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The review lays emphasis on the significance of 1,2,3-triazoles synthesized via CuAAC reaction having
potential to act as anti-microbial, anti-cancer, anti-viral, anti-inflammatory, anti-tuberculosis, anti-
diabetic, and anti-Alzheimer drugs. The importance of click chemistry is due to its ‘quicker” methodology
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cheap starting materials. The activity of different triazolyl compounds was compiled considering MIC,
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Introduction

The consistently growing demand in the pursuit of medicinally
potent compounds for drug discovery have given birth to simple
and efficient synthetic routes for creating libraries of biologi-
cally active molecules." The synthesis of current drug analogs is
one among some of the most relevant approaches in medicinal
chemistry and the drug discovery process. Since the past two
decades, there has been enormous development in reaction
methodologies with focus on three fundamentals principles of
synthesis: versatility, efficiency, and selectivity. The extensively
explored reactions performed under these principles are termed
as ‘Click Reactions’. They are further sub-classified into four
brackets: (i) addition reaction to carbon-carbon multiple
bonds, (ii) cycloaddition reactions (known under the title
‘Huisgen 1,3-dipolar cycloaddition’), (iii) nucleophilic ring
opening reactions of strained heterocyclic electrophiles, and (iv)
none aldol carbonyl chemistry [MTC]. This Huisgen 1,3-dipolar
cycloaddition between azides and alkynes yielding 1,2,3-tri-
azoles (Fig. 1) is one of the most powerful among the click series
of reactions.>” The structural framework of 1,2,3-triazole
enables it to mimic different functional groups, justifying its
wide use as a bioisostere for the synthesis of new active mole-
cules possessing a broad range of biological activities that
include antimicrobial, anticancer, and antiviral, along with
antidiabetic, anti-inflammatory, anti-Alzheimer, and antioxi-
dant properties.* All these methodologies have permitted the
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ICs0, and ECsq values against different species of microbes. In addition to this, the anti-oxidant property
of triazolyl compounds have also been reviewed and discussed.

successful design of novel drug analogs via combinatorial
synthesis.

The use of click chemistry to manufacture drugs with cohe-
sive 1,2,3-triazole units via metal catalyzed alkyne-azide cyclo-
addition reaction have been developed to be an efficient tool.
Click chemistry, as defined by Sharpless, involves high yielding
reactions with wider scope, easily removable by-products,
complete control of stereospecificity, and simplicity of proce-
dure. The evolution of click chemistry is fine-tuned with phar-
maceutical and materials research for generating libraries of
molecules for drug discovery that makes it indispensable and
evolutionary synthetic tool. The performance of this reaction on
the cellular scale easily modifies biomolecules and cell surfaces
for imaging purposes and functioning for physiological inves-
tigations." The prerequisite of drug modification is to overcome
drug resistance, explore highly selective and less toxic drugs, to
improve the pharmacokinetic profile, resulting in the need for
an optimized process.' The ability to obtain stable 1,2,3-tri-
azolyl isosteres has resulted in their wide application in the
drug discovery and drug design of bioactive molecules analogs.
This necessity for novel chemotherapeutics has reinvigorated
various research groups to synthesize triazole analogs.'»* A
compiled report on the pharmacological applications of 1,2,3-
triazole linked molecules created via copper catalysed alkyne-
azide cycloaddition (CuAAC) reaction has not been published to
the best of our knowledge. This review contains the compiled
data of research articles published in the last 10 years (2010
onwards) with active pharmacological entities.

Triazoles including 1,2,3-triazole, 1,2,4-triazole, benzo-
triazole, triazolopyrimidine (Fig. 2), and their derivatives have
attracted continuous interest in medicinal chemistry, and many
drugs marketed currently are based on triazoles, for example
pramiconazole, fluconazole, and itraconazole as shown in Fig.
3."* Thus, the role of heterocyclic compounds has become

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Common reaction scheme leading to the formation of 1,2,3-triazole linked compounds.

increasingly important in designing a new class of structural
entities of medicinal importance due to the favorable properties
of 1,2,3-triazole ring such as moderate dipole character,
hydrogen bonding capability, and rigidity and stability under in
vivo conditions, which are responsible for their enhanced bio-
logical activities.**™"”

Anti-microbial activity

The 1,2,3-triazoles combine a framework consisting of N,N-
backbone nuclei with various carbocyclic framework to act as
potential anti-microbial agents, as compiled in Table 1. The
activity of these dehydroacetic acid chalcone-1,2,3-triazoles (1)
against bacterial strains (B. subtilis and E. coli) and fungal
strains (Aspergillus niger and Candida albicans) prove their anti-
microbial nature. The presence of a substituted methoxy group
on the phenyl ring increases its potency with high activity
towards these bacterial and fungal strains. It was observed that
the compounds with terminal bromo and methoxy groups on
the benzene ring exhibit better activity against most of the
microorganisms, whereas in the case of presence of nitro group,
better antifungal activity was observed in comparison to the
methyl group. In addition, the molecular docking studies
suggest that the activity of these compounds is a result of
attachment of oxygen atom of the carbonyl group of compound
2 to form a hydrogen bond with Asn46 residue of the active site,
whereas the phenoxy ring is hooked via in 7t-anion interaction
with Glu50. Also, the triazole ring exhibits w—cation interaction
with Arg136 with stacking of amide groups of Gly77 and Ile78
against the phenoxy ring.'*>°

The merging of two pharmacophore units results into the
formation of chalcone-1,2,3-triazole conjugates, which also
serve as antimicrobial agents. Among the sequence of series of
such triazoles screened, only compound 3 displayed high
activity against E. coli and S. epidermidis due to presence of 4-
nitro group. Molecular docking studies of compound 3 revealed
that the carbonyl group participated in hydrogen bonding with
His95, Ala96, and Ser121 residues. 1,4-Substituted triazole
attached to the phenyl ring is engaged in pi-alkyl interactions
with m-electrons, while the same phenyl ring also demonstrated
m-alkyl interactions with Val120.*" Srivastava et al. created
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Fig. 2 The structure of pharmaceutically active triazole moieties.
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a series of B-p-ribofuranosyl coumarinyl-1,2,3-triazoles using
Cu(1) catalysed cycloaddition reaction having potent anti-
mycobacterial activity against mycobacterium tuberculosis
H37Rv. The pharmacophore entity 4 possesses excellent inhib-
itor capacity against mycobacterium tuberculosis in comparison
to the standard drug. The target site of 1,2,3-triazole is myco-
bacterial InhA and DNA gyras enzymes, and the binding of (4)
molecule with these enzymes is essentially through hydrogen
bonding.***

Another class of compounds, containing Schiff base linked
to 1,2,3-triazole with terminal silatrane group, were synthesized
by single step ‘click silylation’ reaction. Among the series of
molecules screened by Singh et al., it was discovered that only
molecule 5 showed excellent inhibitor activity against S. aureus,
MRSA, and S. epidermidis due to the presence of electron
donating methoxy group.* In another series, novel dis-
piropyrrolidine and dispiropyrrolizidine-fused triazole conju-
gates were prepared via a facile one-pot four-component
cycloaddition reaction. Upon evaluation of the antibacterial
and antifungal activities, it was noticed that the molecule con-
taining bromo group (6) on the indolinone and triazole cycle
leads to an increase in the activity. In the same fashion, another
molecule containing methoxy group on the triazole ring and
a bromo substituent on the indolinone ring results in increase
in its antibacterial activity. The compounds having methyl
substitution at the 1,2,3-triazole unit show excellent antifungal
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Fig. 3 The structures of itraconazole, voriconazole and fluconazole
containing triazole moieties.
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Table 1 List of 1,2,3-triazolyl linked pharmacophores possessing anti-microbial activity observed using MIC and ICsq values

Comp. Biological
no. Parent compound target Anti-microbial activity Reference
N=y
|
o N\ N ‘ MIC (uM)
1 H37Rv strain 4.11 pM 15
Cl
= OMe
Me MIC (M)
E. coli
— 0.0030
o6 y/oH B. subtilis 0.0030
2 H

