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Acyclonucleosides bearing coplanar
arylethynyltriazole nucleobases: synthesis,
structural analysis, and biological evaluation†

Mimi Chen,a Zhengwei Zhou,a Yaxiong Suo,a Mengyao Li,a Jianhua Yao, b

Ling Peng c and Yi Xia *a

Nucleoside derivatives are an important class of molecules in the search for bioactive compounds.

In our continuing efforts to develop novel nucleoside analogs, we used the Sonogashira cross-coupling

reaction to synthesize 1,2,4-triazole acyclonucleosides bearing various arylethynyl groups on the triazole

nucleobase. By employing 3-iodotriazole nucleoside as the coupling substrate, the Sonogashira reaction

proceeded efficiently even with alkynes, which are notoriously unreactive and challenging. Further

crystal structural analysis unveiled the coplanar feature of the 3-arylethynyltriazole motifs, suggesting

their potential as surrogates for large planar aromatic systems or nucleobases. Most importantly, several

synthesized compounds displayed interesting antiproliferative activity against various cancer cells and

induced apoptosis, highlighting that this family of triazole nucleosides might show promise as anticancer

candidates.

Introduction

Nucleoside analogs are structurally characterized by the conju-
gation of various nucleobases and sugar moieties via a glyco-
sidic bond.1 Many of them can be considered as synthetic
mimics of natural nucleosides in terms of their metabolism
and ability to be incorporated into DNA and/or RNA, which
leads to the inhibition of nucleic acid synthesis and consequent
antimetabolite activity.2,3 Nowadays, nucleoside analogs form
an important family of bioactive compounds in drug discovery
thanks to their pharmacologically diverse applications as antiviral,
anticancer, antimicrobial, and immunomodulatory agents.4,5

Among the various nucleoside mimics, besides the nucleo-
sides with modifications of the ribose sugar component,6–9 those
carrying unusually modified nucleobases have attracted consid-
erable attention. This is because using nonnatural heterocycles

as nucleobases improves the in vivo stability and also imparts
new biologically interesting activities involving novel modes
of action.10–13 For example, ribavirin, a synthetic nucleoside
bearing the nonnatural heterocycle 1,2,4-triazole as the nucleo-
base (Fig. 1), exhibits broad-spectrum antiviral activity against a
variety of different viruses.14,15 It has served as a candidate drug
to treat a panel of emerging viruses for more than 40 years and
is still clinically important in the treatment of hepatitis C virus
(HCV) today.16–18 Recently, ribavirin has also been reported to
exhibit anticancer activity, and has been tested in clinical trials
against acute myeloid leukemia.19–21

The unique and interesting therapeutic potency of ribavirin
motivated us to develop 1,2,4-triazole nucleoside analogs in
the quest for new structural paradigms to combat global viral
infection and cancer malignancy.22 Consequently, myriad 1,2,4-
triazole nucleosides with modifications made on the triazole
nucleobase and/or on the ribose sugar component have been
established.23–26 Among them, the arylethynyltriazole nucleo-
sides stand out because of their extremely appealing antiviral
and anticancer activities (I–IV in Fig. 1).23,24,27–30 Importantly,
novel mechanisms such as the inhibition of heat shock factor 1
(HSF1) and related heat shock proteins (HSPs) contribute to the
anticancer activity of 3-arylethynyltriazole nucleoside28 (III in
Fig. 1), whereas the acyclic 5-arylethynyltriazole nucleoside
(IV in Fig. 1) suppresses both HSF1 and androgen receptor
expression to elicit anticancer activity in prostate cancer.30 We are
therefore interested in further developing 3-arylethynyltriazole
acyclonucleosides 1 (Fig. 1), which are structural analogs of
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both III and IV; specifically, 1 is the acyclic analog of III, and at
the same time, the 3-isomer of IV. With the nucleoside analog
1, we aim to search for new leads as anticancer candidates and
to enrich the structural diversity of the triazole nucleoside
family for further analysis of structure–activity relationships.
Herein, we report the preparation of 3-arylethynyltriazole acyclo-
nucleoside 1 using the Sonogashira cross-coupling reaction, and
the subsequent assessment of their antiproliferative effects
on different cancer cells. Synthesis based on the Sonogashira
reaction was achieved and significantly improved when using
the 3-iodotriazole acyclonucleoside as the coupling substrate
instead of the bromide derivative. Indeed, several synthesized
compounds displayed antiproliferative activity against various
cancer cells, outperforming ribavirin in the inhibition of drug-
resistant pancreatic cancer cells. This finding highlights the
potential of this family of triazole nucleosides as promising
anticancer candidates.

Results and discussion

The Sonogashira cross-coupling reaction is a convenient strategy
to introduce an arylalkynyl moiety into an aromatic system using
an aryl halide and an aryl alkyne as the coupling substrates.31,32

Based on our previous work on the synthesis of triazole nucleo-
side analogs,23 we first attempted the Sonogashira cross-coupling
reaction using the 3-bromotriazole acyclonucleoside 2a as the aryl
halide to couple with various alkynes in aqueous media under
microwave (MW) irradiation33,34 (Table 1, Method A). Using the
previously established reaction conditions,23 the Sonogashira

