m, 1H); *C NMR (101
MHz, CDCl3) 6: 147.63, 136.07, 130.17, 129.16, 128.99,
128.84, 128.49, 128.30, 127.18, 126.11, 125.68, 120.63,
67.37, 65.06; HRMS (ESI) calcd for CisH;N;O [M+H]"
265.1215, found 265.1219.

2-Phenyl-2-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)ethan-1-ol
(3b): 265 mg, white solid, 95% yield. m.p. 127~128 C;
'H NMR (400 MHz, CDCl5) 6: 7.69 (s, 1H), 7.67 (s, 2H),
7.44~7.38 (m, 3H), 7.31~7.26 (m, 2H), 7.23 (d, J=8.0
Hz, 2H), 5.69 (dd, J=8.3, 3.7 Hz, 1H), 4.70~4.61 (m,
1H), 4.24 (ddd, J=12.5, 8.8, 3.8 Hz, 1H), 3.50 (dd, J=
8.8, 5.4 Hz, 1H), 2.39 (s, 3H); *C NMR (101 MHz,
CDCl;) o: 147.84, 138.19, 136.11, 129.52, 129.18, 129.02,
128.84, 127.40, 127.15, 125.92, 125.60, 120.23, 67.28,
65.25, 21.31; HRMS (ESI) calcd for Ci7H;sN;O [M~+H]"
279.1372, found 279.1369.
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2-(4-(4-Chlorophenyl)-1H-1,2,3-triazol-1-yl)-2-phenyl-
ethan-1-ol (3¢): 188 mg, white solid, 63% yield. m.p.
128~129 °C; '"H NMR (400 MHz, CDCls) é: 7.75 (d, J=
7.8 Hz, 2H), 7.72 (s, 1H), 7.47~7.37 (m, 5H), 7.31~7.27
(m, 2H), 5.70 (dd, J=8.2, 3.7 Hz, 1H), 4.71~4.61 (m,
1H), 4.30~4.21 (m, 1H), 3.22~3.09 (m, 1H); '3C NMR
(101 MHz, CDCl3) ¢: 146.81, 135.88, 134.10, 129.28,
129.17, 129.07, 127.13, 126.95, 120.61, 67.34, 65.23;
HRMS (ESI) caled for C6H;sCIN;O [M+H]" 299.0825,
found 299.0822.
2-(4-(4-(tert-Butyl)phenyl)-1H-1,2,3-triazol-1-yl)-2-
phenylethan-1-ol (3d): 299 mg, white solid, 93% yield.
m.p. 131~132 °C; '"H NMR (400 MHz, CDCl5) §: 7.75~
7.70 (m, 2H), 7.69 (s, 1H), 7.49~7.36 (m, 5H), 7.31~
7.24 (m, 2H), 5.70 (dd, J=8.2, 3.7 Hz, 1H), 4.75~4.62
(m, 1H), 4.25 (ddd, /=124, 8.7, 3.7 Hz, 1H), 3.65~3.40
(m, 1H), 1.36 (s, 9H); '3C NMR (101 MHz, CDCl;) 4:
151.45, 147.76, 136.15, 129.17, 129.00, 127.38, 127.12,
125.76, 125.43, 120.33, 67.28, 65.27, 34.68, 31.29; HRMS
(ESI) caled for CyHxuN;O [M+H]" 321.1841, found
321.1845.
2-(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)-2-phen-
ylethan-1-ol (3e): 269 mg, white solid, 91% yield. m.p.
137~138 °C; 'H NMR (400 MHz, CDCl3) &: 7.73~7.65
(m, 2H), 7.63 (s, 1H), 7.45~7.37 (m, 3H), 7.33~7.25 (m,
2H), 6.94 (d, /=8.8 Hz, 2H), 5.68 (dd, J=8.3, 3.7 Hz,
1H), 4.69~4.60 (m, 1H), 4.29~4.20 (m, 1H), 3.85 (s,
3H), 3.82~~3.65 (m, 1H); 3C NMR (101 MHz, CDCl5) &:
159.67, 147.55, 136.13, 129.15, 128.98, 127.16, 127.00,
122.92, 119.79, 114.23, 67.30, 65.18, 55.33; HRMS (ESI)
caled for C;;H;gN3O, [M + H] © 295.1321, found
295.1325.
2-(4-(4-Aminophenyl)-1H-1,2,3-triazol-1-yl)-2-phenyl-
ethan-1-ol (3f): 235 mg, gray solid, 84% yield. m.p. 127~
128 C; '"H NMR (400 MHz, CDCl3) 6: 7.64~7.48 (m,
3H), 7.44~7.36 (m, 3H), 7.29~7.23 (m, 2H), 6.73 (d, J=
8.4 Hz, 2H), 5.66 (dd, /=28.2, 3.6 Hz, 1H), 4.70~4.60 (m,
1H), 4.30~4.17 (m, 1H), 3.79 (s, 2H), 3.50 (s, 1H); 13C
NMR (101 MHz, CDCl3) ¢: 148.11, 146.60, 136.21,
129.15, 128.96, 127.12, 126.94, 120.73, 119.28, 115.24,
67.18, 65.28; HRMS (ESI) calcd for CisHi7N4O [M+H]"
280.1324, found 280.1320.
2-Phenyl-2-(4-(4-(trifluoromethyl)phenyl)-1H-1,2,3-
triazol-1-yl)ethan-1-ol (3g): 296 mg, white solid, 89%
yield. m.p. 110~111 ‘C; 'H NMR (400 MHz, CDCl;) ¢:
7.93~7.86 (m, 2H), 7.82 (s, 1H), 7.67 (d, J/=7.9 Hz, 2H),
7.48~7.38 (m, 3H), 7.35~7.29 (m, 2H), 5.73 (dd, J=8.1,
3.7 Hz, 1H), 4.74~4.63 (m, 1H), 4.32~4.23 (m, 1H), 3.35
(d, J=52.7 Hz, 1H); *C NMR (101 MHz, CDCl) 4:
146.36, 135.76, 133.66, 129.29, 129.21, 127.17, 126.40~
125.68 (m), 125.78, 121.35, 67.47, 65.13; HRMS (ESI)
caled for Ci7H;sFsN;O [M + H] ©  333.1089, found
333.1085.
4-(1-(2-Hydroxy-1-phenylethyl)-1H-1,2,3-triazol-4-yl)-
benzonitrile (3h): 255 mg, white solid, 88% yield. m.p.
121~122 °C; 'H NMR (400 MHz, CDCl;) §: 7.94~7.88
(m, 2H), 7.86 (s, 1H), 7.73~7.68 (m, 2H), 7.45~7.39 (m,
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3H), 7.34~7.28 (m, 2H), 5.74 (dd, J=8.1, 3.8 Hz, 1H),
4.73~4.62 (m, 1H), 4.33~4.21 (m, 1H), 3.31~3.21 (m,
1H); BC NMR (101 MHz, CDCl3) J: 145.94, 135.64,
134.65, 132.74, 129.33, 129.28, 127.14, 126.07, 121.73,
118.70, 111.65, 67.47, 65.03; HRMS (ESI) calcd for
Ci7H1sN4O [M+H]" 290.1168, found 290.1165.
2-(4-(4-Nitrophenyl)-1H-1,2,3-triazol-1-yl)-2-phenyl-
ethan-1-ol (3i): 270 mg, gray solid, 87% yield. m.p. 130~
131 ‘C; '"H NMR (400 MHz, CDCl;) §: 8.28 (d, J=8.8
Hz, 2H), 7.98 (d, /=8.8 Hz, 2H), 7.92 (s, 1H), 7.48~7.39
(m, 3H), 7.34~7.29 (m, 2H), 5.76 (dd, J=8.1, 3.8 Hz,
1H), 4.68 (ddd, /=13.1, 8.1, 5.4 Hz, 1H), 4.29 (ddd, J=
12.2, 8.2, 3.8 Hz, 1H), 3.25~3.10 (m, 1H); '*C NMR (101
MHz, CDCl3) 6: 147.40, 145.60, 136.52, 135.59, 129.35,
129.31, 127.16, 126.17, 124.32, 122.06, 67.51, 65.01;
