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Novel N-aryltriazole nucleosides were synthesized via Cu-mediated C–N cross-coupling reaction starting
with 3-aminotriazole ribonucleoside and various boronic acids. Two of them exhibited potent apoptosis-
related antiproliferative activity against the drug-resistant pancreatic cancer cell line MiaPaCa-2, with an
increased potency compared to gemcitabine, the reference treatment for pancreatic cancer. A preliminary
SAR study suggests that the appended N-aryl moiety and the substituent at its para-position, as well as
the ribose sugar component, contribute considerably to the observed antiproliferative activity.

� 2010 Elsevier Ltd. All rights reserved.
Synthetic nucleoside analogs are of considerable importance in
the search for new structural leads with biologically interesting
activity.1 Over the last few years, our research program has aimed
to develop novel triazole nucleoside analogs bearing aromatic sys-
tems on the nucleobase,2–9 with a view to identifying new drug
candidates against various cancers, particularly drug-resistant
pancreatic cancer.2,3 Pancreatic cancer represents one of the most
lethal forms of human cancer, and drug resistance develops extre-
mely fast.10 The current first-line treatment for pancreatic cancer is
based on gemcitabine (Fig. 1), a nucleoside drug which is only
moderately effective yielding a mere 12% response rate, with a
median survival period of five months and a five-year survival rate
as low as 3%.11 Consequently, there is an urgent need to develop
new and more efficacious drug candidates to treat pancreatic
cancer.12

We have previously developed a series of triazole nucleosides
with appended aromatic moieties on the triazole ring, such as
arylethynyltriazolyl,2–4 bitriazolyl,5,6 aryltriazolyl,7,8 and N-aryl
nucleosides,9 with the rationale to combine the special properties
of triazole heterocycles13 with aromatic systems as enlarged nucle-
obases. Such triazole nucleoside analogs may exhibit favorable
binding properties with the corresponding biological targets via
greater and stronger interactions14 and in turn offer novel mecha-
nisms of action. Some of these triazole nucleosides (I and II in
ll rights reserved.

: +33 491 82 93 01.
Fig. 1) indeed demonstrated potent anticancer activity against
drug-resistant pancreatic cancer in vitro and in vivo,2,3 with en-
tirely new mechanisms of action responsible for the down-regula-
tion of the heat shock protein Hsp27,2 a novel target for anticancer
therapy which plays an important role in the drug-resistance ob-
served in certain cancers.15–17

In our continuing efforts to develop triazole nucleosides as no-
vel anticancer drug candidates, we became interested in N-aryl-
triazole ribonucleosides (A and B in Fig. 1). The frequent
occurrence of the N-aryl motif in many natural products and syn-
thetic drugs18 justifies the interest in their presence within the
nucleobases of nucleoside analogs with respect to designing new
nucleoside mimics. Additionally, we postulated that the relatively
flexible amine linkage between the triazole ring and aryl moiety
may confer an adaptive binding flexibility to the corresponding
biological targets. This would be an advantage over our previously
identified lead compounds I and II (Fig. 1), which have rather rigid
triple bond bridge between the aryl moiety and triazole ring of the
nucleobase.2,3

We have previously established the synthesis of N-aryltriazole
acyclonucleoside analogs (A in Fig. 1) using Chan-Lam modified
Cu-mediated cross-coupling reaction.9 However, none of the syn-
thesized acyclonucleoside analogs demonstrated any notable
anticancer activity. Here, we report the synthesis of novel N-aryl-
triazole ribonucleoside analogs (B in Fig. 1) using the Chan-Lam
cross-coupling reaction and the evaluation of their antiprolifera-
tive activity against pancreatic cancer cells. Two of the novel
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Figure 1. Gemcitabine, identified anticancer triazole nucleoside leads I and II, as well as N-aryltriazole acyclonucleosides (A) and ribonucleosides (B).
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N-aryltriazole ribonucleoside analogs exhibited potent antiprolif-
erative activity against the drug-resistant pancreatic cancer cell
line MiaPaCa-2, presumably via a mechanism of caspase-depen-
dent apoptosis induction.

