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Abstract: The copper(I)-catalyzed 1,3-dipolar cycloaddition between alkynes and azides (click
chemistry) to form 1,2,3-triazoles is the most popular reaction due to its reliability, specificity,
and biocompatibility. This reaction has the potential to shorten procedures, and render more
efficient lead identification and optimization procedures in medicinal chemistry, which is a
powerful modular synthetic approach toward the assembly of new molecular entities and has
been applied in anticancer drugs discovery increasingly. The present review focuses mainly
on the applications of this reaction in the field of synthesis of agents with anticancer activity,
which are divided into four groups: topoisomerase II inhibitors, histone deacetylase inhibitors,
protein tyrosine kinase inhibitors, and antimicrotubule agents.

Keywords: topoisomerase II inhibitors, histone deacetylase inhibitors, protein tyrosine kinase
inhibitors, antimicrotubule agents

Introduction

Click reaction is a variation of the Huisgen 1,3-dipolar cycloaddition reaction between
terminal acetylenes and azides for the construction of triazoles, which is one of the pow-
erful reactions for making carbon—heteroatom—carbon bonds in aqueous environment
defined by Kolb et al in 2001."? The Huisgen cycloaddition is the reaction of a dipola-
rophile with a 1,3-dipolar compound to form the structure of five-membered (hetero)
cycles. Dipolarophiles could be multiple-bond compounds such as alkenes, alkynes,
carbonyls, and nitriles, which contain carbon, nitrogen, oxygen, or sulfur atoms, while
1,3-dipolar compounds are a class of compounds that can be represented by dipole
resonance structures, and they should contain at least one heteroatom.?

Kolb et al described the click reaction as being so wide in scope and easy to per-
form that chemists could only use readily available reagents to perform the reaction.
The click reaction is insensitive to oxygen and water, and the by-product can be easily
removed without requiring chromatographic methods and be stereospecific (but not
necessarily enantioselective).’ To sum up, click reactions share the following attributes:
1) Many click components are derived from alkenes and alkynes. Carbon—carbon
multiple bonds provide both energy and mechanistic pathways to be elaborated into
reactive structures for click connections. 2) Most click reactions involve the formation
of carbon—heteroatom (mostly N, O, and S) bonds. 3) Click reactions are strongly exo-
thermic, by virtue of either highly energetic reactants or strongly stabilized products. 4)
Click reactions are usually fusion processes (leaving no by-products) or condensation
ones (producing water as a by-product). 5) Many click reactions are highly tolerant
of, and often accelerated by, the existence of water.*

The 1,2,3-triazoles formed by click chemistry are very stable in both metabolic®”’
and chemical degradations. They also show diverse biological activities such as
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anticancer,® antibacterial,” and antiviral.!” All the above char-
acteristics imply the security and stability of 1,2,3-triazoles
under physiological conditions.

Since its debut in 1999, click chemistry has stimulated enor-
mous amount of interest in many different research fields and
been used increasingly in biomedical research for its good yield,
high selectivity, and the tolerance of various kinds of functional
groups and reaction conditions. Over the past years, click chem-
istry has emerged to become one of the most powerful tools in
drug discovery, chemical biology, and proteomic applications.*
Many researchers use click chemistry as a synthetic tool for the
generation of pharmacologically valuable drugs.!'?

Application of click chemistry in the

synthesis of anticancer agents

Cancer, also called malignant neoplasm, is caused by the
disorder of cell proliferation mechanism, and has become
a major public health burden in developed and developing
countries. Although several anticancer agents are in clinical
use and have significant curative effects, it is still necessary
to screen new molecules with different modes of actions.
Enzymes expressed at an estimated 18%—29% within eukary-
otic genomes* and the enzyme inhibitors play a significant
role in curing cancer.

Topoisomerase Il inhibitors

Topoisomerase enzymes (topoisomerases I and II) are
enzymes that control the changes in DNA structure by
breaking and rejoining the phosphodiester backbone of
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DNA strands during the normal cell cycle. In recent years,
topoisomerases have become popular targets for cancer
chemotherapy drugs.

Podophyllotoxin is an antimicrotubule agent acting at
the colchicine-binding site on tubulin.'* Due to its severe
toxicities, it cannot be used clinically, but its semisynthetic
derivatives, etoposide and teniposide, had been used as
effective anticancer drugs for the treatment of lung cancer,
Kaposi’s sarcoma, and lymphoma.