HRMS (ESI) calcd for CigHisN4O; [M-+H]" 310.1066,
found 310.1070.
2-Phenyl-2-(4-(m-tolyl)-1H-1,2,3-triazol-1-yl)ethan-1-ol
(3j): 260 mg, white solid, 93% yield. m.p. 115~116 C;
"H NMR (400 MHz, CDCIl;) J: 7.70 (s, 1H), 7.65~7.54
(m, 2H), 7.46~7.36 (m, 3H), 7.35~7.24 (m, 3H), 7.16 (d,
J=17.6 Hz, 1H), 5.70 (dd, J=8.2, 3.7 Hz, 1H), 4.66 (ddd,
J=13.4,8.2, 5.4 Hz, 1H), 4.25 (ddd, J=12.4, 8.7, 3.7 Hz,
1H), 3.69~3.48 (m, 1H), 2.40 (s, 3H); '*C NMR (101
MHz, CDCl3) 6: 147.84, 138.51, 136.09, 130.08, 129.18,
129.08, 129.02, 128.74, 127.15, 126.37, 122.79, 120.55,
67.30, 65.20, 21.43; HRMS (ESI) caled for C;7Hi3N3;O
[M+H]" 279.1372, found 279.1370.
2-(4-(2-Chlorophenyl)-1H-1,2,3-triazol-1-yl)-2-phenyl-
ethan-1-ol (3k): 164 mg, white solid, 55% yield. m.p.
107~108 °C; 'H NMR (400 MHz, CDCl;3) é: 8.22 (dd,
J=1.8, 1.5 Hz, 1H), 8.16 (s, 1H), 7.46~7.35 (m, 5H),
7.32~7.24 (m, 3H), 5.75 (dd, J/=8.3, 3.9 Hz, 1H), 4.73~
4.59 (m, 1H), 4.26 (d, J=12.1 Hz, 1H), 3.57 (s, 1H); *C
NMR (101 MHz, CDCl3) ¢: 144.01, 136.04, 131.28,
130.22, 129.72, 129.16, 128.99, 128.94, 127.18, 127.09,
124.18, 67.36, 65.15; HRMS (ESI) calcd for CisH;sCIN3O
[M+H]" 299.0825, found 299.0827.
2-Phenyl-2-(4-(pyridin-3-yl)-1H-1,2,3-triazol-1-yl)-
ethan-1-ol (31): 261 mg, gray solid, 98% yield. m.p. 115~
116 ‘C; 'H NMR (400 MHz, CDCI;) §: 8.96 (d, J=1.6
Hz, 1H), 8.57 (dd, J=4.8, 1.6 Hz, 1H), 8.23~8.16 (m,
1H), 7.85 (s, 1H), 7.46~7.40 (m, 3H), 7.40~7.35 (m,
1H), 7.34~7.30 (m, 2H), 5.75 (dd, J=8.2, 3.8 Hz, 1H),
4.72~4.63 (m, 1H), 4.32~4.22 (m, 1H), 3.37 (s, 1H); 3C
NMR (101 MHz, CDCl3) o: 149.30, 146.97, 144.75,
135.80, 133.04, 129.30, 129.21, 127.14, 126.51, 123.79,
120.91, 67.45, 65.11; HRMS (ESI) caled for CisHisN4O
[M+H]" 266.1168, found 266.1165.
2-(4-(tert-Butyl)-1H-1,2,3-triazol-1-yl)-2-phenylethan-
1-ol (3m): 191 mg, viscose oil, 78% yield. 'H NMR (400
MHz, CDCl3) 6: 7.42~7.28 (m, 4H), 7.25~7.20 (m, 2H),
5.63 (dd, /=8.3, 3.2 Hz, 1H), 4.57 (dd, J=11.8, 8.6 Hz,
1H), 4.17 (dd, J=12.4, 3.7 Hz, 2H), 1.32 (s, 9H); 3C
NMR (101 MHz, CDCl3) ¢: 157.50, 136.48, 129.03,
128.76, 128.64, 128.37, 127.70, 127.12, 126.14, 125.96,
119.53, 67.00, 65.06, 30.31; HRMS (ESI) calcd for
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C14H20N;0 [M+H]" 245.1528, found 245.1531.