reaction proceeded smoothly with most of the alkynes to deliver
the corresponding products in good yields (Table 1, Method A).
As shown in Table 1, there was no significant difference between
the reactions using electron-donating phenylacetylenes (Table 1,
entries 2–7, Method A) and those using electron-withdrawing
substituents (Table 1, entries 8–12, Method A). Also, phenylace-
tylenes with fluorine substituted at the ortho-, meta- and para-
positions afforded the corresponding products in very good yields
(Table 1, entries 9–11, Method A). Nevertheless, the above-
mentioned reaction conditions were not applicable to phenyl-
acetylenes bearing the bromide (Table 1, entry 13, Method A) or
the extremely electron-deficient nitro functionality (Table 1,
entry 14, Method A) or the hexaethylene glycol methyl ether group
(Table 1, entry 15, Method A): only trace or no corresponding
product was obtained, with large amounts of 2a remaining
unreacted for 1n and 1o, whereas inseparable byproducts were
formed for 1m. The simultaneous and further continuous
homo- and hetero-coupling with 4-bromophenylacetylene35,36 as
the substrate might be responsible for the low yield and insepar-
able byproducts when synthesizing 1m. Formation of the undesir-
able Pd–O complex between the Pd-catalyst and the hexaethylene
glycol methyl ether moiety might completely block the catalyst
when preparing 1o, whereas the strongly electron-deficient sub-
stituent of the nitro group may significantly decrease the nucleo-
philicity of the alkynes, hence impeding the Sonogashira reaction
for generating the desired product.

To overcome the particular difficulty encountered in the
Sonogashira reaction with these challenging alkyne substrates,
we turned to the iodotriazole nucleoside 2b as the halogen-
bearing coupling substrate (Method B) because iodide compounds

Fig. 1 Chemical structures of ribavirin, the identified arylethynyltriazole nucleosides with antiviral activity (I–II) and anticancer activity (III–IV), and the
3-arylethynyltriazole acyclonucleoside 1 proposed and synthesized in this work.
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are generally more reactive than bromide substrates in Pd-catalyzed
cross-coupling reactions.37,38 The iodotriazole acyclonucleoside
2b was prepared via fusion of the iodotriazole 3 with the
2-(acetoxymethoxy)ethyl acetate 4 (Scheme 1), which generated
a mixture of two isomeric products 5 and 50. We employed
HMBC (Heteronuclear Multiple Bond Correlation) to discriminate
between the two isomers 5 and 50. Compound 5 was assigned as
the 30-iodotriazole isomer based on the 1H-NMR chemical shift of
the methylene group (2H-C-10) at 5.95 ppm and its HMBC cross
peak with the carbon atom connected to the carboxylic ester

group within the triazole heterocycle (d 146.3, C-5) (Fig. 2A).
Compound 50 was designated as the 50-iodotriazole isomer based
on the 1H-NMR chemical shift of the methylene group (2H-C-10) at
5.64 ppm and its HMBC cross peak with the carbon connected
to the iodide within the triazole ring (d 101.7, C-5) (Fig. 2B).
Subsequent ammonolysis of 5 and 50 produced the corres-
ponding iodotriazole acyclonucleosides 2b and 2b0, respectively,
in good yields.

We then performed the Sonogashira reaction using 2b under
the same reaction conditions that we had elaborated with 2a.

Table 1 Synthesis of arylethynyltriazole acyclonucleoside 1 via the Sonogashira cross-coupling reaction using 3-bromotriazole acyclonucleoside 2a
(Method A) and 3-iodotriazole acyclonucleoside 2b (Method B) as coupling substrates

Entry Ar Product

Method Aa Method Bb

Yield (%) Yield (%)

1 1a 87 88

2 1b 83 92

3 1c 88 91

4 1d 79 97

5 1e 79 97

6 1f 84 89

7 1g 79 97

8 1h 82 92

9 1i 88 87

10 1j 95 96

11 1k 94 94

12 1l 70 81

13 1m 6 95

14 1n 5 90 (52)a

15 1o NA 92

Reaction condition: a 100 1C, 1 hour. b 120 1C, 15 minutes. NA: not applicable.
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Indeed, the reaction with 4-nitrophenylacetylene (Table 1, entry 14,
Method B) afforded the desired product with a significantly
increased yield of 52%. We further optimized the reaction
conditions by varying the reaction temperature and time (data
not shown). Excellent yields were achieved when 2b was reacted
with a wide range of alkynes under 15 minutes MW irradiation at
120 1C, regardless of the electron-donating or electron-withdrawing
substituents on phenylacetylene (Table 1, Method B). Most
importantly, the coupling reaction of 2b with phenylacetylene
carrying a bromide, or a nitro group or hexaethylene glycol
methyl ether substitute also proceeded with excellent yields
(Table 1, entries 13–15, Method B). This further confirms the
superiority of the iodotriazole 2b to the bromide 2a for use in
the Sonogashira reaction with challenging alkynes.

We further determined the structure of the 3-arylethynyl-
triazole acyclonucleosides 1g and 1h using X-ray diffraction
analysis (Fig. 3A and B). Remarkably, the triazole ring and the
phenyl substituent approached almost complete coplanarity. This
was strikingly different from the 5-arylethynyltriazole nucleoside
II (Fig. 3C), where the phenyl ring adopted a different orientation
(DO) from the 1,2,4-triazole unit because of steric hindrance from
the neighboring sugar component. To gain further insight into
the coplanarity, we studied and analyzed the different conforma-
tions of 1g and 1h generated using the program RandomSearch39

of Sybyl 7.2.40 In particular, we examined the conformation CO,
in which the phenyl ring and the 1,2,4-triazole unit were almost
coplanar, and the conformation DO, in which the phenyl ring

Scheme 1 Synthesis of the iodotriazole nucleosides 2b and 2b0.

Fig. 2 1H-13C HMBC spectrum of compounds 5 (A) and 50 (B) in CDCl3.