The synthesis of N-aryltriazole ribonucleosides A, specifically 2
and 3 in Scheme 1, was achieved using our previously developed
protocol of Cu-mediated C–N cross coupling (Scheme 1, Table 1).9

The starting material 3-aminotriazole ribonucleoside 1 was ob-
tained via reductive hydrogenation of the corresponding 3-azido-
triazole ribonucleoside.19,20 The N-arylation was performed with
various boronic acids in the presence of Cu(OAc)2 and pyridine
with freshly prepared molecular sieves in CH2Cl2 at room temper-
ature and open air for 3 days.21 It should be noted that in many
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Scheme 1. Synthesis of N-aryltriazole ribonucleosides 2 and 3 starting from aminotriazo
cases we were unable to obtain the corresponding products in rea-
sonably good yields (Table 1). In particular, the Cu-mediated N-
arylation reaction was not at all effective with sterically demand-
ing arylboronic reagents (Table 1, entries 4 and 13). This could
mainly be ascribed to the steric congestion created by the substitu-
ent at the ortho-position, which may in turn strongly impede C–N
coupling. In addition, no clear-cut electronic effect was observed
for the products bearing either electron-donating (Table 1, entries
7 and 8) or electron-withdrawing substituents (Table 1, entries 9–
12) on the phenylamine. After further treatment in NH3/MeOH at
room temperature, the nucleosides 2 were transformed to the cor-
responding deprotected form 3 with good to excellent yields
(Table 1).22
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Table 1
N-Aryltriazole ribonucleosides 2 and 3 synthesized via Cu-mediated N-arylation and
subsequent ammonolysis

Entry Ar Product 2 Yield (%) Product 3 Yield (%)

1 2a 44 3a 98

2 H3C 2b 44 3b 98

3

H3C
2c 60 3c 81

4

CH3

2d 0 3d —

5 2e 43 3e 94

6 2f 46 3f 82

7 H3CO 2g 34 3g 95

8 H3CS 2h 29 3h 86

9 F3C 2i 21 3i 96

10 F 2j 50 3j 94

11 Cl 2k 42 3k 98

12

Cl
2l 40 3l 90

13

Cl
2m 0 3m —

Table 2
The proliferation of human pancreatic cancer MiaPaCa-2 and Capan-2 cells as well as
human prostate cancer PC-3 cells was assessed using MTT assay after treatment with
50 lM compound 2 or 3, in comparison with gemcitabine and taxol, the clinical drugs
for pancreatic cancer and prostate cancer, respectively

Entry Compound Cell proliferation (%)

MiaPaCa-2 Capan-2 PC-3

1 2a 137.7 ± 5.6 96.2 ± 2.2 91.0 ± 5.2
2 2b 58.6 ± 1.7 47.1 ± 1.4 68.6 ± 4.8
3 2c 99.9 ± 0.04 84.9 ± 6.0 94.2 ± 2.0
4 2d — — —
5 2e 99.0 ± 1.8 90.0 ± 5.2 96.1 ± 1.3
6 2f 102.8 ± 1.9 95.9 ± 6.5 90.2 ± 2.9
7 2g 96.4 ± 1.0 72.0 ± 2.4 85.6 ± 4.5
8 2h 85.4 ± 2.5 88.1 ± 4.8 105.6 ± 1.9
9 2i 98.6 ± 3.6 64.4 ± 4.1 88.4 ± 2.3