N*N Br A nige'r 0.0060 18
(0) /—& | C. albicans 0.0120
d N\ d N

H
OO MIC (pmol mL ™)
/Y\O E. coli 0.0032
N\ =N S. epidermidis 0.0032
3 N 21
g
F
HO
N:N
O i
N/ o o._ O MIC (uM)
4 H37Rv 5.1 22
OH OH Z
Me
MIC (ug mL™%)

S. aureus, MRSA strain, 3.25
and S. epidermidis

5 24

MIC (pg mL™)

(Gram —ve bacteria)
E. coli 31.25
P. aeruginosa 250

6 (Gram +ve bacteria) 25
S. aureus 31.25
S. pyogenus 250
(Antifungal)
C. albicans 250
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Comp. Biological
no. Parent compound target Anti-microbial activity Reference
Cl
MO MIC (pg mL™)
7 - N N _ MRSA strain 4 26
N \( N=N Cl
Me
N\
N> Cl MIC (ug mL ™)
8 M. catarrhalis 0.5 27
™
N=N
O,N Me MIC (ug mL™")
(0] (Gram positive)
Me MRSA strain 12.5
B. subtilis 12.9
9 Me B. cereus 12.0 29
N/\’/\O OH (Gram negative)
‘N=N E. coli 15.5
K. pneumonia 25.3
P. vulgaris 28.4
Me Me MIC (pg mL ™)
/\/K/\/k (Gram positive)
G G B. cereus 32
10 / II\I Me S. aureus 27 30
_ (Gram negative)
HO N =N E. coli 27
P. aeruginosa 22
MIC (pg mL ™) 31
11 H37Rv strain 0.78
MIC (ug mL ™)
Cl /N OMe B. subtilis 10
12 N == m E. coli 10 33
\Y /N
\N \
N=1\|1 OH
\ N\)\/o 0
MIC (ug mL ™)
13 H37Rv 0.78 34
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Table 1 (Contd.)
Comp. Biological
no. Parent compound target Anti-microbial activity Reference
O /@\
VO
z N=y MIC (g mL™")
14 N | Cl S. aureus 0.5 35
N
SN
0 MIC (mg mL™)
Antibacterial
N/\(\ S. aureus 0.625
15 ) N= ,N’\,\ P. aeruginosa 0.625 36
N N P¢O E. faecalis 0.625
Et0” Antifungal
OEt C. albicans 1.25
A. brasiliensis 1.25
H,N F MIC (ug mL™")
S. aureus 64
0 P. aeruginosa 16
16 S// S. dysenteriae 16 37
Vah
H N F
N:N
()
/ N ICso (uM)
17 N= ! P. falciparum 9.6 38
HO Cl
Cl
E. coli
F3C O
14 £ 0.6
N o B. subtilis 08 + 0.7
18 \ / \_(\ITI P. aeruginosa 10 + 0.3 39
o N;N
)
Me
IG5 (1M)
L. donovani 1.14
P. falciparum (D6 4.11
strain)
19 P. falciparum (W2 4.49 40

R;= Geranyl
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Comp.
no. Parent compound

Biological
target

Anti-microbial activity Reference

R,

N
Ny O
O

(a) Ri=H, R;=2-Cl, 4-F
(®) R=H,R;=H

oo

N N R
Rl / [} [/} \ / !
I\ AN N,N N\N / \
21 — =
o) I \ O
0 (0]
R;- 6-CH3;

N=N,

©/‘\/N\>\

(0]

22 4

N\ =
N

//Ph

Z N
: [
_N O
MeO Iﬁ;}_\
N x— b
24
Me H
O /\(N
S N
25 \ / \/_<\
M, Clo N—y /41‘\1 O ¢

This journal is © The Royal Society of Chemistry 2020

(a) (Antifungal)
F. oxysporum
F. gramillarium

(b) (Antibacterial)

E. coli
P. putida
S. aureus

H37Rv

P. aeruginosa

Antibacterial
B. subtilis

E. coli
Antifungal
F. recini

E. faecalis

Gram-positive
S. aureus

B. subtilis

S. epidermidis
Gram-negative
P. aeruginosa
E. coli

K. pneumonia

MIC (ug mL ™)

>64 (128)
>64 (128) “

>64 (>64)

>64 (>64)

>64 (>128)
MIC (pg mL ™)

0.2 42

MIC (ug mL™%)
12.5 45

MIC (pg mL™)

25

46
25

25

MIC (ug mL ™)

12.5 47

Zone of inhibition (mm)

15 £ 0.1
15 + 0.4
16 £+ 0.3 48

14 £ 0.3

13 £ 0.3
14 £ 0.4
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Table 1 (Contd.)
Comp. Biological
no. Parent compound target Anti-microbial activity Reference
Zone of inhibition (mm)
E. coli 15
| P. aeruginosa 25
26 / N\)\/ P. vulgaris 20 49
Me S. typhi 22
P. putida 10
Urinary tract infection 18
organism
Zone of inhibition (diameter in
mm) at 0.5 mg per 100 pL
o P. aeruginosa 17 £ 0.2
S. aureus 12 £ 0.2
O,N K. pneumoniae 12 +£ 0.2
27 a \Q E. coli 15+03 50

activity.” Thus, a series of metronidazole-triazole hybrids were
formulated having anti-methicillin resistant S. aureus activity. It
was found out that the compounds with halogen substituent at
the benzene nucleus show excellent activity as compared to
other substituents, such as ¢-Bu, Me, CHO, and NO,, which
display less inhibition activity towards MRSA strains.
Compound 7 with 2,4-dichloro substituents at the phenyl ring
displays excellent activity towards MRSA strains in comparison
to the reference oxacillin drug.>*

The benzo-fused nitrogen and sulfur heterocycles containing
1,2,3-triazole conjugates were synthesized as efficient antibac-
terial agents. The inhibition activity of N/S containing
compounds was tested against selected Gram-negative and
Gram-positive bacteria. Compound 8 bearing p-chlorophenyl or
p-fluorophenyl group having linkage with 4™ position of the
triazole displayed outstanding inhibition activity against M.
catarrhalis.**® Click chemistry was used to create a novel series
of 1,2,3-triazole compounds from ibuprofen. The activity of
these compounds was tested against bacterial strains and the
results indicated anti-bacterial activity for the compounds with
benzyl or phenyl ring with 1,2,3-triazole moiety containing
electron withdrawing group at para or meta position of the
rings. Compound 9 with 4-nitrobenzyl group hooked to 1,2,3-
triazole moiety resulted in excellent activity. The interactions of
compound 9 in the COX-2 active site can possibly cause the
higher activity.”

The use of geraniol as a precursor for synthesizing a new
category of 1,2,3-triazole was made through cycloaddition
reaction via click chemistry and their activity was evaluated
against four bacterial strains. Compound 10 having electron
withdrawing groups such as -OH and —Cl increased the activity
against all the bacterial strains. Compound 10 is bound via van
der Waals, hydrophobic, m-stacking, and hydrogen bond

5616 | RSC Adv, 2020, 10, 5610-5635

interactions. It is deduced that the triazole derivative (10) is also
surrounded by van der Waals linked residues. The hydroxyl
substituent at C4-position of the triazole moiety is bound by
a van der Waals pocket, which strengthened the binding
affinity, thus leading to increased antimicrobial activity of the
compound.®

Rajua et al. synthesized a novel series of pyrimidine based
1,2,3-triazoles via Cu(1) catalysed cycloaddition reaction, which
act as anti-tubercular agents. All the synthesized compounds
were tested against Mycobacterium tuberculosis H37Rv strain
and the results indicate that the presence of electronegative
atom on 1,2,3-triazolyl compound 11 led to the prominent
activity of that compound. The molecular docking studies
further verify this potent activity as a result of presence of
moderately extensive hydrogen bonds of Ser228 and Cys387, t—
alkyl with His132 and Tyr314, strong hydrophobic bonds of
Pro316, Ala244, Lys134, Lys367, and Val365 along with Tyr314
van der Waals interaction with the triazole ring.****