Fig. 3 Chemical and X-ray structures of 1g (A), 1h (B), and II (C). The
triazole ring and the phenyl substituent approached almost complete
co-planarity in 1g (A) and 1h (B), while in II, the phenyl ring adopted a different
orientation from the 1,2,4-triazole unit (C).
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was in a different orientation from the 1,2,4-triazole unit. The
CO conformations of 1g and 1h superimposed perfectly with
the corresponding X-ray structures of 1g and 1h, respectively
(Fig. 4). In addition, the total energy values for the CO conforma-
tions of 1g and 1h were 32.8 and 33.1 kcal mol�1, respectively,
which were much lower than those of the corresponding DO
conformations (37.7 and 39.4 kcal mol�1). These results further
confirmed the higher stability of 1g and 1h with coplanar
structures of the 3-arylethynyltriazole motifs, which might be
considered as potential surrogates to mimic conjugated and
enlarged nucleobases or aromatic systems.

With the aim of searching for novel anticancer candidates,
we evaluated the anticancer activity of the synthesized nucleoside
analog 1. We assessed its antiproliferation activity on human
pancreatic cancer BxPC-3 cells and prostate cancer PC-3 cells
using the MTT assay for assessing cell metabolic activity. Several
compounds were able to considerably inhibit the growth of both
cell lines. Importantly, our compounds exhibited antiproliferation
activity on BxPC-3 cells with potent IC50, whereas the reference
drug ribavirin did not show any activity within the same concen-
tration range (Table 2). This result highlights the potential of this
family of compounds in treating pancreatic cancer, one of the
most deadly human cancers.41,42 Among these active candidates,
compounds 1e and 1f had a long hydrophobic alkyl chain

attached to the phenyl group, while compound 1m had the
4-bromophenyl substituent. Compared with 1e and 1f, the com-
pounds 1c and 1d bearing shorter alkyl chains were inactive,
suggesting the longer chain contributed importantly to the anti-
proliferation activity. Although 1e was active against BxPC-3,
it did not display any obvious inhibitory effect on pancreatic
cancer MiaPaCa-2 cells in our previous study.27 This is in agree-
ment with a report that the nucleoside anticancer drug gemcitabine
is also more efficient at inducing apoptosis in BxPC-3 cells than
in MiaPaCa cells.43 Also, the antiproliferation activity of 1f in
both cell lines was higher than its 5-analog IV, highlighting the

Fig. 4 The conformations CO and DO of (A) 1g and (B) 1h generated and analyzed using the program RandomSearch of Sybyl 7.2.

Table 2 Antiproliferation activity of 3-arylethynyltriazole nucleoside 1 on
pancreatic cancer BxPC-3 cells and prostate cancer PC-3 cells

Compound

IC50 (mM)

Compound

IC50 (mM)

BxPC-3 PC-3 BxPC-3 PC-3

1a 450 450 1i 450 450
1b 450 450 1j 450 450
1c 450 450 1k 450 450
1d 450 450 1l 450 450
1e 22.5 23.3 1m 2.0 45.5
1f 8.33 17.5 1n 450 450
1g 450 450 1o 450 450
1h 39.3 450
Ribavirin 450 450 IV 17.5 32.2
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structural superiority of the 30-arylethynyltriazole nucleosides
(Table 2). We further evaluated the antiproliferation activity of
1f and 1m on other cancer cell lines such as pancreatic cancer
Panc-1 cells, liver cancer HepG2 cells, and ovarian cancer
SKOV3 cells. As shown in Fig. 5A, 1f displayed similar inhibi-
tion activity on all the tested cell lines. Remarkably, 1m was very
active against the human pancreatic cancer cells BxPC-3 and
Panc-1 and the liver cancer cell line HepG2, but was much less
potent in suppressing prostate cancer and ovarian cancer cells.
This suggests that 1m has potential as an anticancer candidate
for malignant gastrointestinal tumors.44,45

As 1f possesses a long alkyl chain, we wanted to know
whether it might cause cytotoxicity by disrupting the cell mem-
brane and hence inducing membrane damage or leakage. As
the release of lactate dehydrogenase (LDH) is a general indi-
cator of membrane disintegration and destruction,46 we there-
fore measured the LDH release from PC-3 cells. Our results
showed that the active compounds 1f and 1m, like the inactive
compound 1i, did not cause significant LDH release even at
high concentrations (Fig. 5B). This highlights that the anti-
proliferative activity demonstrated by 1f and 1m did not result
from membrane-disrupting toxicity. Furthermore, it is known
that apoptosis can be assessed by staining the cells with

Hoechst 33342 dye, as apoptotic cells have condensed chromatin
that stains more brightly than the chromatin in healthy cells.47 As
shown in Fig. 5C, the 1f- and 1m-treated BxPC-3 cells stained more
brightly with Hoechst 33342 than the nontreated cells, suggesting
that both triazole nucleoside compounds can efficiently induce
apoptosis. These compounds hence constitute promising new hits
in our continuing search for more efficacious drug candidates to
combat cancers.

Conclusions

In summary, we have developed a series of 3-arylethynyltriazole
acyclonucleosides 1 as novel nucleoside analogs in our quest for
new anticancer lead compounds. Their synthesis was achieved
using the Sonogashira coupling reaction with 3-iodotriazole
nucleoside as the aryl halide coupling substrate, which delivered
the corresponding products in excellent yields even with challeng-
ing alkyne substrates. Importantly, the 3-arylethynyltriazole
motif is coplanar and may serve as a potential surrogate for
large nucleobases or aromatic systems. Moreover, we assessed
the antiproliferation activities of the synthesized nucleosides on
various human cancer cells. Remarkably, several compounds

Fig. 5 (A) MTT assay to assess the ability of compounds 1f and 1m to inhibit the proliferation of human pancreatic cancer BxPC-3 and Panc-1 cells,
human liver cancer HepG2 cells, human prostate cancer PC-3 cells, and human ovarian cancer SKOV3 cells; (B) LDH assay to assess the effects of 1i, 1f,
and 1m on PC-3 cells. The negative control shows the LDH activity released from untreated cells and the positive control shows the maximum LDH
activity that could be released from the cells; (C) Hoechst 33342 staining to detect apoptosis in cultured BxPC-3 cells exposed to compounds 1f and 1m.
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bearing either a long alkyl chain or a bromide group, showed
potent anticancer activity against different cancer cell lines.
This family of compounds hence constitutes promising leads
for further analyses of structure–activity relationships with
the aim of exploring more potent anticancer candidates and
advancing our drug discovery program. We are working actively
in this direction.