Reddy et al reported a series of 4B-[(4-alkyl)-1,2,3-
triazol-1-yl] podophyllotoxin derivatives synthesized by
employing click chemistry approach in 2011, the majority
of which proved to be more potent than etoposide, a clini-
cally therapeutic drug against various cancers. The selected
compounds exhibited significant anticancer activity with
IC, values in the range of 0.001-1 uM (Figure 1, 1), which
revealed that the presence of methyl, ethyl, and hydroxyl
groups in triazole moiety could increase the anticancer activi-
ties of those compounds. On the other hand, increasing the
length of alkyl chain of those compounds could decrease
their anticancer activities. Docking experiments showed a
good correlation between calculated interaction energies
with the topoisomerase II and the observed IC, values of
all these compounds.'?

In 2013, Chen et al synthesized the carbamate deriva-
tives of 4B-(1,2,3-triazol-1-yl) podophyllotoxin and then
evaluated their cytotoxicities against human cancer cell lines
HL-60, A-549, HeLa, and HCT-8. Among the synthetic
compounds, 4’-O-demethyl-43-[(4-hydroxymethyl)-1,2,

IC,, values (uM)

Entry R, R, PC-3 HeP-2 HCT-15 MCF-7
1 CH, Ethyl 0.03 0.06 04 0.4
2 CH, Propyl 5.1 1.6 0.03 14
3 CH, CH,OH 0.06 0.06 15 0.01
4 H  Ethyl 0.06 0.05 19 0.04
5 H Propyl 0.2 2.9 0.8 5.7
6 H CH,OH 82 6.7 18 0.6

Cytotoxicity (IC,;, uM)

HL-60 <0.01

A-549 0.14

Hela 0.51

HCT-8 0.05

Figure | Chemical structures of topoisomerase |l inhibitors synthesized via click chemistry.
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Mansonone E

Mansonone E

IC,,, (M)
R, R, A-549 HL-60 K562 HelLa
-4-(CH,),CH,-Ph Cl 11.38 2.55 5.67 17.99
-4-(CH,),CH,-Ph CI 12.76 3.54 3.51 16.92
-4-CH,-Ph Br 4293 10.27 18.81 26.60
-4-CH,CH,-Ph  Br 22.90 4.94 14.40 16.70

17.51 10.63 12.23 15.72

Figure 2 Chemical structures of topoisomerase |l inhibitors synthesized via click chemistry.

3-triazol-1-yl]-4-deoxypodophyllotoxin cyclopentylcarbam-
ate (2, Figure 1) showed the most potent cytotoxicities, which
induced cell cycle arrest in the G2/M phase accompanied
by apoptosis and inhibited the formation of microtubules in
A-549 cells. This compound can also cause the inhibition of
DNA topoisomerase I1.'¢

Mansonones!”!® are quinone-containing compounds that
show good anticancer activities. To investigate the effects
of C-9 halogenation and C-3 substitution on mansonone E,
Huang et al synthesized two series of novel C-9 chloro- and
bromo-substituted mansonone E derivatives with triazole
moieties at the C-3 position, which were prepared by using
click chemistry. Structure-activity relationship study revealed
that the substituent at the C-9 position and the triazole ring
exhibited various influences on the cytotoxicity against
several human cancer cell lines. Topo II inhibition assay
indicated that almost all of the C-9 bromo-substituted deriva-
tives showed better activities than the C-9 chloro-substituted
derivatives. The cytotoxic activities of these compounds
against A-549, HL-60, K562, and HelLa cells were also
evaluated by comparing with etoposide, which was used as
a positive control. The result indicated that these compounds
(3a-3d, Figure 2) have the potential to be antitumor agents
as topoisomerase II inhibitors."

In 2013, Kaushik et al reported the synthesis of a
small library of amino acid-linked 1,4-disubstituted 1,2,3-
bistriazole conjugates, which were synthesized from the
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N-protected L-amino acids and propargyl esters through
one-pot click reaction. Docking simulation of compounds
(4a and 4b, Figure 3) showed inhibition of Escherichia coli
topoisomerase Il DNA gyrase B through hydrogen-bonding
interactions.?

Histone deacetylase inhibitors

Histone deacetylases (HDACs) are a family of enzymes that
catalyze the deacetylation of lysine side chain in chromatin.
These enzymes are involved in a wide range of biological
processes such as cell differentiation, proliferation, angiogen-
esis, and apoptosis. Histone deacetylase inhibitors (HDACIs)
showed the ability to induce cell growth arrest, differentia-
tion, and apoptosis. HDACIs have been clinically validated
as a therapeutic strategy for cancer treatment.?'> The classic
pharmacophore for HDACISs consists of three distinct struc-
tural motifs: the zinc-binding group, a hydrophobic linker,
and a recognition cap group.?

Chen et al modified the cap region of a set of triaz-
olylphenyl-based HDACIs in 2008. They screened the
products with a panel of pancreatic cell lines to gain result
that the nature of substitution on the phenyl ring plays a
main role in their selectivity for HDACI1 versus HDAC6.
The triazolylphenyl ligand 5 (Figure 4) had been found to
significantly inhibit HDAC6 with an IC, value of 1.9 nM,
which represented a valuable research tool for further chemi-
cal modifications.?