In another set, a series of 2-chloro-3-((4-phenyl-1H-1,2,3-
triazole-1-yl)methyl)quinolone derivatives were synthesized and
were evaluated to have good antibacterial and antifungal
activities. The activity of compound 12 was due to the attach-
ment of methoxy group on the benzyl ring, which was proved to
have excellent activity towards bacterial strains. Further, it was
observed that upon replacement of the methoxy group with
a methyl group, it is converted to a good antifungal agent.*® The
1,2,3-triazole compounds linkage with spirochromone conju-
gates 13 have good activity against Mycobacterium tuberculosis
(virulent strain H37Rv). Compound 13 displays high activity in
comparison to the standard drug ethambutol, which further
increases in presence of an aromatic group at 4™ position of
1,2,3-triazole and cyclohexyl group at the 2™ position of the
chromone ring.** 1,2,3-Triazole linked 4(3H)-quinazolinone

This journal is © The Royal Society of Chemistry 2020
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derivatives were synthesized and they were found to be good
antibacterial agents. Compound 14 is highly active against
a gram-particular positive bacterial strain, i.e., Staphylococcus
aureus but inactive towards gram-negative bacterial strains. Its
high activity is due to the presence of an electronegative atom
on the phenyl ring, which is directly attached to 1,2,3-triazole.*
Another set of halogen linked 1,2,3-triazole containing
quinazolin-4-one 15 was found to have excellent activity owing
to the presence of a phosphonoalkyl group located at the C4
position in the 1,2,3-triazole ring. These pharmacophore drug
molecules were potentially active against both gram-negative
bacteria such as S. aureus, P. aeruginosa, and E. faecalis with
the MIC value of 0.625 mg mL™'. Moreover, the linkage of
bromo or nitro group at the C6 position of quinazolinone
moiety led to a drastic fall in the activity towards the bacterial
strain. In addition, the unsubstituted quinazolinone
compounds exhibit potential antifungal activity against C.
albicans and A. brasiliensis with MIC value of 1.25 mg mL~".%°

Sulfanilamide-derived 1,2,3-triazoles generated by click
chemistry were examined as potent antibacterial and antifungal
agents. The analysis indicated that compound 16 has good
activity against three selected bacterial strains and contains two
highly electronegative atoms on the phenyl ring. Fundamen-
tally, the activity of such a compound depends upon the
terminal alkyl chain and the substitution on the phenyl ring in
the compound.’” Similarly, the series of 7-chloroquinolino-
triazoles having unique substituents in the 1,2,3-triaole moiety
were synthesized and examined for the antimalarial activity.
Compound 17 with a side chain hydroxyl group gives the best
antimalarial activity.*® Further, 8-trifluoromethylquinoline
based 1,2,3-triazole 18 derivative showed antimicrobial activity
due to the presence of electron withdrawing group such as -Cl,
which enhances their activity.®® 1,2,3-Triazolylsterols 19
synthesized using click chemistry were found to have excellent
antiparasitic properties against L. donovani, P. falciparum (D6
strain), and P. falciparum (W2 strain). The activity of compound
19 depends upon the length of the substituent attached to 1,2,3-
triazole, i.e., the presence of a long chain on triazole increases
the activity of the compound.*

Piperazine-triazole derivatives synthesized via click chem-
istry act as good antimicrobial agents with potential inhibition
activity as antibacterial and antifungal agents. The studies
prove that compound 20a containing electron-withdrawing
groups on phenyl ring has better antibacterial activity and in
the case of no electron-withdrawing groups on the phenyl ring,
it acts as an anti-fungal 20b.** Mono and bis-aryloxy linked
coumarinyl triazoles 21 act as anti-tubercular agent and the
results indicated that bis-triazoles are more active than mono-
triazoles. The activity of these compounds is regulated by the
ability of 1,2,3-triazole and the phenoxy moiety to form
hydrogen bonds with the protein at the site of the receptor.
Moreover, the activity of these compounds increases in the
presence of two triazoles and coumarin moieties in the
compound. The high activity of these compounds is supported
by the molecular docking studies carried out against InhA-
D148G mutant in the complex with NADH, showing better
hydrogen binding in the presence of two triazole rings. It was

This journal is © The Royal Society of Chemistry 2020
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discovered that by increasing the bulkiness of the compound,
the ability to create good hydrogen bonding also increases,
resulting in better activity against Mycobacterium tuberculosis
H37Rv.**

The oxazole conjoined 1,2,3-triazole derivative 22 presented
good inhibition activity against P. aeruginosa with MIC value of
12.5 g mL ™" and mild activity against S. epidermidis with MIC
value of 50 ug mL ", which is attributed to the presence of an
oxadiazole ring.** The 1,2,3-triazole ring fused with pyridine/
pyrimidine was designed and its antimicrobial activity was
evaluated. Compound 23 showed excellent antibacterial as well
as antifungal activity.*® Coumarin hooked via 1,2,3-triazole
conjugate 24 to varied alkyl, phenyl, and heterocyclic moieties
at the C-4 position of the triazole nucleus possessed phenom-
enal antibacterial activity against E. faecalis, which was a result
of the compound having a 2-OMe-Ph group attached at the
triazole nucleus and an -OCH,- linker.*” A similar class of
oxadiazole substituted 1,2,3-triazole derivative 25 containing
the structural features of ibuprofen/naproxen appeared to be
effective against both Gram-positive and Gram-negative
bacteria. One of synthesized compound was identified as the
most interesting as it exhibited activities against almost all the
species because of the presence of Cl at the o-position on the
benzene ring, which increases its activity.** A novel series of
1,2,3-triazolyl quinolones were designed via CuAAC and exam-
ined as antibacterial agents. The compound having unsub-
stituted phenyl moiety or phenoxymethylene 26 was more active
as compared to the compound containing the electron donating
methoxy functional group on the quinolone ring.* Moreover,
the benzoxepine-oxime-1,2,3-triazole hybrid was capable of
inhibiting the bacterial strains. Compound 27 was identified as
the most interesting among all the designed compounds as it
showed notable activities against almost all the bacterial strains
and against the NCI-H226 cancer cell, it showed GIs, value of
46.8 pM.%®

Anti-cancer activity

1,3,4-Substituted-1,2,3-triazoles were synthesized as potential
antitumor drugs, as shown in Table 2. The analysis of their
cytotoxicity against the tumor cell line HL-60 (myeloid
leukemia), MCF-7 (breast cancer), HCT-116 (colon cancer), and
non-tumor cells (vero cell) gave excellent results. Different ICs,
values were obtained for the tumor cells for compound 28,
clearly indicating a strong affect towards the HL-60 cancer cell
line. The IC5, value is below 10 uM for the cancer cell lines and
for the non-tumor cell, IC;, values were less than 100 uM.*
Pyrazolo[3,4-d]pyrimidin-4(5H)-ones tied to 1,2,3-triazoles were
synthesized with different substituents. Among the series of
synthesized compounds, few were highly effective towards C6
glioma cell line and U87 cancer cell lines. Compound 29 has
potential to capture the cell at the S-phase of the cell cycles and
gave rise to apoptosis in the U87 GBM cell lines. These
compounds are cytotoxic towards both C6 and U87 cell lines
and ICs, value for U87 is less as compared to that for C6, which
means that U87 is highly affected by these compounds, as
shown in Table 2. The ligand binds in the hydrophobic pocket