Experimental section
Instrumentation and chemicals

All the terminal alkynes and chemical reagents were purchased
from Adamas-beta, Energy Chemical, Woka and TCI. Solvents
were purchased from a local supplier and used without further
purification beside THF. THF was distilled from sodium and
benzophenone. All compounds were purified by performing
flash chromatography on silica gel (200–300 mesh). 1H NMR
and 13C NMR spectra were recorded on Agilent DD2 400-MR.
1H-13C HMBC spectra were recorded on Agilent DD2 600-MR.
The chemical shifts were recorded in parts per million (ppm)
with tetramethylsilane as the internal reference. The microwave-
assisted reactions were performed on an Initiator EXP EU pro-
duced by Biotage. The ESI-MS was recorded on a Waters Acquity
SQ Detecter mass spectrometer or Finigan LCQ mass spectro-
meter. The high resolution of ESI-MS was recorded on a Bruker
SolariX 7.0T mass spectrometer or IonSpec 4.7 Tesla Fourier
Transform mass spectrometer. All MS analysis samples were
prepared as solutions in methanol.

Synthesis of 5 and 50

A mixture of iodotriazole 3 (1.08 g, 4.29 mmol), 2-(acetoxy-
methoxy)ethyl acetate 4 (1.89 g, 10.72 mmol), and p-toluene-
sulfonic acid monohydrate (40.78 mg, 0.214 mmol) were heated
at 140 1C for 5 min, then stirred at 140 1C under vacuum for
40 min. After being cooled to room temperature, the reaction
mixture was introduced into a column (petroleum ether : ethyl
acetate = 2 : 1) to afford 5 (241 mg, 15%) and 50 (643 mg, 41%) as
white solids.

3-Iodo-1-[(2-acetoxyethoxy)methyl]-1,2,4-triazole-5-carboxylate
(5). White solid. 1H NMR (400 MHz, CDCl3) d 5.95 (s, 2H), 4.19
(t, 2H, J = 4.8 Hz), 4.03 (s, 3H), 3.85 (t, 2H, J = 4.8 Hz), 2.06
(s, 3H). 13C NMR (100 MHz, CDCl3) d 170.78, 156.71, 146.29,
109.89, 79.15, 68.26, 62.79, 53.59, 20.83. MS (ESI, m/z): 392.18
[M + Na]+, 370.24 [M + H]+.

5-Iodo-1-[(2-acetoxyethoxy)methyl]-1,2,4-triazole-3-carboxylate
(50). White solid. 1H NMR (400 MHz, CDCl3) d 5.64 (s, 2H), 4.20
(t, 2H, J = 4.0 Hz), 4.02 (s, 3H), 3.82 (t, 2H, J = 4.0 Hz), 2.06 (s, 3H).
13C NMR (100 MHz, CDCl3) d 170.76, 159.12, 157.03, 101.66,
79.71, 67.90, 62.60, 53.13, 20.86. MS (ESI, m/z): 392.25 [M + Na]+,
370.24 [M + H]+.

Synthesis of 2b and 2b0

5 (230 mg, 0.93 mmol) and 50 (230 mg, 0.93 mmol) were
dissolved separately in saturated NH3 in MeOH (30 mL) at
room temperature and stirred at room temperature for 48 h.

The solvent was removed and residues were introduced into
the column (dichloromethane : methanol = 20 : 1) to afford 2b
(158 mg, 81%) and 2b0 (179 mg, 92%) as white solids.

3-Iodo-1-[(2-hydroxyethoxy)methyl]-1,2,4-triazole-5-carboxamide
(2b). White solid. 1H NMR (400 MHz, DMSO-d6) d 8.39 (br, 1H),
8.08 (br, 1H), 5.87 (s, 2H), 4.68 (t, 1H, J = 4.8 Hz), 3.54 (t, 2H, J =
4.8 Hz), 3.43–3.46 (m, 2H). 13C NMR (100 MHz, DMSO-d6)
d 157.80, 149.68, 111.76, 78.77, 71.80, 60.22. MS (ESI, m/z):
335.25 [M + Na]+, 313.20 [M + H]+.

5-Iodo-1-[(2-hydroxyethoxy)methyl]-1,2,4-triazole-3-carboxamide
(2b0). White solid. 1H NMR (400 MHz, DMSO-d6) d 7.96 (br, 1H),
7.68 (br, 1H), 5.57 (s, 2H), 4.73 (t, 1H, J = 4.8 Hz), 3.54 (t, 2H, J =
4.8 Hz), 3.47–3.50 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d 160.02,
159.70, 106.41, 79.68, 71.58, 60.23. MS (ESI, m/z): 335.22 [M + Na]+,
313.17 [M + H]+.

General procedure for synthesis of 1

3-Halogen-1-[(2-hydroxyethoxy)methyl]-1,2,4-triazole-5-carboxamide
(0.1 mmol), terminal alkyne (0.12 mmol), Pd(Ph3P)4 (5.8 mg,
0.005 mmol), CuI (1.0 mg, 0.005 mmol) and Li2CO3 (14.8 mg,
0.2 mmol) were suspended in dioxane/H2O (3 : 1, 2 mL) at room
temperature in a microwave reaction vessel, then N2 was intro-
duced into the vessel and it was sealed quickly. The mixture was
reacted at 100 1C for 1 hour (Method A) or 120 1C for 15 minutes
(Method B) under microwave (absorption level: high). After being
cooled to room temperature, the solvent was removed and the
residues were introduced into the column (dichloromethane :
methanol = 40 : 1) to afford the product.