O
O\/[ N"‘N
(o}

4b

(0]

Minimum inhibitory concentration (MIC, pM/mL)

Compound

4a 0.0025
4b 0.0051
Ciprofloxacin ~ 0.0047

Staphylococcus aureus Bacillus subtilis Escherichia coli

0.0051 0.0051
0.0051 0.0025
0.0047 0.0047

Figure 3 Chemical structures of topoisomerase |l inhibitors synthesized via click chemistry.
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HDAC6 IC,; 1.9 nM

Figure 4 Chemical structures of histone deacetylase inhibitors synthesized via click
chemistry.
Abbreviation: HDAC, histone deacetylases.

Shen et al reported a new chemical scaffold of HDACIs
through click chemistry in 2008. In their design, the precursors
corresponding to the “cap” moiety of the HDACI contained an
azido group, whereas the zinc-chelating functionality precur-
sors contained an alkyne group. Among the 14 compounds
which were synthesized from the combination of two alkyne
and seven azido precursors, NSC746457 (6, Figure 5) could
inhibit HDAC1 with an IC_ value of 104£30 nM, and it was
proved to be quite potent in the cancer cell line screening with
GI,, values ranging from 3.92 uM to 10 nM.* Shen et al also
discovered that triazole ring was of suitable size to fit into the
narrow active pocket of HDAC protein, and it was correctly
positioned to form a m—m interaction with two reserved phe-
nylalanine residues in the docking structure of NSC746457
with HDAC?2, indicating that the triazole ring contributed to
the binding affinity. In 2011, they reported the further opti-
mization of NSC746457 by using the HDAC2-trichostatin A
crystal structure. The optimization was also a click chemistry-
based approach, including the replacement of the trans-styryl
moiety with a 2-substituted benzo-hetero aromatic ring and
the introduction of a substituent onto the central methylene
carbon. Among the prepared compounds, isopropyl derivative
(compound 7, Figure 5) and #-butyl derivative (8, Figure 5)
exhibited excellent potency against HDACs enzyme, with
IC,, values of 22 nM and 18 nM, respectively.”’ For the
in vitro safety tests, NK-HDAC1 (compound 9, Figure 5)
was far less toxic to nontransformed cells than tumor cells,
while it showed approximately tenfold greater potency than
suberoylanilide hydroxamic acid (SAHA) in vitro.?®

H (e} (e}
N
\ﬂ/\/\/\)kN'OH xn N/NN,OH
o) H N=N H
6

SAHA

(o]
N NWN'OH
@AI‘N:N y
7

8

[0}
AN N/NN‘OH
N=N H

Chen et al established a 1,2,3-triazole ring as a surface
recognition cap group-linking moiety in SAHA-like HDA-
Cls. They synthesized several triazole-linked SAHA-like
hydroxamates using click chemistry in 2008. In these
compounds, the amide bond in SAHA was replaced with
a triazole ring. The linker chain length and the aromatic
ring of these compounds were both varied. Several com-
pounds (10a—10e, Figure 6) have showed potent inhibition
of HDACs.”

Sun et al envisioned that changing the position of sub-
stituents on the triazole ring of 10a (Figure 6) would increase
the selectivity for HDACI. Thus, they synthesized a new
series of triazole-based HDACI inhibitors using one-pot
click chemistry in 2013. These inhibitors showed the features
of high potency and selectivity of HDACI, as well as the
ability to inhibit several cancer cells’ growth. The HDAC
inhibitory activity data of these compounds confirmed their
conjecture. Compound 11 (Figure 7), a representative lead,
showed potent inhibition with an IC_, value of 58 nM to
HDAC1.%

In 2009, Horne et al reported the synthesis of HDACIs
containing 1,4- or 1,5-disubstituted 1,2,3-triazole analogs
to a naturally occurring cyclic tetrapeptide inhibitor of
HDAC:s called apicidin using click chemistry. They aimed
to carry out a more controlled study in which apicidin
analogs with a fixed cis- or trans-amide isostere could be
compared directly in an HDAC inhibition assay to solve
the question of which amide configuration of apicidin is
present in the dominant bioactive conformation. The 1,4-
and 1,5-substituted triazoles acted as surrogates for trans-
and cis-amide bonds, respectively. The resultant molecules
(12 and 13, Figure 8) showed inhibition of HDACI and
HDACS3, and proved useful to identify the most bioac-
tive conformation (cis—trans—trans—trans) of the original
cyclic tetrapeptide. They established the ability to probe
the biologically relevant conformation of a natural peptide
ligand by introducing different triazole regioisomers in

IC,, (nM)
SAHA HDACs 67
6 HDAC1 104430
7 HDACs 22
8 HDACs 18
9 HDACs 7
NVNWN OH
o N=N H
9

Figure 5 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.

Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.
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(N dogor o) Mgy O
4 N H
1 H

10c
IC,, (nM)
Compound HDACs
14.2
10d 2.1
10e 2.3
SAHA 65

Figure 6 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.

Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.

place of amide bonds in its backbone. The study will help
lead to more selective HDAC ligands.?'

Canzoneri et al reported the approach that conjugated a
SAHA-like aliphatic-hydroxamate HDAC inhibition group
directly to the nuclear localization signal peptide through
1,2,3-triazole moiety to give three compounds (14a—14c,
Figure 9). These compounds demonstrated HDAC inhibition
similar to SAHA in 2009. Compound 14b showed a threefold
improvement in HDAC1/2 inhibition, a threefold increase
in HDACS6 selectivity, and a twofold increase in HDACS8
selectivity when compared to SAHA.*?

Suzuki et al established a Cu(I) complex of HDACS
accelerating a selective reaction between an azide and an
alkyne to form potent HDACIs (15 and 16, Figure 10)
with IC_ values of 0.51 uM and 4.0 uM at HDACS, respec-
tively, via in situ click chemistry in 2010.%

Suzuki et al then reported two potent HDACS8-selective
inhibitors, C142 and C149 (17 and 18, Figure 10), syn-
thesized by click chemistry in 2012. They linked the zinc-
binding group that coordinates with the active-site zinc ion
to the capping structure, which interacts with residues on the
rim of the active site via a triazole moiety in the presence
of Cu(I) catalyst. The compound C149 showed more potent
activity than the known HDACS inhibitor PCI-34058 (IC,,
=0.31 uM) with an IC,  value of 0.070 uM. They also found
that the inhibitors caused selective acetylation of cohesin in
cells and exerted growth inhibitory effects on T-cell lym-
phoma and neuroblastoma cells (GI,; =3-80 uM), which

suggests that HDACS8-selective inhibitors have the poten-
tial as anticancer agents.** Based on these results, in 2014,
Suzuki et al reported a series of C149 derivatives that were
designed and synthesized as HDAC8-selective inhibitors by
converting the triazole ring of C149 into various aromatic
rings: benzene ring, thiazole ring, oxadiazole ring, triazole
ring, and thiophene ring. Among the derivatives, oxadiazole
derivative increased cohesin (HDACS substrate) acetylation
and showed greater growth inhibitory activity than C149
against T-cell lymphoma cells. The triazole derivative (19,
Figure 10) showed the most potent HDACS inhibitory activ-
ity with an IC_ value 0f 0.053 uM. These findings are useful
for the further development of HDAC8-selective inhibitors
and should pave the way for the development of new anti-
cancer drugs.®

To discover HDAC3-selective inhibitors, they per-
formed a further click chemistry approach to find a series
of HDAC3-selective inhibitors in 2013. Two compounds,
T247 and T326 (20 and 21, Figure 10), were screened out
with good selectivity for HDAC3 and did not strongly inhibit
other isozymes. They also induced a dose-dependent selec-
tive increase of NF-xB acetylation in human colon cancer
HCT-116 cells, indicating selective inhibition of HDAC3
in the cells. The result suggested the usefulness of the click
chemistry approach to find isozyme-selective HDACIs.*

Largazole 3 was a natural macrocyclic depsipeptide
reported by Taori et al in 2008, which showed promising

. IC., (M)
" NW (OH  Compound HDAC1  HDAC?
Lo 3 4 10a 5.13 1.87
11 0.058 NA

(NA, no activity observed at 10 uM concentration tested)

Figure 7 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.

Abbreviation: HDAC, histone deacetylases.
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Figure 8 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.

Abbreviation: HDAC, histone deacetylases.

HDACT inhibitory activity and selectivity.’” Li et al replaced
the 4-methylthiazoline moiety of largazole with nitrogen
functionality via click chemistry and obtained a series of
new largazole analogs (22, Figure 11), which showed good
selectivity for HDAC1 (IC, =0.1 uM) over HDAC9 (IC_ =
34.6 uM) compared to largazole in 2012. The experimental
results also indicated that the introduction of appropriate aro-
matic groups into the largazole skeleton was a useful optimiz-
ing tool for this unique class of anticancer agents.*

In 2012, Spencer et al reported a small library of
ferrocene-based 1,2,3-triazole-containing hydroxamic acids
synthesized by employing click chemistry. Compound 23
(Figure 12), 7-(4-ferrocenyl-1H-1,2,3-triazol-1-yl)-

I

HN&MA ﬁlwmk&f LLQAN% WJ@N

N-hydroxyheptanamide, showed good HDAC inhibition
with low IC, values. The potency was slightly lower than
that of SAHA. It was also shown to have appreciable growth
inhibition in breast cancer cells (MCF-7).%