RSC Adv, 2020, 10, 5610-5635 | 5617
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Table 2 Compiled list of 1,2,3-triazole linked compounds possessing anti-cancer activity as observed using ICsq values
Sr. no. Parent compound Biological target Anti-cancer activity Reference
HOH,C ICso (M)
I_W/\ HL-60 3.4+ 1.9°
28 N—CoHy MCF-7 18.2 £ 7.2¢ 51
"N§N/
C,H7
N— IC50 (uM)
/
N C6 15.02
29 = 0] N U85 4.6 52
\
N\/N\/[’ ’/N
N
N~
S N =N
T N H
N / = N CF; ICs (1M)
30 MDCK 0.6 56
(0]
Ph
CF,
Me
o ICs0 (1M)
31 Me, Ni\lj\/i(o)(ONa)z GGDPS 1.3+ 02 60
—
Me P(0)(ONa),
OH
0 —
o
N _R, ICs (1M)
32 0 / N HeLa 7.93 61
X©© N
M N=
¢ Me
R;=2,6—dibromo—4—fluoro phenyl
N 0]
N=
\Nf< j ICs (1M)
~ 0 HEP3B 0.5
33 HT-29 5.7 62
(6] Nj@
O
MeO OMe
MeO
ICso (LM)
34 A549 0.51 £+ 0.32 67
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Sr. no. Parent compound Biological target Anti-cancer activity Reference
g N=I\I\ O O\
Se Ag Me
3 — \/K/N —/ ICso (M)
3 35 Fe = % A549 2.9 + 0.25 68
’g 0 MDA-MB-231 3.35 £ 0.37
[=
2 QAD ME e
o
2
o — 2t
o 2
£
S
Q 1C50 (HM)
5 HT29 44+03
< 36 DU145 1.8+ 0.5 71
S
g
2
<
[%2]
c —
o]
S
5 E
8 t
S
% ICs0 (1M)
s 37 DU145 8.17 74
(@)
©
]
e}
c
=]
: QL
= ICso (HM)
0
@ 38 NN Me Me g/le Me Lung (A549) 5.54 75
g NsN" D
5
£ o O
'_
CI\O\
= NH ICs0 (1M)
'E‘ % CN EC-109 1.42 £ 1.25
N | MCF-7 6.52 £ 0.23
39 N )% MGC-803 5.85 + 0.15 76
4 S N
N f
\
N
Cl
ICso (1M)
0 GBM 95 28.7
GBM 02 44.9
40 = us7 27.1 79
N
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Sr. no. Parent compound Biological target Anti-cancer activity Reference
S ICs0 (LM)
)]\ MGC-803 0.73 £ 0.11
(\N S/\K\ MCF-7 5.67 + 0.91
1 o N\) N PC-3 11.61 + 1.59 80
>< \"/ EC-109 2.44 + 0.10
(0]
(@)
N=N
N\)\/ IG5 (1M)
Hep-G2 2.67
42 HeLa 6.51 81
CH,CH,N(CH3),
o) Tll o) ICso (LM)
MCF-7 0.301
HeLa 0.725
43 OO 7721 0.502 82
N7\
\
N=
N=N
N = (0) (0]
— ICso (M) + SD
/ (a) HeLa 17.754 + 0.754
\ y (b) Caski 14.925 + 0.078
44 R (c) SK-OV-3 33.259 + 1.534 83
1
(a) R1: 2-F
(b) R1: 37CF3
(C) R1: 3—OCH3
o IC50 (uM)
Aurora A 0.37
45 MeO N Aurora B 3.58 84
H
HO
ICso (M) & SD
HL-60 0.66 + 0.04
SMMC-7721 0.85 £+ 0.05
o A-549 0.94 + 0.05
H
46 MCF-7 1.70 + 0.26 85
Me SW480 1.25 + 0.03
N
/
N
F N
O
N IG5 (1M)
47 _>\§) Tyrosinase 26.20 £ 1.55 86
O N
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Sr. no. Parent compound Biological target Anti-cancer activity Reference
N
N”N K/N
/ \ T N \N / Me ICs0 (1M)
418 \ / Abl kinase 1.9 + 0.1 87
N= N—<
HN
Me
[e) ICs0 (1M)
O MCF-7 104 £ 1.7
HT-29 6.8 + 1.3
49 Q NH - Nay CF; MOLT-4 8.4+ 0.6 88
\ |
I N
ICso (HM]
50 HepG2 0.0267 89
N ICs0 (1M)
| S MG-63 18.05 & 0.69
Q — MDA-MB-231 16.61 + 1.20
51 N\ N % /PEt3 HDF 22.83 + 1.42 90
N;N Pt\I
EtyP
Me_ Me
0 Me ICs0 (1M)
> o SKOV-3 1.2 £ 0.1
PC-3 0.9 = 0.1
NH MDA-MB-231 0.7 £ 0.1
52 MCF7 0.8 0.2 91
NS
0 Gl (u1M)
o © HCT-15 52.5
53 o NCI-H226 41.3 92
=~
N
cl NN
(0) N’N\‘
(0] NH = ICs0 (1M)
54 j@/ HCT-15 22.4 93
h
O=§=O
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Table 2 (Contd.)
Sr. no. Parent compound Biological target Anti-cancer activity Reference
NHSO,CHj, IG5 (nM)
OPh A549 6.7 £ 0.15
HepG2 9.8 £ 0.12
HeLa 7.9 £0.22
55 DU145 5.9 + 0.15 94
N
\
N
OC¢H3(Me-m)Cl-p
I\I/Ie
[Nj
N ICso (1M)
56 N7 N Me PDEA4B inhibition 5.014 95
Me soz ICs0 (1M)
57 IlI A549 8.7 £0.24 96
/
Me b
M N OP
Cl
//N\N SN ICs0 (1M)
N | A549 11.1 + 0.16
58 MCF 7 10.8 £ 0.11 97
N
M
¢ \ Me
Me
Me
N=\ «a
O
N 7\
n \ N
N, ICso (1M)
59 A549 9.8 £ 0.12 98
X
z
Me N Cl

¢ Represents the maximum possible deviation from the results.

of the protein kinase domain and the binding mode is stabi-
lized by the formation of hydrogen bonds between the ligand
and active site residues of the protein.**** Another compound
30 is a 1,2,3-triazole-based inhibitor, which is active against
HGF-induced scattering of MDCK and GTL-16 cancer cells. The
binding mode of the new compound is similar to that of the
active compound triflorcas; also, the range of ICs, of the new
compound is similar to that of triflorcas. The molecular docking

5622 | RSC Adv, 2020, 10, 5610-5635

studies show that the binding of benzothiazole ring occurs via
weak hydrogen bonded interaction with the NH backbone of
Met1160 through the S-atom, thus establishing hydrophobic
contacts with Tyr1159.%%°

A series of bishomoisoprenoid triazole bisphosphonates
were synthesized and were evaluated to have good inhibition of
geranyl diphosphate synthase. The activity of these compounds
was studied on the basis of chain length and the olefin
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stereochemistry, and the results prove that compound 31 is the
most potent inhibitor against GGDPS.*® A class of novel iso-
propylidene uridine [1,2,3-triazole] hybrids were found to be
highly active as anticancer and antibacterial agents. The results
indicated that the compound containing the hydroxyl group on
the benzene ring exhibited high activity towards MCF-7 (breast
cancer) cancer cell, whereas compound 32 containing 2,6-
dibromo group on the benzene ring is an excellent inhibitor of
the HeLa cell lines. These results clearly exhibit the high activity
in comparison to the standard drug cis-platin.**

The Cu(i) assisted cycloaddition reaction to create 1,4-
disubstituted 1,2,3-triazole resulted in a series of triazoles with
anticancer activity against hepatocellular carcinoma (HCC) Hep
3B cells and HT-29. Compound 33 exhibits excellent cytotoxic
effect towards the cancer cell lines and on normal human
umbilical vein endothelial cells but the effect is comparatively
less as compared to standard anticancer agent Sorafenib. The
activity of this molecule 33 is still better in a short time period
and at low concentration. The activity of compound 33 was
induced due to the apoptosis of Hep 3B cells and it did not
cause the arrest of the cell cycle at the G0/G1, S, or G2/M phases.
The decrease in the percentages of the cells at G0/G1, S, and G2/
M may have been due to the increase in the cells at the Sub-G1
phase.®>°¢