10 2j 80.2 ± 6.4 79.8 ± 3.6 84.7 ± 2.4
11 2k 43.8 ± 1.6 59.6 ± 2.2 60.2 ± 1.2
12 2l 72.4 ± 6.4 65.8 ± 3.5 69.8 ± 4.3
13 2m — — —
14 3a 68.0 ± 1.5 46.6 ± 2.0 73.9 ± 3.8
15 3b 85.6 ± 4.0 63.9 ± 3.0 107.5 ± 4.3
16 3c 100.1 ± 3.3 76.3 ± 2.8 96.2 ± 1.8
17 3d — — —
18 3e 99.8 ± 3.7 66.0 ± 3.1 91.4 ± 0.7
19 3f 103.1 ± 2.8 71.5 ± 1.4 90.3 ± 1.5
20 3g 126.4 ± 1.0 126.2 ± 7.2 102.2 ± 2.3
21 3h 98.6 ± 2.8 71.1 ± 2.9 92.1 ± 2.7
22 3i 100.3 ± 0.4 121.9 ± 2.3 89.4 ± 3.9
23 3j 68.1 ± 4.7 62.9 ± 3.1 67.0 ± 5.4
24 3k 95.9 ± 1.5 72.8 ± 3.5 70.2 ± 4.2
25 3l 88.7 ± 1.5 66.2 ± 1.5 77.4 ± 1.8
26 3m — — —
27 Gemcitabine 70.4 ± 3.4 32.7 ± 1.0 —
28 Taxol — — 41.3 ± 0.2
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Figure 2. Inhibitory effect of compounds 2b and 2k on the pancreatic cancer
MiaPaCa-2 cell growth, assayed by MTT test. (A) Dose–responsive effect of 2b and
2k on the growth of MiaPaCa-2 cells compared to gemcitabine. (B) Antiproliferative
activity of 2b and 2k on the MiaPaCa-2 cells in comparison with non-treatment
control, gemcitabine control and the previously identified two triazole nucleoside
leads I and II.
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We then assessed the anticancer activity of the synthesized N-
aryltriazole ribonucleosides 2 and 3 against the drug-resistant hu-
man pancreatic cancer cell line MiaPaCa-2, drug-sensitive human
pancreatic cancer cell line Capan-2 and hormone-refractory human
prostate cancer cell line PC-3.23 Cells were treated with 50 lM
compound for 48 h in comparison with non-treatment control.
The number of viable cells remaining after treatment was deter-
mined by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, MTT) colorimetric assay (Table 2). To our great delight,
two compounds 2b and 2k displayed interesting dose–responsive
inhibitory activity on cell growth of MiaPaCa-2 cells, with a much
better potency than the control reference drug gemcitabine
(Fig. 2A), and an equivalent activity compared to the previously
identified two triazole nucleoside leads I and II (Fig. 2B). In addi-
tion, the inhibitory effect of 2b and 2k on cell growth seems to
be general, because both of them elicited also some inhibition on
the drug-sensitive pancreatic cancer Capan-2 cells and hormone-
refractory prostate cancer PC-3 cells (Table 2). However, their
inhibitory effects on Capan-2 and PC-3 cells are much less effective
than the corresponding clinical references, gemcitabine and taxol,
respectively. We thus focused our attention only on their activity
on drug-resistant pancreatic cancer MiaPaCa-2 cells.

A preliminary delineation of the structural features behind the
antiproliferative activity shown by compounds 2b and 2k on Mia-
PaCa-2 cells was obtained, based on comparing the analogs with
different substituents on the phenyl ring. Compounds bearing
strong electron-donating (2g and 2h) and electron-withdrawing
groups (2i) on the phenyl ring elicited no considerable inhibitory
effect on cell proliferation. This may be due to their unfavorable
electronic properties. In addition, replacing the methyl functional-
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Figure 3. Apoptosis-induction in MiaPaCa-2 cells after treatment with the
compounds I, II, 2b and 2k, using non-treatment as control. (A) Flow cytometry
was used to quantify the percentage of cells undergoing apoptosis (cells in sub-G1/
G0). (B) Caspase-3/7 activity was measured using Caspase-Glo luminescent assay.
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ity and the Cl atom on the phenyl moiety in 2b and 2k with either
smaller atoms such as H and F (2a and 2j) or larger groups such as
ethyl and propyl groups (2e and 2f), led to a significant reduction
in activity. Further analogs harboring a substitution at the meta-
position (2c and 2l) displayed considerably decreased activity.
Consequently, the size and the position, as well as the electronic
properties of the substituent on the phenyl ring all contribute to
the observed antiproliferative activity of 2b and 2k.

We next examined the importance of the sugar component
based on the structural analogs of 2b. Removing the protecting
groups at the ribose sugar led to an inactive analog 3b. The reason
that the acetyl protected analog 2b elicited activity may be as-
cribed to the increased lipophilicity brought by the acetyl protec-
tion, which may facilitate the cell uptake and result in effective
biological activity; whereas the unprotected analog is more polar,
which may lead to an inefficient cell uptake and thus no activity.
Further substituting the ribose sugar by an acyclic sugar compo-
nent (4 and 5 in Scheme 2)9,24 significantly decreased the activity.
These findings indicate the importance of the acetyl protection of
ribose sugar. It is worthy to mention that 2b and 2k may have com-
pleted different mechanisms of action from gemcitabine, which
may require detailed investigation in this direction.

We also assessed the role of the amine bridge between the aryl
group and the triazole ring in 2b (Scheme 2). Either removing the
amine linkage (6 in Scheme 2)25 or replacing the amine functional-
ity in 2b with a rigid triple bond connection (7 in Scheme 2)2 or
triazolyl ring (8 in Scheme 2)5a led to a considerable reduction in
activity (data not shown). We therefore concluded that both the
flexible structure and the balanced polarity of amine linkage may
contribute collectively to the observed antiproliferative activity.