3-(2-Phenylethynyl)-1-[(2-hydroxyethoxy)methyl]-1,2,4-triazole-
5-carboxamide (1a). White solid. 1H NMR (400 MHz, DMSO-d6)
d 8.47 (br, 1H), 8.11 (br, 1H), 7.64–7.65 (m, 2H), 7.47–7.52
(m, 3H), 5.94 (s, 2H), 4.68 (t, 1H, J = 5.6 Hz), 3.57–3.59 (m, 2H),
3.46–3.48 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d 158.29,
148.25, 145.54, 132.19, 130.45, 129.43, 120.76, 89.77, 80.36,
79.25, 71.87, 60.23. IR: 2234 cm�1 (–CRC–). MS (ESI, m/z):
287.3 [M + H]+, 309.3 [M + Na]+, 595.4 [2M + Na]+. HRMS: calcd
for C14H14N4NaO+, [M + Na]+, 309.0958; found, 309.0961.

3-[2-(p-Methyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1b). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.45 (br, 1H), 8.10 (br, 1H), 7.52 (d, 2H, J = 7.6 Hz),
7.29 (d, 2H, J = 7.6 Hz), 5.93 (s, 2H), 4.68 (t, 1H, J = 5.6 Hz), 3.58 (t,
2H, J = 4.8 Hz), 3.46–3.49 (m, 2H), 2.36 (s, 3H). 13C NMR (100 MHz,
DMSO-d6) d 158.31, 148.19, 145.68, 140.46, 132.10, 130.03, 117.74,
90.05, 79.86, 79.22, 71.86, 60.23, 21.56. IR: 2225 cm�1 (–CRC–).
MS (ESI, m/z): 301.4 [M + Na]+, 623.5 [2M + Na]+, 299.3 [M � H]�.
HRMS: calcd for C15H16N4NaO3

+, [M + Na]+, 323.1115; found,
323.1116.

3-[2-(p-Propyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1c). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.47 (br, 1H), 8.11 (br, 1H), 7.54 (d, 2H, J = 8.4 Hz),
7.30 (d, 2H, J = 8.4 Hz), 5.93 (s, 2H), 4.69 (t, 1H, J = 5.6 Hz), 3.58 (t,
2H, J = 4.8 Hz), 3.44–3.48 (m, 2H), 2.60 (t, 2H, J = 7.6 Hz); 1.58–1.63
(m, 2H); 0.90 (t, 3H, J = 7.2 Hz). 13C NMR (100 MHz, DMSO-d6) d
158.32, 148.18, 145.67, 145.02, 132.14, 129.45, 118.02, 90.06,
79.88, 79.22, 71.86, 60.23, 37.57, 24.24, 14.04. IR: 2225 cm�1

(–CRC–). MS (ESI, m/z): 679.60 [2M + Na]+, 351.47 [M + Na]+,
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327.38 [M � H]+. HRMS: calcd for C17H20N4NaO3
+, [M + Na]+,

351.1428; found, 351.1428.
3-[2-(p-Butyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-1,2,4-

triazole-5-carboxamide (1d). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.46 (br, 1H), 8.11 (br, 1H), 7.53 (d, 2H, J = 7.6 Hz),
7.30 (d, 2H, J = 8.0 Hz), 5.93 (s, 2H), 4.68 (t, 1H, J = 5.6 Hz), 3.58
(t, 2H, J = 4.8 Hz), 3.45–3.48 (m, 2H), 2.63 (t, 2H, J = 7.6 Hz),
1.53–1.60 (m, 2H), 1.28–1.33 (m, 2H), 0.90 (t, 3H, J = 7.2 Hz).
13C NMR (100 MHz, DMSO-d6) d 158.33, 148.14, 145.67,
145.26, 132.14, 129.41, 117.89, 90.11, 79.80, 79.21, 71.82,
60.20, 35.17, 33.21, 22.13, 14.18. IR: 2225 cm�1 (–CRC–). MS
(ESI, m/z): 707.61 [2M + Na]+, 365.42 [M + Na]+, 341.37 [M � H]+.
HRMS: calcd for C18H22N4NaO3

+, [M + Na]+, 365.1584; found,
365.1584.

3-[2-(p-Pentyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-1,2,4-
triazole-5-carboxamide (1e). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.49 (br, 1H), 8.12 (br, 1H), 7.54 (d, 2H, J = 8.0 Hz),
7.30 (d, 2H, J = 8.0 Hz), 5.93 (s, 2H), 4.70 (t, 1H, J = 5.6 Hz), 3.58 (t,
2H, J = 5.2 Hz), 3.44–3.48 (m, 2H), 2.62 (t, 2H, J = 7.6 Hz), 1.54–1.60
(m, 2H), 1.25–1.34 (m, 4H), 0.86 (t, 3H, J = 6.8 Hz). 13C NMR
(100 MHz, DMSO-d6) d 158.32, 148.18, 145.68, 145.25, 132.15,
129.39, 117.97, 90.06, 79.88, 79.22, 71.86, 60.23, 35.47, 31.27,
30.76, 22.38, 14.35. IR: 2224 cm�1 (–CRC–). MS (ESI, m/z):
735.62 [2M + Na]+, 379.49 [M + Na]+, 355.37 [M � H]+. HRMS:
calcd for C19H25N4O3

+, [M + H]+, 357.1921; found, 357.1911.
3-[2-(p-Heptyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-