Sayeed et al. designed a new series of imidazopyridine linked
triazole hybrid conjugates with robust anticancer inhibition
activity with four cancer cell lines, i.e., breast (MDAMB 231)
cancer, human prostate (DU-145), human colon (HCT-116), and
human lung (A549) cancer. Among all the synthesized mole-
cules, compound 34 shows excellent cytotoxicity against the
human lung cancer cell line because of the presence of electron
donating trimethoxy group on the aromatic ring. Compound 34
exhibited various interactions with the residues with conven-
tional hydrogen bonds between the carbonyl oxygen and
Thr349, nitrogen atom of imidazopyridine ring and Ile332, and
nitrogen atom of the triazole ring and Gly350. The oxygen atoms
in the methoxy substituents were also involved in hydrogen
bonding with the amino acid residues Asp179, Asn329, and
Me341.%

Ferrocenyl chalcogeno (sugar) triazole conjugates also
exhibit strong anticancer activity. The evaluation of the activity
of these triazoles with different cancer cell lines conclude that
the sulphur containing triazole conjugates are cytotoxic towards
the cancer cell but with lower activity. Moreover, the
compounds containing selenium triazole 35 show very high
activity towards the cancer cell lines.®*"°

Platinum(u) complexes incorporating bidentate pyridyl-
1,2,3-triazole were synthesized and were highly active against
different cancer cell lines. The results specify that compound 36
is an excellent inhibitor of different cancer cell lines as
compared to the standard drug cis-platin.”* Two novel series of
1,2,3-triazole tethered to indole-3-glyoxamide derivatives were
evaluated for their anti-proliferative, anti-inflammatory, and
inhibitory activities against 5LOX, COX-1, and COX-2. The
activity of these compounds depends upon the nature and
position of the substituent on the phenyl ring. The compounds

This journal is © The Royal Society of Chemistry 2020
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with ethyl and halogen groups at the para position show
excellent activity against proliferative cancer cell lines.”>”*

Compound 37 with p-ethyl substituent on the aromatic ring
shows very high anti-proliferative activity. It displayed strong
binding with Lys352 and Val238 amino acids and was also
involved in hydrophobic bonding with Leu255 and Ile354
amino acids. It was found that this compound exhibited
a similar kind of interaction as that of nocodazole in the cata-
Iytic domain of ATP at the Colchicine binding site of tubulin.”
1,2,3-Triazole derivatives of diosgenin were used as anti-tumor
agents with inhibition activity examined on four cancer cell
lines, viz., HBL-100 (breast), A549 (lung), HT-29 (colon), and
HCT-116 (colon). It was studied that the compounds with
simple phenyl moiety attached through 1,2,3-triazole to the
parent molecule 38 demonstrate very high activity against the
A549 cancer cell line as compared to the positive control (BEZ-
235).” The triazolyl pyrimidine hybrids that act as anticancer
agents were tested on four cancer cell lines, viz., EC-109 (human
esophageal cancer cell line), MCF-7 (human breast cancer cell
line), B16-F10 (mouse melanoma cell line), and MGC-803
(human gastric cancer cell line). The results signify the impor-
tance of having electron-donating groups on the aryl amine that
exhibits high inhibition activity as compared to the compound
having electron-withdrawing groups. The 4-substituted aryl-
amine 39 shows excellent inhibition activity against MCF-7 and
MGC-803.77® This 1,4-disubstituted-1,2,3-triazole act as an
anticancer agent and shows excellent activity against glioblas-
toma cell lines. The examination of anti-cancer activity of these
compound at different concentrations and at two different time
periods (48 h and 72 h) gives the information that compound 40
having methylenoxy or tosyl-hydrazone attached to 1,2,3-tri-
azole led to an increase in the activity of the compound.
Compound 40 indicated large H-bond acceptor peaks directed
towards the tosyl and azide groups, suggesting a stronger
acceptor region.”

A novel series of 1,2,3-triazole-dithiocarbamate 41 was ob-
tained, which act as anticancer agents against four cancer cell
lines as compared to the standard drug 5-fluorouracil because
of the presence of electronegative atoms at the ortho-position of
the benzyl ring.® Gregori¢ et al synthesized a series of
pyrimidine-2,4-dione-1,2,3-triazole and furo[2,3-d]pyrimidine-
2-one-1,2,3-triazole as the anticancer agents. Their activity was
examined against five cancer cell lines and compound 42 shows
better activity against two cancer cell lines, viz., hepatocellular
and cervical carcinoma, as compared to the standard drug 5-
fluorouracil. The structure of compound 43 indicated the
absence of strong hydrogen-bonding donors and was linked
only by weak interactions, two C-H---O hydrogen bonds, one
C-H---N hydrogen bond, one C-H:--m interaction, and one ---
T interaction.®

Two new series of 1,2,3-triazole-1,8-naphthalimides 43 were
synthesized by click chemistry that act as anticancer agents. It
was observed that the activity of these compounds depends on
the type of the side chain that is attached to the 1,2,3-triazole
moiety. It has also been reported that if the side chain contains
terminal basic group, it results in the increase in the activity of
the compound against the cancer cell lines. The UV-Vis spectra
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Table 3 List of 1,2,3-triazolyl compounds possessing anti-viral activity as observed using ICsg and ECsq values
Sr. no. Parent compound Biological target Anti-virus Reference
Me N
SN
o) \ l NO, ECs, (uM)
N N TK + VZV 3.62
60 { >=o TK — VzZV 7.85 10
Me N
L
=N
N NO,
OH
Me
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}—'O N:I\‘I (:)H OMe ICso (NM)
61 0 \’&/N\_/-\/N\s// HIV-1 proteases (wt) 6 £ 0.5 99
= 4
= o
_Me
(6}
OH
NN
H_ "0 N
T
ICs0 (nM)
62 I}I z HIV-1 proteases (6X) 15.7 102
0=S=0 OH
/O
CN
ECso (LM)
=N _NH 1B 0.020
63 E138K 0.014 103
Nan O\
N Me
= NH o
(0]
N
! T e
ICs0 (M)
HIV-1 NL, ;3 7.0 £0.8 104

N’N\‘
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Table 3 (Contd.)
Sr. no. Parent compound Biological target Anti-virus Reference
MeO,
= N ICso (1M)
/ HO cells 0.01 105

OMe

65 : S N:N
O,N

were used to investigate the interactions between compound 43
and DNA, which represented significant hypochromic and
slight bathochromic shifts upon the addition of CT-DNA, sug-
gesting that the transition of energy or electron occurred
between the compounds and the base pairs of DNA. The results
suggested that the 43-DNA complexes were more stable with the
aid of large p-conjugated systems formed by phenyl linked to
1,2,3-triazole moiety of 43.%>

The benzyl-1,2,3-triazolyl linked hesperetin derivatives were
synthesized and examined to have anticancer as well as anti-
oxidant activity. The anticancer activity was found against
cancer cell lines such as HeLa, CaSki, and SK-OV-3. It was re-
ported that compound 44a, having an electron withdrawing
substitution at the ortho and para positions on the phenyl ring,
displays good activity against HeLa and compound 44b, having
a substitution at the meta position, increases its activity towards
SK-OV-3, whereas in the case when molecule 44¢ has an electron
donating group, then its activity towards CaSki is very high.*

The linkage of 1,2,3-triazolyl moiety with salicylamides 45
leads to the design of the anticancer drug acting as an aurora
kinase inhibitor. The binding of this inhibitor towards aurora
kinase depends on the availability of -OH group on salicyla-
mide, which is directly attached to 1,2,3-triazole. The inhibition
activity towards aurora kinase may also be due to the presence
of -CO,CH; group, wherein compound 45 interacts with
Lys175, Glu194, and GIn190 through hydrogen bonding. The
carbonyl group of the salicylamide scaffold acts as a hydrogen
bonding acceptor and forms a hydrogen bond with the side
chain N-H of Lys175, whereas the phenolic -OH of the salicy-
lamide scaffold acts as a hydrogen bond donor and makes
another hydrogen bond with the carboxylate of Glu194.%*