We further studied the apoptosis-inducing activity of 2b and 2k
in MiaPaCa-2 cells using fluorescence-activated cell sorting (FACS)
flow cytometry.26 Cells were treated with 50 lM of either 2b or 2k,
using non-treatment as control. After 48 h of treatment, the cells
were labeled with propidium iodide and immediately analyzed.
An increase in the fraction of cells undergoing apoptosis (sub-G1/
G0 fraction) was revealed following treatment with 2b and 2k
N
N

O

OAOAc

AcO

N
N

N

O

OAcOAc

AcO

O

OCH3

H3C

H3C

N
N

N

O
AcO

HN
O

OCH3

CH3

4

6 7

B

Scheme 2. Structural analog
compared to non-treatment control (Fig. 3A), indicating that the
induction of apoptosis represented the main mode of activity.
Interestingly, both 2b and 2k elicited similar apoptotic cell popula-
tion compared to lead I, whereas much more important apoptosis
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To further confirm the apoptosis-inducing activity of 2b and 2k
in MiaPaCa-2 cells, we determined caspase-3/7 activity using a
luminescent assay.27 MiaPaCa-2 cells were treated with the test
compound at 50 lM and the caspase-3/7 activity was measured
by the cleavage of the luminogenic substrate containing the tetra-
peptide sequence DEVD according to the instructions.27 The ob-
tained results revealed a similarly increase in caspase-3/7
activation following treatment with 2b and 2k compared to non-
treatment control and positive control with previous leads I and
II (Fig. 3B). Altogether, these findings suggest a caspase-3/7-depen-
dent mechanism of apoptosis-induction.

In conclusion, we have synthesized a novel family of N-aryl-
triazole ribonucleoside analogs via Cu-mediated C–N cross-cou-
pling reaction. Although the N-arylation reaction could not
deliver the corresponding products in good yields, the yield was
sufficient to allow a preliminary in vitro assay to investigate their
antiproliferative activity against drug-resistant human pancreatic
cancer MiaPaCa-2 cells, drug-sensitive human pancreatic cancer
Capan-2 cells and hormone-refractory human prostate cancer PC-
3 cells. Two compounds elicited potent anticancer activity against
the drug-resistant human pancreatic cancer cell line MiaPaCa-2,
with a better potency than gemcitabine, the reference treatment
for pancreatic cancer. This finding suggests that these two N-aryl-
triazole nucleosides may represent novel structural leads in the
search for new anticancer candidate drugs. We are currently pur-
suing the chemistry of N-arylation on triazole nucleosides with a
view to significantly improving the reaction yield and broadening
the substrate scope. Not only would we then have the necessary
quantity of products for further in vivo and mechanistic studies
but also have access to a large diversity of molecular structures
for future structure/activity relationship analysis, essential to the
search for novel anticancer drug candidates.
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of treatment, the cells were trypsinized and the collected cell pellet was
washed with PBS and fixed in cold-ethanol 70% overnight at 4 �C. After a wash
with phosphate–citrate buffer, cells were treated with 200 lL RNase (500 lg/
mL), labeled with 1 mL propidium iodide (50 lg/mL), and immediately
analyzed by fluorescence-activated cell sorting (FACS Calibur, Becton
Dickinson, Le Pont-De-Claix, France). Each sample was performed in triplicate.

27. Caspase-3/7 cleavage assay: Caspase-3/7 activity was measured using the
Caspase-Glo 3/7 Assay Kit (Promega). MiaPaCa-2 cells were initially seeded at
15,000 cells/well on 96-well plates. Twenty-four hours later, cells were treated
with the test compound at 50 lM for 24 h. Next 100 lL of Caspase-Glo 3/7
Assay Reagent was added to each well of a white 96-well plate containing
100 lL of blank, control or cells in culture. The caspase-3/7 activity was
measured by the cleavage of the luminogenic substrate containing the
tetrapeptide sequence DEVD according to the instructions of the
manufacturer (Promega). The plate was incubated at room temperature for
1 h before measuring the luminescence of each well. Each experiment was
performed in triplicate.

http://dx.doi.org/10.1016/j.bmcl.2010.02.104

	N-Aryltriazole ribonucleosides with potent antiproliferative activity against  drug-resistant pancreatic cancer
	Acknowledgments
	Supplementary data
	References and notes