Meng et al reported a *Cu-labeled HDAC imaging probe
in 2013. It was obtained by the introduction of a metal chela-
tor through click reaction of HDACI CUDC-101 (Figure 13)
and then radiolabeled with Cu (24, Figure 13). It was identi-
fied as a positron emission tomography (PET) imaging probe
to noninvasively visualize HDAC expression in vivo. The
IC,, of this compound to HDACs was shown to be in the
nanomolar range by enzymatic assay, which suggested that
24 has the potential to be used in clinical applications.*’

(e}
N=N l\ .OH

o
/N X
N

N

14 n=1-3
HDAC1/2 HDACS8 HDACS8 HDAC6 HDAC6
Compound n IC,, (nM) C,, (nM) selectivity> IC, (nM) selectivity?
SAHA 49 2,185 45 800 16
14a 1 36 3,503 96 575 16
14b 14 1,528 108 716 51
14c 3 25 1,243 50 714 29

Figure 9 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.
Note: *Selectivity is the activity of the HDAC isoform (6 or 8) divided by the activity of HDACI/2.

Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.
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15 16
IC,, (uM) IC,, (uM)
Compound HDACS Compound HDACs HDAC1 HDAC3 HDAC8 HDAC4 HDACG6
15 0.51 PCI-34058 >100 >100 >100 0.31 >100 9.6
0.4 17 44 >100 >100 0.1 >100 1.1
18 54 38 >100 0.070 44 24

Tl S, O

17
HN

— HN
Q\\\
N ©
NN
Compound HDACs

20 SAHA 0.073

20 >100
N=N
N%H
S N
©/V )
NO,

21 >100
21

Figure 10 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.
Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.

19

IC,, (uM)

HDAC1 HDAC3 HDAC8 HDAC4 HDAC6

0.39 0.27 0.66 >100 0.34
19 0.24 >100 >100  >100

>100 0.26 >100 >100 >100

Lo j
ICy, (UM) Selectivity
Compound HDAC1 HDAC2 HDAC3 HDAC9 HDAC1/HDAC9
Largaz°|e3 Largazole 0.146 172 0604 833  0.02
22 0.1 0224 0031 346  0.003
o~ Ny SAHA 0196 0537 011 156  0.01
N
JJ//\NH N&ﬁ
N
07~0 O j/s
HS X N
H

22

Figure |1 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.
Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.

= ("N H
% ! N Compound  HDAC1
N W OH

23 0.0045
o SAHA 0.0206

23

Figure 12 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.
Abbreviations: HDAC, histone deacetylases; SAHA, suberoylanilide hydroxamic acid.

IC,,, (uM)

HDAC2 HDAC3 HDAC6é HDACS

0.0095  0.0072 0.0026  0.1834
0.0466  0.0198  0.0033  0.6875
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Figure 13 Chemical structures of histone deacetylase inhibitors synthesized via click chemistry.

Protein tyrosine kinase inhibitors
Protein tyrosine kinases (PTKs) catalyze the phosphoryla-
tion of phenolic group of tyrosine residue in many substrate
proteins by the transfer of c-phosphate moiety of ATP. PTKs
play a crucial role in the signal transduction pathways. Aber-
rant regulation of kinase activity has been implicated in many
diseases including cancer.

Src family kinases, one genre of PTKs, play an important
role in the regulation of normal cellular signal transduction
pathways, such as cell division, growth factor signaling,
differentiation, survival, adhesion, migration, and invasion.*!
Src mutations and/or overexpression had been correlated
with tumor growth, metastasis, and angiogenesis.*** Src
kinase has been implicated in the development of a variety of
cancers.**

For studying the evaluation of 1,4-disubstituted 1,2,3-triaz-
oles as a novel template for Src kinase inhibition, Kumar et al
hypothesized that substitution at N, and position 4 of 1,2,3-
triazoles with hydrophobic residues may occupy and interact
with the hydrophobic-binding pocket of Src ATP-binding
site similar to that of 3-phenylpyrazolo-pyrimidines. They
synthesized two classes of 1,4-disubstituted 1,2,3-triazoles
using one-pot reaction of o-tosyloxy ketones/a-halo ketones
in the presence of aqueous polyethylene glycol (1:1, v/v) via
the click chemistry approach in 2010. Compounds 25a-25¢
and 26a and 26b (Figure 14) exhibited modest Src kinase
inhibitory activity among the synthesized 1,2,3-triazoles
with IC,  values in the range of 32-43 uM. The insertion of
C,H,- and 4-CH,C H,~ at the triazole functional group and

o nN:=N O N-= Compound R R IC_ (uM)

) | 1 2 50
R AN 2R, R1)J\\‘/Nf R: 25a C.H, 4CHCH, 416
! \' ‘; 25b 4-CH,CH, 4-CH,CH, 498
25 N .26 25¢ 2-Thienyl CH, 325
o 26a Cyclohexan-1-on-2-yl C.H, 435
26b Cyclohexan-1-on-2-yl 4-CH,C H, 33.9

NH,

\

LN
N~ N

Scr kinase IC,: 5.6 M

Figure 14 Chemical structures of protein tyrosine kinase inhibitors synthesized via click chemistry.
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Figure 15 Chemical structures of protein tyrosine kinase inhibitors synthesized via click chemistry.