The allogibberic acid derivatives of 1,2,3-triazole pharma-
cophore were found to have inhibition potential towards five
cancer cell lines. From the results of the inhibition value, it was
analysed that in the presence of an a,B-unsaturated ketone
moiety, compound 46 shows excellent inhibition potential
against the cancer cell lines by arresting the S-phase of the cell
cycle. Similarly, the phthalimide based 1,2,3-triazole derivatives
attached to the substituted benzyl ring 47 were designed and
examined for the inhibition activity against tyrosinase.®*

The activity of this compound basically depends upon the
atom substituted on the phenyl ring, i.e., if an electron-donating
atom is present, then it will decrease the activity of the

This journal is © The Royal Society of Chemistry 2020

compound but if an electron-withdrawing atom is present on
the phenyl ring, then it will give excellent inhibition activity
against tyrosinase. Compound 47 was accommodated in the
binding pocket of tyrosinase by hydrogen-bonding and n-H
interactions. The oxygen atoms of the NO, group on the phenyl
ring interacted via two strong hydrogen bonds with side chain
N-Hs of Arg268 and phthalimide moiety involved in a m-H
interaction with Val283.%® Peruzzotti et al. developed N-[2-
methyl-5(triazol-1-yl)phenyl]pyrimidin-2-amine derivatives
through in situ click chemistry, which inhibit tyrosine kinase.
This compound 48 displayed good inhibition activity against
ADbl kinase (IC5o = 0.9 + 0.1 pM).*”

1,4-Naphthoquinone-1,2,3-triazole hybrids were synthesized
and evaluated for their anticancer activity against three cancer
cell lines including MCF-7 (human breast adenocarcinoma),
HT-29 (human colorectal adenocarcinoma), and MOLT-4
(human acute lymphoblastic leukaemia) by MTT assay.
Compound 49 with 4-trifluoromethyl-benzyl moiety possessed
the highest cytotoxic activity (ICs, = 6.8-10.4 uM) against all the
three cancer cell lines, which were comparable to the activity of
cisplatin (IC5o = 2.4-19.1 uM) as the positive control. Flow
cytometric analysis revealed that compound 49 arrested the cell
cycle at the GO/G1 phase.®®

Compound 50 consisting of three fluoro groups showed
excellent anticancer activity against HepG2 cells with IC5, value
of 0.0267 pmol mL~".* The formation of new organoplatinum
complexes with triazole rings was examined for their cytotoxic
effects on selected cancer (MG-63 and MDA-MB-231) and
normal (HDF) cells, and the results were compared with that of
cisplatin. The stats indicate that all the synthesised compounds
were at least thrice times more toxic than cisplatin against MG-
63, MDA-MB-231, and HDF cell lines, and the compound with
highest toxicity was 51.%°

Notably, the additional potentially active compound 52
possessing 3-(tert-butoxycarbonylamino)phenyl-substituted
triazole moiety not only exhibited obviously improved ICs,
values ranging from 0.7 to 1.2 uM against a panel of tested
cancer cells but also showed very weak cytotoxicity on normal
cells. Preliminary mechanistic studies indicated that
compound 52 could induce apoptosis in MDA-MB-231 cells
and was worth developing into a novel natural product-like
anticancer agent by proper structural modification.”*
Another series of hybrid compounds was synthesized and
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Table 4 List of 1,2,3-triazolyl pharmacophore possessing anti-inflammatory activity as observed using ICsq and K; £ SEM values
Sr.no.  Parent compound Biological target Anti-inflammatory activity =~ Reference
Cl
Cl
K; £ SEM (nM)
66 N/\\ Dopamine D3 receptor 5.05 £+ 0.141 106
LN 7N O‘D
N=N
N
| \ H3CO ICs (LM)
67 SN L. amazonensis 7.4 +0.8 110
(0]
H N=N ICs0 (UM)
68 N COX-2 0.12 74

It

tested against bacterial strains and cancer cell lines. Some of
the benzoxepine-1,2,3-triazole hybrids 53 displayed excellent
activity against P. aeruginosa strain in the 18 £ 0.3 zone of
inhibition (diameter in mm) at 0.4 mg/50 pL. The activity of
these drugs towards cancer cell lines HCT15 and NCI-H226 is
notable owing to the presence of a -CH,-O- linkage between
the triazole and heteroaryl moieties.®

In a unique reaction, for the creation of 1,2,3-triazole
derivatives of nimesulide, compounds 54 were designed as
potential inhibitors of PDE4B. One of the synthesized
compounds was highly effective for PDE4B inhibitory prop-
erties with ICs, value of 4.92 + 0.53 pM. The docking studies
revealed that the interaction of PDE4B with GIn443, His234,
and His278 also had potent activity towards HCT-15 human
colon cancer cells.” 1,2,3-Triazole linked nimesulide hybrids
were studied against four cancer cell lines. The presence of
-CH,0- moiety in the molecules proved to have better
molecular interactions, as indicated by their activities
against the cancer cell lines. Moreover, the docking studies of
compound 55 indicated that the -NH group of the synthe-
sized compounds formed H-bond with the ASP346 of PDE4B.
The most probable reason for inhibitory properties against
cancerous cell growth indicated by these compounds against
various cancer cell lines could be due to their inhibition of
PDE4B.** Furthermore, the 1,2,3-triazole derivatives of olan-
zapine 56 are capable of inhibiting PDE4B. The comparative
results signify that the compounds having unsubstituted
benzene ring attached with 1,2,3-triazole have better inhibi-
tion tendency as compared to mono-substituted benzene
ring.*”®  2,2,4-Trimethyl-1,2-dihydroquinolinyl substituted
1,2,3-triazole derivatives 57 were developed and were

5626 | RSC Adv, 2020, 10, 5610-5635

examined for their PDE4B inhibitor capacity as well as anti-
cancer properties. The standard inhibition percentage of
PDE4B at 30 uM is 58.2% and also has a notable value of IC5,
= 8.7 & 0.24 towards the A549 cancer cell line.*®

The collaborative effect of quinoline, triazole, and dihy-
droquinoline in a single pharmacophoric group has the capa-
bility of inhibiting PDE4B and some cancer cell lines.
Compound 58 is the most active against these two different
cancer cell lines A549 and MCF 7. The interactions of nitrogen
of the quinoline ring participated in the H-bonding interaction
with the Gln443 residue of PDE4B. Additionally, arene-cation
and arene-arene interactions were observed with the His234
and Phe446 residue.’” Quinoline, triazole, and oxime ether are
coupled and converged into a single molecular entity 59, and
these molecules were screened for their inhibitory effects on the
growth of four cancer cell lines and on the inhibition of PDE4B.
Among all the molecules screened, the compound 59 is highly
active against the A549 cancer cell line as compared to the
standard drug doxorubicin. The study, supported by molecular
docking, depicts that the nitrogen atom of both the quinoline
rings formed hydrogen bonds with the conserved residues such
as Gln443 of the Q pocket and His 234 of the metal binding
pocket in the active site of PDE4B. The conserved 7 interaction
with Phe446 was also observed commonly in all these
compounds.®®

Anti-viral activity

1,2,3-Triazole linked dihydropyrimidinone hybrid molecules
60 were developed and evaluated for their antiviral activity
against VZV, which is the causative agent for chickenpox.