1,2,4-triazole-5-carboxamide (1f). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.46 (br, 1H), 8.11 (br, 1H), 7.53 (d, 2H, J = 8.0 Hz),
7.29 (d, 2H, J = 7.6 Hz), 5.94 (s, 2H), 4.68 (br, 1H), 3.59 (t, 2H, J =
4.8 Hz), 3.47–3.48 (m, 2H), 2.62 (t, 2H, J = 7.6 Hz), 1.57 (t, 2H,
J = 6.4 Hz), 1.25–1.28 (m, 8H), 0.85 (t, 3H, J = 6.0 Hz). 13C NMR
(100 MHz, DMSO-d6) d 158.31, 148.19, 145.69, 145.22, 132.13,
129.36, 117.98, 90.04, 79.88, 79.22, 71.86, 60.24, 35.50, 31.65,
31.05, 29.01, 28.92, 22.50, 14.36. IR: 2225 cm�1 (–CRC–). MS
(ESI, m/z): 791.7 [2M + Na]+. HRMS: calcd for C21H28N4NaO3

+,
[M + Na]+, 407.2054; found, 407.2057.

3-[2-(p-Methoxyl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1g). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.48 (br, 1H), 8.12 (br, 1H), 7.58 (d, 2H, J = 8.8 Hz),
7.03 (d, 2H, J = 8.8 Hz), 5.92 (s, 2H), 4.71 (t, 1H, J = 5.6 Hz), 3.81
(s, 3H), 3.57 (t, 2H, J = 5.2 Hz), 3.47 (t, 2H, J = 5.2 Hz). 13C NMR
(100 MHz, DMSO-d6) d 160.85, 158.34, 148.11, 145.83, 133.93,
115.09, 112.52, 90.15, 79.17, 71.83, 60.21, 55.83. IR: 2224 cm�1

(–CRC–). MS (ESI, m/z): 339.31 [M + Na]+, 317.32 [M + H]+,
315.30 [M � H]+. HRMS: calcd for C15H17N4O4

+, [M + H]+,
317.1244; found, 317.1236.

3-[2-(p-Trifluoromethyl)phenylethynyl]-1-[(2-hydroxyethoxy)-
methyl]-1,2,4-triazole-5-carboxamide (1h). White solid. 1H NMR
(400 MHz, DMSO-d6) d 8.48 (br, 1H), 8.14 (br, 1H), 7.83–7.88 (m,
3H), 5.95 (s, 2H), 4.69 (t, 1H, J = 5.6 Hz), 3.59 (t, 2H, J = 4.8 Hz),
3.46–3.49 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d 158.21,
148.38, 145.08, 133.04, 130.19 (q, J = 32 Hz), 126.24 (q, J = 3.6 Hz),
125.04, 124.20 (q, J = 270.9 Hz), 88.16, 82.54, 79.38, 79.11, 60.23.
IR: 2025 cm�1 (–CRC–). MS (ESI, m/z): 377.3 [M + Na]+, 731.4
[2M + Na]+, 353.3 [M � H]�. HRMS: calcd for C15H13F3N4NaO3

+,
[M + Na]+, 377.0832; found, 377.0833.

3-[2-(p-Fluoro)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1i). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.46 (br, 1H), 8.12 (br, 1H), 7.70–7.73 (m, 2H), 7.33
(t, 2H, J = 8.8Hz), 5.94 (s, 2H), 4.68 (t, 1H, J = 6.4 Hz), 3.58 (t, 2H,
J = 4.8 Hz), 3.45–3.49 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d
163.17 (d, J = 248.0 Hz), 158.29, 148.26, 145.48, 134.75 (d, J =
8.8 Hz), 117.24 (d, J = 3.3 Hz), 116.78 (d, J = 22.2 Hz), 88.78, 80.17,
79.27, 71.88, 60.24. IR: 2230.56 cm�1 (–CRC–). MS (ESI, m/z): 303
[M � H]�. HRMS: calcd for C14H14FN4O3

+, [M + H]+, 305.1044;
found, 305.1041.

3-[2-(o-fluoro)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1j). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.50 (br, 1H), 8.13 (br, 1H), 7.72 (td, 1H, J1 = 7.6 Hz,
J2 = 1.6 Hz), 7.55–7.61 (m, 1H), 7.40 (t, 1H, J = 8.8 Hz), 7.32 (t, 1H,
J = 7.6 Hz), 5.95 (s, 2H), 4.69 (t, 1H, J = 5.2 Hz), 3.59 (t, 2H, J =
4.8 Hz), 3.45–3.49 (m, 2H). 13C NMR (100 MHz, DMSO-d6) d 162.30
(d, J = 249.5 Hz), 157.82, 147.93, 144.79, 133.80, 132.44 (d, J =
8.1 Hz), 125.12 (d, J = 3.3 Hz), 116.00 (d, J = 20.1 Hz), 108.81
(d, J = 15.2 Hz), 84.72, 82.77, 78.92, 71.47, 59.81. IR: 2236 cm�1

(–CRC–). MS (ESI, m/z): 305.35 [M + H]+. HRMS: calcd for
C14H13FN4NaO3

+, [M + Na]+, 327.0864; found, 327.0866.
3-[2-(m-Fluoro)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-

1,2,4-triazole-5-carboxamide (1k). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.48 (br, 1H), 8.14 (br, 1H), 7.48–7.56 (m, 3H), 7.36–
7.41 (m, 1H), 5.94 (s, 2H), 4.70 (t, 1H, J = 5.2 Hz), 3.58 (t, 2H,
J = 5.2 Hz), 3.45–3.49 (m, 2H). 13C NMR (100 MHz, DMSO-d6)
d 162.28 (d, J = 243.8 Hz), 158.25, 148.32, 145.23, 131.66
(d, J = 8.7 Hz), 128.70 (d, J = 2.7 Hz), 122.65 (d, J = 9.5 Hz),
118.83 (d, J = 23.1 Hz), 117.88 (d, J = 20.9 Hz), 88.35, 81.12,
79.33, 71.90, 60.23. IR: 2236 cm�1 (–CRC–). MS (ESI, m/z):
305.35 [M + H]+. HRMS: calcd for C14H13FN4NaO3

+, [M + Na]+,
327.0864; found, 327.0865.