Abbreviation: Abl, Abelson.

less bulkier group at the ketone position shows better inhibi-
tory activity for Src kinase.*

In 2011, Kumar et al synthesized a series of two classes of
3-phenylpyrazolopyrimidine-1,2,3-triazole conjugates using
the click chemistry approach to investigate whether varia-
tion of N, substitution in 3-phenylpyrazolopyrimidines with
different 1,2,3-triazoles-containing hydrophobic residues
can occupy and/or interact with amino acids of the cavity
formed from side chains of helix alC and helix oD and con-
tribute to the enhancement of Src kinase inhibitory potency.
All the compounds that they synthesized were evaluated
for inhibition of Src kinase and human ovarian adenocarci-
noma (SK-Ov-3), breast carcinoma (MDA-MB-361), and
colon adenocarcinoma (HT-29). Hexyl triazolyl-substituted
3-phenylpyrazolopyrimidine (27, Figure 14) exhibited inhibi-
tion of Src kinase with an IC, value of 5.6 uM.*’

The cellular form of Abelson (Abl) tyrosine kinase is a
close relative of the Src family of tyrosine kinases. Abl tyrosine
kinase is directly implicated in chronic myelogenous leukemia.
Kalesh et al reported the rapid synthesis of Abl tyrosine kinase
inhibitors, which contained the head portion of Imatinib, short-
chain azides, and an alkyne group, using the highly modular and
efficient click chemistry in 2009. Among these compounds, 28
and 29 (Figure 15) showed better inhibition against Src kinase
with IC values of 0.7 uM and 1.12 uM by enzymatic screen-
ing, respectively, which had comparable potency to Imatinib (a
Food and Drug Administration-approved drug for the treatment
of chronic myeloid leukemia).*

IC,, (nM)

SR

~N ~~N"

HN%=N 5 @& ) Ber-AbMT  Ber-AblT
N 0.60 1.12

Figure 16 Chemical structures of protein tyrosine kinase inhibitors synthesized
via click chemistry.
Abbreviation: Abl, Abelson.

Liet al designed a series of 3-(1H-1,2,3-triazol-1-yl)ben-
zamide derivatives as new Ber-Abl inhibitors by using com-
binational strategies of bio-isosteric replacement, scaffold
hopping, and conformational constraint with the applications
of click chemistry in 2012. The 1,2,3-triazole was utilized as
a new linker between the heterocyclic moiety (the so-called
head region) and the methylphenyl group (middle part) of
the inhibitors. The new Ber-Abl inhibitors showed signifi-
cant inhibition against a broad spectrum of Ber-Abl mutants
including the most refractory gatekeeper T3 15 mutation. The
most potent compound 30 (Figure 16) strongly inhibited the
kinase activities of Ber-AbIVT and Ber-AbI™! with mean
IC,, values of 0.60 nM and 1.12 nM, respectively.*’

Peruzzotti et al employed in situ click chemistry between
azides and alkyne fragments for probing the ligand-binding
site of Abl in 2012. This allowed the possible use of this
strategy for the discovery of new scaffolds useful for the
inhibition of the large family of tyrosine kinases.*°

Epidermal growth factor receptor (EGFR) kinase is believed
to undergo homo- or heterodimerization followed by activation
of the intrinsic PTK. EGFR can overexpress in breast, ovar-
ian, and other human cancers® and is a well-validated target
used in anticancer drug discovery now.>? Its family has four
members: human epidermal growth factor receptor-1 (HER1),
HER2, HER3, and HER4. HER?2 is a transmembranous glyco-
protein (p185neu) with intrinsic tyrosine kinase activity. It is
encoded by the HER2 protooncogene located on the long arm
of chromosome 17 (17g21).%¢ The overexpression of HER2 is

N\\
N
~ .NH
N IC,, (UM)
PhO HER2 MDA-MB-453 cell
6.6 30.39
31

Figure 17 Chemical structures of protein tyrosine kinase inhibitors synthesized
via click chemistry.
Abbreviation: HER, human epidermal growth factor receptor.
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Figure 18 Chemical structures of protein tyrosine kinase inhibitors synthesized
via click chemistry.