2-(4-Butyl-1H-1,2,3-triazol-1-yl)-2-phenylethan-1-ol
(3n): 208 mg, viscose oil, 85% yield. 'H NMR (400 MHz,
CDCl3) d: 7.35 (s, 1H), 7.34~7.29 (m, 3H), 7.24~7.20
(m, 2H), 5.66 (dd, /=8.3, 4.2 Hz, 1H), 4.56~4.45 (m,
1H), 4.21~4.12 (m, 1H), 2.68~2.59 (m, 2H), 1.57 (dd,
J=15.4,7.8 Hz, 2H), 1.33 (dd, /=14.9, 7.4 Hz, 2H), 0.89
(t, J=7.3 Hz, 3H); *C NMR (101 MHz, CDCI5) é: 148.05,
136.58, 128.92, 128.63, 127.09, 121.49, 66.91, 64.59,
31.36, 25.25, 22.32, 13.82; HRMS (ESI) caled for
Ci4H2oN;O [M+H]" 245.1528, found 245.1530.

2-(4-Cyclopropyl-1H-1,2,3-triazol-1-yl)-2-phenylethan-
1-ol (30): 209 mg, viscose oil, 91% yield. '"H NMR (400
MHz, CDCl;) J: 7.34 (s, 1H), 7.32~7.26 (m, 3H), 7.25~
7.18 (m, 2H), 5.64 (dd, /=28.4, 4.3 Hz, 1H), 4.90 (s, 1H),
4.46 (dd, J=12.1, 8.5 Hz, 1H), 4.14 (dd, J/=12.1, 4.2 Hz,
1H), 1.91~1.79 (m, 1H), 0.92~0.82 (m, 2H), 0.80~0.67
(m, 2H); 3C NMR (101 MHz, CDCls) J: 149.87, 136.47,
128.91, 128.63, 127.13, 120.59, 66.90, 64.41, 7.78, 6.63;
HRMS (ESI) caled for C13HigN;O [M-+H]" 229.1215,
found 229.2220.

1-(4-Phenyl-1H-1,2,3-triazol-1-yl)propan-2-ol (3p): 175
mg, white solid, 86% yield. m.p. 119~120 C; 'H NMR
(400 MHz, CDCls) ¢: 7.86 (s, 1H), 7.80~7.70 (m, 2H),
7.45~7.37 (m, 2H), 7.38~7.30 (m, 1H), 4.50 (d, J/=13.8
Hz, 1H), 4.45~4.32 (m, 1H), 4.31~4.20 (m, 1H), 3.50~
3.10 (m, 1H), 1.35 (d, J=6.2 Hz, 3H); '*C NMR (101
MHz, CDCls) d: 130.31, 128.82, 128.14, 125.57, 66.68,
57.37, 20.51; HRMS (ESI) calcd for C;;H4N;O [M+H]"
203.1059, found 203.1055.

1-(4-Phenyl-1H-1,2,3-triazol-1-yl)butan-2-ol (3q): 189
mg, white solid, 87% yield. m.p. 145~146 °C; 'H NMR
(400 MHz, CDCls) d: 7.88~7.81 (m, 1H), 7.81~7.68 (m,
2H), 7.45~7.30 (m, 3H), 4.58~4.46 (m, 1H), 4.34~4.19
(m, 1H), 4.17~4.03 (m, 1H), 3.54~3.00 (m, 1H), 1.70~
1.54 (m, 2H), 1.09 (t, J=7.4 Hz, 3H); C NMR (101
MHz, CDCl;) ¢: 147.35, 130.33, 128.81, 128.10, 125.56,
121.17, 71.77, 55.96, 27.49, 9.85; HRMS (ESI) calcd for
CiiHi2N;O [M+H]" 217.1215, found 217.1212.