This journal is © The Royal Society of Chemistry 2020
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Table 5 List of 1,2,3-triazolyl pharmacophore molecules possessing anti-diabetic activity as observed using ICsq values

Sr. no. Parent compound Biological target Anti-diabetic Reference
N=N
- N
ICs (1M)
69 N 7\ a-Glucosidase 0.8 + 0.01 111
-
N
— ICso (1M)
70 N S/Y\N o-Glucosidase 181.0 + 1.4 113
N:N/ ‘Q
Br
0]
MeO N%I\\
N'N \ ICs50 (1M)
71 OMe N [0) l e) l OMe a-Glucosidase 2.06 114
OH O
o\
0}
N
MeO Z®
l6) 8 ICso (ng mL ™)
72 HepG2 72.19 115
7 N
U
NN
O~
HO OH
OH
HO
O Me
OEt
O Me
ICso (LM + SEM)
73 N 1) NH a-Glucosidase 72.71 £ 1.09 116
| —
NSy o Me
OEt

Many such compounds with such activities have been
compiled in Table 3. It was observed that in the presence of p-
nitro group on the benzyl ring, the activity of the molecule

This journal is © The Royal Society of Chemistry 2020

increases against the TK + VZV strain. Molecule 60 with N,O-
triazole moiety is such that its activity is unaffected by the
midine kinase resistance.*
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Table 6 List of some of the 1,2,3-triazole linked pharmacophore molecules possessing anti-Alzheimer's activity as observed using ICsq values

Sr. no. Parent compound Biological target ICso (UM) Reference
Me\ //O
//S\N,
O
O N
N\
| N
74 NH N/ BACE1 2.0 117
HN
Br
OMe
}\I—N/\Q\ AChE
1
N A
2.000 £ 0.030
75 BChE 1.55 £ 0.012 119
NH
/
X
N
(0]
NHAc
EtO
CF
76 3 — . F3C AB,, aggregation 8.065 £ 0.129 120
N
O 5
O NH
H
OiZ‘/N Br
77 o HN BACE1 2.2 121
N\/\ \N;N
(6]
O
0\\ (0}
/C \ Me
78 NQNH le) NQN Me Acetylcholinesterase 1.80 122
|
\_&N
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Table 6 (Contd.)
Sr. no. Parent compound Biological target ICso (1M) Reference
(@)
AChEI
NZ 0.027 £ 0.009
| 0 BChEI 0.104 + 0.018
N = (b)
H /N / AChEI 0.095 £ 0.014
79 X NQN BChEI 0.006 £ 0.002 123
n
(0]
v R

(@n=1,R=Me,X=Cl,Y=H
) n=3,R=H,X=H,Y=H

The activity of 1,2,3-triazolyl compounds to act as peptide
surrogates, which is used as anti-HIV agent, is largely prom-
inent. Compound 61 has very high activity against wild type and
mutant HIV-1 proteases. Interestingly, the crystallographic
studies indicate that the position of this inhibitor is similar to
that of amprenavir and 1,2,3-triazole is a suitable mock of the
peptide group. The comparative study proved that the 1,2,3-
triazole is an effective replacement for a peptide group in the
HIV-1 protease inhibitors, thus leading to high activity.****
Further, these triazolyl compounds 62 too have the potential to
act as anti-HIV-1 protease inhibitor, with high activity of this
compound against wild type protease [(ICso) 6.0 nm]. Its high
activity is due to interaction with selected residues and main-
tenance of hydrogen bonding to main chain atoms.**

Tian et al. created a library of diarylnicotinamide 1,4-disub-
stituted 1,2,3-triazoles, which work as good anti-HIV1 agents
with activity against wild type HIV-1 and mutant HIV-1 strains
in MT-4 cells. The activity of these compounds was tested
against many strains including IIIB, K103N + Y181C, L100I,
K103N, E138K, Y181C, Y188L, and F227L + V106A. The results
indicate that the presence of nitro and cyano group at the 3™
position on benzyl ring 63 increases the activity of the
compound against HIV-1, as shown in the molecule.'”

Phenylalanine derivatives that were also synthesized via click
chemistry exhibit excellent anti-HIV activity. Compound 64 has
very high activity against HIV-1 NL4-3 strain with much lesser
toxicity because of the presence of B-substituted naphthalene,
which is directly bound to triazole. The results conclude that
compound 64 potentially has two different binding modes with
the HIV-1 CA monomer, which has implications for the precise
manner of CA protein inhibition in each of the discrete stages of
replication.’®* Furthermore, 1,2,3-triazoles along with amide
bioisosteres were also found to be anti-HIV against H9 cells. The
activity of these compounds depends upon the different
substituent attached to the benzyl ring. Compound 65 has
particularly high activity against the H9 cell line because of the
presence of methoxy and nitro groups on two different benzyl
rings.'®

This journal is © The Royal Society of Chemistry 2020

Anti-inflammatory activity

The 1,2,3-triazole conjoined compound of 4-phenylpiperazine
produces the target molecule 66 bearing 2,3-dichlorophenyl-
containing indolyltriazole group having strong dopamine D3
receptor activity.'**'* Eugenol derivatives bearing 1,2,3-triazole
functionalities were used to cure L. amazonensis disease.
Compound 67 demonstrates the best activity among the series
of derivatives of triazoles synthesized with lower toxicity as
compared to the standard drugs pentamidine and glucantime,
which is currently used in the treatment of leishmaniasis.**
Two novel series of 1,2,3-triazole tethered to indole-3-
glyoxamide derivative were evaluated for their inhibition as
anti-inflammatory agents. The activity of compound 68 depends
on the nature and position of the substituent on the benzene
ring, i.e., the substitution at the para position of the phenyl ring
gives good anti-inflammatory activity whereas the p-ethyl
substituent on the aromatic ring exhibits very high anti-
inflammatory activity,” and are compiled in Table 4.

Anti-diabetic activity

Igbal et al. synthesized new carbazole linked 1,2,3-triazole that
acts as an inhibitor against a-glucosidase. The results indicate
that most of these compounds show better inhibition activity
against a-glucosidase as compared to the standard drug acar-
bose, whereas some of them do not show activity due to the
presence of methyl group. In fact, compound 69 is highly active
due to the presence of the N-hetero atom in the pyridine
ring'lll,lll

The quinazolinone based 1,2,3-triazole acts as an anti-
diabetic agent with inhibition activity against a-glucosidase.
The synthesized compounds show excellent activity as
compared to the standard drug that is acarbose, as shown in
Table 5. One of the compounds having 4-bromobenzyl 70
represents the highest activity due to hooking of bromine at
ortho position on benzyl group. It was observed that upon
replacement of bromine with fluorine or chlorine group, the
activity of the compound decreases drastically. The activity of
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compound 70 was due to the interaction with His279, Pro309,
Arg312, Val305, and Val316 residues. The quinazolinone moiety
interacted via hydrogen bonding and m-m interaction with
His279. The phenyl-ethyl group and the sulphur of compound
70 interacted with Arg312 and a hydrophobic interaction
between Pro309 and the 1,2,3-triazole ring was observed.
Moreover, the 4-bromobenzyl group also interacted with Val305
and Val316 through the 4-bromo substituent and hydrophobic
interaction with Pro309 through the phenyl ring."*
Xanthone-triazole derivatives were investigated for their o-
glucosidase inhibitory activities and compound 71 was
observed to have the highest inhibition activity, with ICs, value
of 2.06 pM. The interactions between compound 71 and the
allosteric sites of the enzyme were studied by molecular dock-
ing, which reveal that the increase in the activities is an
outcome of hydrogen bonding and -7 or m—cation interaction
of the aromatic ring substituted triazole moiety with the
enzyme. In addition, molecule 71 promotes glucose uptake.***
Berberine derivatives were designed and evaluated for their
activity against HepG2 cell lines. It was observed that
compound 72 mannose (berberine derivative) produces the best
activity with an ICs, (ng mL ') value of 72.19, which is
approximately 1.5-fold of that of berberine and mannose."*
1,4-Dihydropyridine derivatives, upon synthesis, were eval-
uated for their anti-diabetic activity. The study with 11-beta
hydroxysteroid dehydrogenase-1 proves that molecule 73 adopts
L-shaped conformation while binding to 11B-HSD1. This was
a result of the development of CH- interaction with the Phe-

View Article Online

Review

300 residue. Also, compound 73 developed anion-m interac-
tions with Glu-276 and Asp-349 residues."®

Anti-Alzheimer activity

1,2,3-Triazole-linked reduced amide isosteres were analysed for
their anti-Alzheimer BACE1 inhibitor activity, as given in Table
6. Some of these amide isosteres were found to have very high
activity, as measured by their IC5, values. Compounds 74 have
large activities as BACE1 inhibitors."”**® Another class of novel
tacrine-1,2,3-triazole hybrids acted as cholinesterase inhibitors
as most of these compounds exhibit good inhibition activities
towards acetyl cholinesterase (AChE) and butyrylcholinesterase
(BChE). Compound 75 with methoxy group has very high
activity against AChE and if this methoxy group is replaced by
methyl, fluorine, chlorine, and hydrogen, then the activity
decreases against AChE; unsubstituted acridine displayed the
maximum activity against BChE."**