3-[2-(p-Cyano)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1l). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.52 (br, 1H), 8.17 (br, 1H), 7.97 (d, 2H, J = 8.4 Hz), 7.84
(d, 2H, J = 8.4 Hz), 5.95 (s, 2H), 4.72 (t, 1H, J = 5.6 Hz), 3.58 (t, 2H,
J = 4.8 Hz), 3.44–3.48 (m, 2H). 13C NMR (100 MHz, DMSO-d6)
d 158.19, 148.41, 144.97, 133.25, 133.02, 125.51, 118.66, 112.68,
88.14, 83.74, 79.40, 71.91, 60.21. IR: 2235 cm�1 (–CRC–), 2250
cm�1 (–CRN). MS (ESI, m/z): 312.32 [M + H]+, 334.31 [M + Na]+.
HRMS: calcd for C15H13N5NaO3

+, [M + Na]+, 334.0911; found,
334.0911.

3-[2-(p-Bromo)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-
1,2,4-triazole-5-carboxamide (1m). White solid. 1H NMR (400 MHz,
DMSO-d6) d 8.49 (br, 1H), 8.14 (br, 1H), 7.69 (d, 2H, J = 8.4 Hz),
7.59 (d, 2H, J = 8.4 Hz), 5.93 (s, 2H), 4.71 (t, 1H, J = 5.6 Hz), 3.57
(t, 2H, J = 4.8 Hz), 3.44–3.48 (m, 2H). 13C NMR (100 MHz,
DMSO-d6) d 158.25, 148.29, 145.34, 134.12, 132.53, 124.10,
119.95, 88.73, 81.42, 79.30, 71.88, 60.21; IR: 2228 cm�1

(–CRC–). MS (ESI, m/z): 365.25 [M + H]+, 387.24 [M + Na]+.
HRMS: calcd for C14H13BrN4NaO3

+, [M + Na]+, 387.0063; found,
387.0062.

3-[2-(p-Nitryl)phenylethynyl]-1-[(2-hydroxyethoxy)methyl]-1,2,4-
triazole-5-carboxamide (1n). Brown solid. 1H NMR (400 MHz,
DMSO-d6) d 8.50 (br, 1H), 8.30 (d, 2H, J = 8.4 Hz), 8.16 (br, 1H),
7.92 (d, 2H, J = 8.4 Hz), 5.95 (s, 2H), 4.70 (t, 1H, J = 4.8 Hz),
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3.58 (t, 2H, J = 4.8 Hz), 3.46–3.48 (m, 2H). 13C NMR (100 MHz,
DMSO-d6) d 158.18, 148.47, 148.15, 144.90, 133.60, 127.34, 124.49,
87.84, 84.46, 79.44, 71.93, 60.22. IR: 2026 cm�1 (–CRC–). MS
(ESI, m/z): 354.37 [M + Na]+, 332.31 [M + H]+. HRMS: calcd for
C14H13N5NaO5

+, [M + Na]+, 354.0809; found, 354.0809.
3-[(4-(2,5,8,11,14,17,20-Heptaoxahenicosyl)phenylethynyl)]-

1-[(2-hydroxyethoxy)methyl]-1,2,4-triazole-5-carboxamide (1o).
Yellow solid. 1H NMR (400 MHz, CDCl3) d 7.58 (d, 2H, J =
7.6 Hz), 7.36 (d, 2H, J = 7.6 Hz), 7.31 (br, 1H), 6.06 (s, 2H), 5.92
(br, 1H), 4.59 (s, 2H, phenyl), 3.79–3.80 (m, 2H), 3.74–3.75
(m, 2H), 3.65–3.68 (m, 22H), 3.54–3.56 (m, 2H), 3.38 (s, 3H).
13C NMR (100 MHz, CDCl3) d 157.81, 146.63, 146.55, 140.20,
132.17, 127.55, 120.12, 90.52, 79.45, 78.90, 72.65, 71.88, 71.67,
70.62, 70.53, 70.44, 69.74, 61.42, 58.98, 29.67. IR: 2226 cm�1

(–CRC–). MS (ESI, m/z): 595.60 [M + H]+, 617.58 [M + Na]+. HRMS:
calcd for C28H42N4NaO10

+, [M + Na]+, 617.2793; found, 617.2787.

X-ray structure determinations

All crystals were crystallized from the solvent of compounds in
MeOH/CH2Cl2 (1 : 1). The X-ray diffraction measurements were
carried out on a Rigaku Oxford Diffraction system equipped
with Mo-ka radiation (l = 0.71073 Å) using the o-scan method.
Ten sets of frames were measured to collect preliminary lattice
parameters and orientation matrices. Some 6266 reflections
were configured to obtain the unit cell dimensions. The struc-
ture was solved by a direct method using SHELXS(2008) and
refined using full-matrix least-squares difference Fourier techni-
ques by SHELXL-2014/7. All refinements were performed using
the Olex2-1.2-alpha software package. All nonhydrogen atoms
were refined with anisotropic displacement parameters and all H
atoms were positioned geometrically and treated as riding on
their parent C atoms with C–H distances of 0.93–0.97 Å, and with
Uiso(H) = 1.2Ueq(C) for all C–H atoms.