2-Methyl-1-(4-phenyl-1H-1,2,3-triazol-1-yl)propan-2-ol
(3r): 178 mg, white solid, 82% yield. m.p. 89~91 C; 'H
NMR (400 MHz, CDCl;) d: 7.96 (s, 1H), 7.86 (d, J=7.3
Hz, 2H), 7.45 (t, J=1.5 Hz, 2H), 7.36 (t, J=7.3 Hz, 1H),
4.40 (s, 2H), 2.51 (d, J=29.6 Hz, 1H), 1.30 (s, 6H); *C
NMR (101 MHz, CDCl3) ¢: 130.52, 128.86, 128.18,
125.71, 121.44, 70.46, 60.50, 27.16; HRMS (ESI) calcd for
Ci2HiN;O [M+H]" 217.1215, found 217.1212.

Ethyl 3-hydroxy-3-phenyl-2-(4-phenyl-1H-1,2,3-triazol-
1-yl) propanoate (3s): 246 mg, white solid, 73% yield. m.p.
128~129 °C; 'H NMR (400 MHz, CDCI;) &: 8.13~8.07
(m, 1H), 7.87~7.79 (m, 2H), 7.47~7.30 (m, 8H), 6.25 (d,
J=3.3 Hz, 1H), 5.18 (s, 1H), 4.26 (q, J=7.1 Hz, 2H),
3.85~3.64 (m, 1H), 1.26 (td, J=7.1, 1.9 Hz, 3H); 13C
NMR (101 MHz, CDCl3) ¢6: 170.83, 147.74, 133.47,
130.41, 129.33, 128.91, 128.81, 128.44, 128.20, 125.73,
120.21, 72.71, 66.08, 62.71, 14.06; HRMS (ESI) calcd for
CioH20N303 [M+H]" 337.1426, found 337.1423.
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3-Phenoxy-2-(4-phenyl-1H-1,2,3-triazol-1-yl)propan-1-
ol (3t): 233 mg, brown oil, 79% yield. 'H NMR (400 MHz,
CDCl3) d: 7.90~7.84 (m, 1H), 7.76 ~7.67 (m, 2H),
7.44~7.30 (m, 5H), 7.02 (t, J/=7.4 Hz, 1H), 6.95 (d, J=
7.9 Hz, 2H), 4.80~4.70 (m, 1H), 4.63~4.50 (m, 2H), 4.28
(s, 1H), 4.12~4.03 (m, 2H); '*C NMR (101 MHz, CDCI;)
0: 158.13, 147.50, 130.15, 129.65, 128.83, 128.20, 125.59,
121.55, 121.41, 114.55, 68.87, 53.30; HRMS (ESI) calcd
for C17H1sN30, [M+H]" 295.1321, found 295.1321.

3-(Benzyloxy)-2-(4-phenyl-1H-1,2,3-triazol-1-yl)-
propan-1-ol (3u): 232 mg, viscose oil, 75% yield. 'H NMR
(400 MHz, CDCl3) o: 7.82 (s, 1H), 7.71 (d, J=7.6 Hz,
2H), 7.42~7.30 (m, 8H), 4.61~4.52 (m, 3H), 4.44~4.37
(m, 1H), 4.35~4.26 (m, 1H), 4.18 (t, J=4.5 Hz, 1H), 3.55
(ddd, J=22.0, 9.7, 5.2 Hz, 2H); '*C NMR (101 MHz,
CDCl;) o: 147.41, 137.42, 130.26, 128.78, 128.53, 128.11,
128.02, 127.91, 125.57, 121.27, 73.58, 70.98, 69.18, 53.14;
HRMS (ESI) calcd for Ci7HisN30, [M-+H]" 309.1477,
found 309.1475.

Supporting Information General information, experi-
ment section in detail, and "H NMR and '*C NMR spectra.
The Supporting Information is available free of charge via
the Internet at http://sioc-journal.cn.
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