Triazole-based compounds were evaluated as multi-target-
directed ligands against Alzheimer's disease that included AB
aggregation, metal-induced AP aggregation, metal dys-
homeostasis, and oxidative stress. The synthetic compounds
76 have 0-CF; group on the phenyl ring with the most potent
inhibitory activity (96.89% inhibition, ICs, = 8.065 & 0.129 uM)
against AB,, aggregation, compared to the reference compound
curcumin (95.14% inhibition, IC5, = 6.385 + 0.009 uM). The
formation of amyloid fibrils was significantly reduced in the
presence of drug 76, which highlights the inhibition of AB42

Table 7 List of 1,2,3-triazole linked pharmacophore molecules possessing potent anti-oxidant activity

Biological
Sr. no. Parent compound target ICs (LM) Reference
o N N=N (a) AChE 50.80 (+1.01)
Q O/_Q\/I{I(\/) N \/\/ R, (b) DPPH 113.63 (+£0.05)
A (c) SsoD 45.12 (£0.04)
Rl R2 (0]
80 124
(a) R1:CH3 , RzZH , n=10
(b) Ri=CH; , R,=OCHj3, n=4
(C) R1:CH3 , RZZH , n=3
81 O/\EN/N DPPH 10.1 125
o
=N
Me N= \

PhSO,PH
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aggregation. In addition, molecular docking studies high-
lighted that molecule 76 binds preferably to the C-terminus
region of AB42 by hydrogen bonds and hydrophobic contacts.**®

Multifunctional iminochromene-2H-carboxamide deriva-
tives containing different aminomethylene triazole having
potential of BACE1 inhibition, and neuroprotective and metal
chelating properties that target Alzheimer's disease. Derivative
77 was found to have ICs, value of 2.2 pM against BACE1 and
was supported by the molecular docking studies, with two
residues of the binding site Asp32 and Asp228 being involved in
the hydrogen bonding interactions with the amino methylene
triazole linker and amide linker, respectively. The additional
hydrogen bonding interaction with Gly230 as the second
important amino acid was observed through the amide linker.
w7 stacking interaction was also observed in between Tyr71
and the bromophenyl ring. The phthalimide moiety establishes
favourable m-m stacking interaction with the side chain of
Thr76.***

1,2,3-Triazole supported chromenone carboxamides were
evaluated for their cholinesterase inhibitory activity, with
compound 78 being the best for acetylcholinesterase inhibitory
activity (IC5o = 1.80 uM) in comparison to donepezil as the
reference drug (ICso = 0.027 puM)."** The tacrine-coumarin
structured hybrids linked to 1,2,3-triazole proved to be poten-
tial dual binding sites of cholinesterase inhibitors (ChEIs) for
the treatment of Alzheimer's disease. Among all these,
compound 79a was the most potent anti-AChE derivative (ICs,
= 27 nM) and compound 79b displayed the best anti-BChE
activity (ICso = 6 nM), which is much more active than tacrine
and donepezil as the reference drugs.'

Anti-oxidant property

The symmetrically 1,4-disubstituted 1,2,3-bistriazole derivatives
were examined to possess anti-oxidant (AChE inhibition, DPPH,
and SOD) activity. This property is based upon the number of
carbon atoms present in the chain, which combines with the
two 1,2,3-triazole moieties. Compounds 80a, 80b, and 80c show
excellent activity against AChE, DPPH, and SOD."™ Another
class of compounds with similar disubstituted derivatives dis-
played good antioxidant activity against DPPH as compared to
the standard drug ascorbic acid. Compound 81 is the most
active due to the presence of NO, group in the compound.**
The diaryl sulfone moiety coupled triazoles were designed and
evaluated for their potential as anti-oxidants. Molecule 82 was
the strongest radical scavenger owing to the presence of diaryl
sulfone moiety, which increased its anti-oxidant activity,"*® as
provided in Table 7.

Conclusion and challenges

Click chemistry has been developed as an effective technique
for the synthesis of 1,2,3-triazoles that have the potential to act
as anti-microbial, anti-cancer, anti-viral, anti-inflammatory,
anti-diabetic, anti-Alzheimer, and anti-oxidant drugs. In most
of the synthesized compounds, the presence of electron with-
drawing groups increases the activity whereas the presence of

This journal is © The Royal Society of Chemistry 2020
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electron donating group shows the reverse affect. The genera-
tion of low-cost compounds with high purity can significantly
boost the pharmaceutical and medicinal chemistry efforts
towards new drug discovery and development. The detailed
pharmacological and pharmacokinetic studies of 1,2,3-triazolyl
compounds still appeared to be an under-explored area. The
efforts towards these directions may enhance the value and
significance of 1,2,3-triazolyl compounds in various drug
discovery programs.
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List of abbreviations

5LOX 5-Lipoxygenase
A. brasiliensis Aspergillus brasiliensis

A. niger Aspergillus niger

A549 Adenocarcinomic human alveolar basal
epithelial cells

AChE Acetylcholinesterase

B. subtilis Bacillus subtilis

B. cereus Bacillus cereus

B16-F10 Mouse melanoma cell line

BACE1 -site APP-cleaving enzyme 1

BChE Butyrylcholinesterase

BEZ-235 Dactolisib

C. albicans  Candida albicans

Cé6 Rat glioma cell lines

CaSki Cervical cancer cell line

COX-1 Cyclooxygenase-1

COX-2 Cyclooxygenase-2

DPPH 2,2-Diphenyl-1-picrylhydrazyl

DU-145 Human prostate cancer cell line

E. coli Escherichia coli

E. faecalis Enterococcus faecalis

EC-109 Human esophageal cancer cell line

F. Fusarium gramillarium

gramillarium

F. oxysporum Fusarium oxysporum

F. recini Fusarium recini

GBM Glioblastoma multiforme

GGDPS Geranylgeranyl diphosphate synthase

GTL-16 Human gastric carcinoma cell line

H9 Non-permissive

HBL-100 Breast cancer cell line

HCT-116 Human colon tumor cell line 116

HCT-15 Colon cancer cell line

HeLa Henrietta Lacks (cervical cancer cell line)

Hep 3B cells Hepatocellular carcinoma cells

Hep-G2 Hepatocellular carcinoma

HGF Hepatocyte growth factor

HIV Human immunodeficiency virus

HL-60 Human leukemia cell line 60 (myeloid leukemia)
HT-29 Human colorectal cancer cells
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K. Klebsiella pneumoniae

pneumoniae

L Leishmania amazonensis

amazonensis

L. donovani  Leishmania donovani

M. Moraxella catarrhalis

catarrhalis

MCF-7 Michigan cancer foundation-7 cell line (breast
cancer)

MDA-MB 231 M. D. Anderson-metastasis breast cancer

MDCK Madin-Darby canine kidney

MDR Multi-drug resistant

MGC-803 Human gastric cancer cell line

MIC Minimum inhibitory concentrations

MRSA Methicillin-resistant Staphylococcus aureus

NCI-H226 Lung cancer cell line

P. aeruginosa

Pseudomonas aeruginosa

P. falciparum Plasmodium falciparum

P. putida Pseudomonas putida

P. vulgaris Proteus vulgaris

PC-3 Human prostate cancer cell line
PDE4B Phosphodiesterase 4B

S. aureus Staphylococcus aureus

S. dysenteriae
S.

Shigella dysenteriae
Staphylococcus epidermidis

epidermidis

S. Staphylococcus epidermidis
epidermidis

S. typhi Salmonella typhi

S. pyogenus  Staphylococcus pyogenus
SK-OV-3 Ovarian cancer cell line
SMMC-7721 Human liver carcinoma
SOD Superoxide dismutase
SW480 Human colon carcinoma
TB Tuberculosis

TK Thymidine kinase

u87 Human glioma cell lines
vzv Varicella-zoster virus
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