Crystal data of 1a. C14H14N4O3, Mr = 286.29, orthorhombic,
a = 11.4857(7) Å, b = 6.9956(4) Å, c = 33.950(3) Å, a = 901, b = 901,
g = 901, V = 2727.8(3) Å3, space group Pbca, Z = 8, Dcalc = 1.394 g cm�3,
m = 0.101 mm�1, and F(000) = 1200.0. Crystal dimensions: 0.5 �
0.25 � 0.15 mm3. Independent reflections: 2788 [Rint = 0.0226]. The
final R1 values were 0.0487 [I Z 2s(I)], wR2 = 0.1368 [all data]. The
goodness of fit on F2 was 1.165. CCDC 1441462.†

Crystal data of 1g. C15H16N4O4, Mr = 316.32, monoclinic,
a = 17.5680(9) Å, b = 9.9977(5) Å, c = 8.8328(5) Å, a = 901,
b = 104.264(6)1, g = 901, V = 1503.55(15) Å3, space group P21/c,
Z = 4, Dcalc = 1.397 g cm�3, m = 0.104 mm�1, and F(000) = 664.0.
Crystal dimensions: 0.3 � 0.25 � 0.08 mm3. Independent
reflections: 3071 [Rint = 0.0229]. The final R1 values were
0.0518 [I Z 2s(I)], wR2 = 0.1418 [all data]. The goodness of fit
on F2 was 1.051. CCDC 1441262.†

Crystal data of 1h. C15H13F3N4O3, Mr = 354.29, monoclinic,
a = 35.076(3) Å, b = 10.0258(6) Å, c = 8.8087(5) Å, a = 901,
b = 94.027(6)1, g = 901, V = 3090.1(4) Å3, space group C2/c, Z = 8,
Dcalc = 1.523 g cm�3, m = 0.132 mm�1, and F(000) = 1456.0.
Crystal dimensions: 0.3� 0.3� 0.2 mm3. Independent reflections:
3552 [Rint = 0.0144]. The final R1 values were 0.0577 [I Z 2s(I)],
wR2 = 0.1627 [all data]. The goodness of fit on F2 was 1.083.
CCDC 1441152.†

Conformation study

The different conformations of 1g and 1h were generated using
RandomSearch39 of Sybyl 7.2.40 And the energies of conforma-
tion CO and DO were calculated using the same software.

Cell culture and reagents

Human prostate cancer PC-3, liver cancer HepG2 and ovarian
cancer SKOV3 cells were purchased from the Cell Resource
Centre, IBMS, CAMS/PUMC. Human pancreatic cancer Panc-1
and BxPC-3 cells were gifts from Prof. Huaizhi Wang (Institute of
Hepatopancreatobiliary Surgery, Southwest Hospital, Chongqing).
Panc-1 and BxPC-3 cells were grown at Roswell Park Memorial
Institute 1640 (RPMI 1640) (GIBCO) supplemented with 10% FBS.
HepG2 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (HyClone) supplemented with 10% fetal bovine serum
(FBS). PC-3 cells were grown in Ham’s F12 (Kaighn’s modification)
(GIBCO) supplemented with 10% FBS. SKOV3 cells were grown in
McCoy’s 5A (GIBCO) supplemented with 10% FBS. Ribavirin
and (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide,
MTT) were purchased from Adamas. An LDH Cytotoxicity Assay
Kit was purchased from Beyotime.

Cell growth inhibition assay

PC-3, HepG2, and SKOV3 cells were seeded into a 96-well plate
at 10 000 cells per well, while BxPC-3 and Panc-1 cells were
seeded at 5000 cells per well, and allowed to adhere overnight.
Then, the culture medium was removed and replaced with fresh
media alone as a control or containing various concentrations
of the compounds. After 72 h of treatment, the number of viable
cells remaining was determined using a (3-(4,5-dimethylthiazol-
2-yl)-2,5diphenyltetrazolium bromide, MTT) colorimetric assay.
All experiments were done in triplicate and repeated three inde-
pendent times.

Lactate dehydrogenase (LDH) assay

The LDH assay was measured using a commercial LDH kit
(Cytotoxicity Assay Kit, Beyotime). PC-3 cells were seeded 15 000
cells per well in 96-well plates. Some 24 hours later, the culture
medium was removed and replaced with fresh media alone or
containing the test compound. After 6 h treatment, the plates
were centrifuged for 5 minutes in a multiwell plate centrifuge
(400 g), and 120 mL supernatant of each well was transferred to a
new 96-well plate. The LDH reaction mixture was freshly pre-
pared according to the manufacturer’s protocol and 60 mL of this
mixture was added to each well of the plates containing blank,
control, or cells in culture. The plate was incubated at 25 1C for
30 min. The control was performed with a release agent and
blank medium, and set as 100% and 0% LDH release, respec-
tively. The relative LDH release was defined by the ratio of LDH
released over total LDH in the cells. All samples were performed
in triplicate.

Hoechst 33342 staining assay

The Hoechst 33342 staining assay was measured using a com-
mercial Hoechst 33342 staining solution (Beyotime). BxPC-3 cells
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were seeded into a 96-well plate at 5000 cells per well and
allowed to adhere overnight. Then, the culture medium was
removed and replaced with fresh media (200 mL) alone as control
or containing various compounds. After 48 h treatment, 10%
glutaraldehyde solution (20 mL) was added to the wells for
10 min at 25 1C to fix the cells. Then, the solution was removed
and the cells were washed three times with PBS. The Hoechst
33342 staining solution was added as 100 mL per well and
incubated at 37 1C for 10 min. After the wash step, the cells were
observed by fluorescence microscopy (Olympus IX51) to evaluate
the apoptosis induced by the compounds.
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