identified on many tumor cells. Statistically, overexpression
of HER2 occurs in a number of human cancers, including
25%—-30% of breast cancer,’’ 28% of pulmonary adenocarci-
noma, and 17% of colorectal adenocarcinoma.*®

The 1,2,3-triazole was discovered as an inhibitor of HER2
tyrosine kinase through computer-aided drug design approach
and searched from molecular libraries by Cheng et al. In
2007, Cheng et al synthesized a series of 4-aryl-5-cyano-2-
H-1,2 3-triazole derivatives bearing a variety of groups at
the 4-position of phenyl by click chemistry. The derivatives
showed bioactivity at HER2 tyrosine kinase. Compound 31
(Figure 17) has the lowest IC, value of 6.6 UM for inhibiting
HER? tyrosine kinase phosphorylation in breast cancer cells
and the IC_ value of 30.9 UM for breast cancer MDA-MB-
453 cell growth inhibition.*

Kobus et al reported an '*F-labeled tyrosine kinase
inhibitor, 6-(4-N,N-dimethylaminocrotonyl)amido-4-(3-
chloro-4-fluoro)phenylamino-7-{3-[4-(2-[ L8F]fluoroethyl)-
2,3,4-triazol-1-yl]propoxy} quinazoline (32, Figure 18),
synthesized via Huisgen 1,3-dipolar cycloaddition for
assessing the EGFR overexpression in tumors in 2009.
They applied a two-step click approach that can be adapted
to a fully automated synthesis module. PET images of PC9
tumor xenograft using the novel biomarker showed promising
results to visualize EGFR overexpression.®

r
HN Cl

H
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N/ NN X
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To facilitate clinical evaluation of primary tumors and/
or metastases using the EGFR-specific imaging agent,
Pisaneschi et al synthesized a small array of fluorine-
containing compounds based on a 3-cyanoquinoline
core in 2010. Compound 33 (Figure 19), incorporating
20-fluoroethyl-1,2,3-triazole, was selected for evaluation
as a radioligand based on its high affinity for EGFR
kinase (IC,, =1.81£0.18 nM), good cellular potency
(IC,, =21.9749.06 nM), low lipophilicity, and good meta-
bolic stability. Experimental data of the compound showed
good stability in vivo and a fourfold higher uptake in high
EGFR-expressing A431 tumor xenografts compared to low
EGFR-expressing HCT-116 tumor xenografts.®!

The family of fibroblast growth factor receptor (FGFR)
is one of the 20 subclasses of receptor tyrosine kinases, con-
sisting of four homologous receptors numbered FGFR1-4.%
FGFR3 can act as an oncogene in various cancers.®%
Le Corre et al reported a library of pyrido[2,3-d]pyrimidines
as inhibitors of FGFR3 tyrosine kinase allowing possible
interactions with an unexploited region of the ATP-binding
site in 2010. This library was built up with an efficient step
of click chemistry giving easy access to triazole-based com-
pounds bearing a large panel of substituents. Among the 27
analogs they synthesized, more than half exhibited 55%—89%
inhibition of in vitro FGFR3 kinase activity at 2 UM, and one
(34, Figure 20) was able to inhibit auto-phosphorylation of
mutant FGFR3-K650M in transfected HEK cells. Investiga-
tion also showed that the targeted region of the ATP-binding
site accepts 1,2,3-triazole moiety, with a preference for
positively charged substituents.®

Antimicrotubule agents

The tubulin system plays a key role during mitosis, and dis-
turbing its dynamic equilibrium can prevent cell division and
induce apoptosis. Microtubules, dynamic protein polymers
composed of a-tubulin and B-tubulin heterodimers, are
major components of the cytoskeleton with an important
role in a variety of cellular functions. They have become a
well-established cellular target for anticancer drugs in recent
years.?%® Searching for novel microtubule-binding agents

IC,, (M)

EGFR kinase 1.811£0.18
A431 EGFR autophosphorylation 21.97+9.06

Figure 19 Chemical structures of protein tyrosine kinase inhibitors synthesized via click chemistry.

Abbreviation: EGFR, epidermal growth factor receptor.
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Figure 20 Chemical structures of protein tyrosine kinase inhibitors synthesized
via click chemistry.

that have enhanced tumor specificity, reduced neurotoxic-
ity, and insensitivity to chemoresistance mechanisms, is the
main objective.®

Stefely et al reported a series of N-((1-benzyl-1H-1,
2,3-triazol-4-yl)methyl)arylamides as a new scaffold that
provides rapid access to antimicrotubule agents by copper-
catalyzed azide—alkyne cycloaddition in 2010. These com-
pounds all afforded inhibitors of cancer cell growth. Among
the inhibitors, compound 35b (Figure 21), led by the initial
hit compound 35a, had an IC_, of 46 nM against MCF-7
human breast tumor cells.”

Steganacin and podophyllotoxin are two naturally
occurring ligands that share the capability to disrupt tubulin
assembly. Imperio et al had used the ruthenium-catalyzed
[3+2] azide—alkyne cycloaddition to replace the lactone
ring of both the structures with a 1,5-disubstituted triazole in
few synthetic steps in 2007 (36a and 36b, Figure 22). These
compounds were found to be less cytotoxic while retaining
antitubulin activity compared to podophyllotoxin.”!

In 2011, Manach et al synthesized possible taxol
(microtubule-stabilizing antitubulin agents) substitutes (37a
and 37b, Figure 23) by a stereoselective B-glycosylation of
L-glucurono-y-lactone followed by a click cycloaddition of
aromatic structures. This synthetic route is very simple and
efficient and can provide fast access to a small library of
compounds.”
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Odlo et al reported a series of cis-restricted 1,5-dis-
ubstituted 1,2,3-triazole analogs of combretastatin A (an
attractive lead compound in the development of new anti-
cancer agents) using click chemistry in 2008. Compound 38
(Figure 24), 2-methoxy-5-(1-(3,4,5-trimethoxyphenyl)-1H-1,
2,3-triazol-5-yl)aniline, inhibited tubulin polymerization with
an IC value of 4.8 uM. Molecular modeling experiments
revealed that the triazole moiety interacts with B-tubulin by
means of hydrogen bonding with several amino acids.”

Chalcones (chalcone 1, Figure 25) are open-chained
molecules consisting of two aromatic rings linked by a three-
carbon enone fragment, and some of them have the ability
to inhibit tubulin polymerization. Mesenzani et al reported
a small class of antitubulin agents using click chemistry in
2010. They replaced the olefinic portion of chalcones with
metabolically stable and chemically inert heterocyclic rings.
Compound 39 (Figure 25) retained antitubulin activity. The
biologic data showed that click chalcones were inactive,
and suggested that the olefinic ring might not be merely a
structural linker.™

To understand the precise binding mode of the diketo-
piperazine-based antimicrotubule agent plinabulin on tubulin
in 2010, Yamazaki et al reported a new bioactive photoaffinity
probe KPU-252-B1 (40, Figure 26), possessing a biotin tag
on the oxazole ring of a potent plinabulin derivative KPU-
244, which was synthesized via the Cu(I)-catalyzed Huis-
gen’s cycloaddition reaction. The results revealed that the
probe KPU-252-B1 was recognized to be located around the
intradimer space between the o.- and B-tubulin units, which
was near the colchicine-binding site. The probe showed
significant binding affinity toward tubulin and cytotoxicity
against HT-29 cells.”

Conclusion

Click chemistry is one of the powerful tools for the construc-
tion of heteroatom links (C—X—C) for chemistry and biology
in anticancer agents development and investigation due to the
reliability, specificity, and biocompatibility of 1,2,3-triazole.
Click chemistry has the potential to shorten procedures and
render more efficient lead identification and optimization pro-
cedures in medicinal chemistry. Research and development

IC,, (nM)
Compound MCF-7
35a 560
35b 46

Figure 21 Chemical structures of antimicrotubule agents synthesized via click chemistry.
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Figure 25 Chemical structures of antimicrotubule agents synthesized via click chemistry.
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Figure 26 Chemical structures of antimicrotubule agents synthesized via click chemistry.

in this field are still increasing exponentially. The review
discusses the use of click chemistry in the area of synthesis
of agents with anticancer activity and intends to demon-
strate the diversity of applications of this chemical strategy
in the area of drug discovery. However, we are still in the
early developmental stages of this concept-driven research.
Though this reaction can be used for integration or linkage of
functional molecules by 1,2,3-triazole, which may form the
basis of small-molecule pharmaceutical leads and improve
their pharmacological activities, 1,2,3-triazole mainly acts
as a linker more than a bioisostere in the current studies,
indicating that 1,2,3-triazole may not be a good bioisostere.
And the fact that there have been few drugs that bear 1,2,3-
triazole ring currently being sold on the market indicates
the limitations in the use of 1,2,3-triazole as bioisostere
and linker in the drug discovery. Not only that, the copper
safety in the body and the biocompatibility of 1,2,3-triazoles
also make this reaction far from perfect in terms of its wide
application in medicinal chemistry at this stage. What is
more, the reaction’s narrow application that mostly focuses
on the reactions between terminal acetylenes and azides, the
single type of catalyst used in the reaction, and the easily
oxidized Cu(I) also limit the overall development of click
chemistry. Therefore, further studies in this field should be
carried out, and other cores similar to 1,2,3-trizole that exhibit
more biocompatibility should also be designed based on the
concept of click chemistry for the better applications of this
chemical strategy.
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