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Introduction

Carbohydrates having complex structures also called ‘bio-molecules’ play crucial roles in many physiological as well as
pathological cell functions [1-3]. They are found very important to cellular recognition events, including signal transduction,
inflammation, immune response, apoptosis, tumor metastasis and viral & bacterial infections [4,5]. Involvement of
carbohydrates in various vital metabolic processes such as cell-cell interaction, cell migration, pathogen defense etc., makes

carbohydrate a promising candidate for the drug development.

Many microbes, including viruses, bacteria and their toxins, have evolved to bind cell surface carbohydrates, a binding that is
a prerequisite for infection to occur [6]. Additionally, carbohydrates and their conjugates including biomolecules participated
efficiently in the fertilization, blood clotting, hormone trafficking, cellular differentiation and development. Cell
differentiation and tumor development changes carbohydrate phenotype, this creates novel targets for immunotherapeutic

strategies in the treatment of malignant diseases.

Utilization of carbohydrates in drug synthesis are found to be easy due to presence of several chiral hydroxyl groups which
after diverse modifications coupled with appropriate biological relevant scaffolds to generate various glycohybrids [7,8].
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Multivalent nature of carbohydrates enhances their affinities for targeting different biological processes, such as the binding
of bacteria, bacterial toxins [9], galectins [10], and other lectins [11].

Triazole ring also known as isoster of amides and exhibiting chemical and electronic resemblance to amide bond (FIG. 1).
Amide bond represents the main chemical bond that links amino acid building blocks together to constitute proteins, where

this functionality plays a major role in the elaboration and composition of biological systems [12].
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FIG. 1. Hypothesis on structural similarity between 1,4-triazole and Z-amide.

Hence like amide triazoles also create important biological activity and interplay with suitable biological targets owing to
their high dipole moment, which allows strong hydrogen-bonding interaction with targets. Moreover, this heterocycle is
stable towards metabolic degradation and can improve the solubility of molecules, thereby establish triazoles as a potential
pharmacophore [13]. The importance of 1,2,3-triazole derivatives as biologically important molecules having activities such
as anti-HIV, antiviral [14], antibacterial [15], antifungal [16], antiparasitic [17], anti-inflammatory and antitubercular agents
[18] has been known through literatures after their discovery. 1,2,3-triazoles are the special isomer of these triazole rings
which are not natural occurring molecules, yet they are gifted numerous biological activities. Therefore, triazole synthesis
along with adjoining process of carbohydrates with any other groups affords drug like architectures possessing a variety of
biological activities and their development as a pharmacophore, is valuable area of research in the field of medicinal
chemistry. The present review is aimed at recent developments in carbohydrate-based triazolyl scaffolds in medicinal

chemistry.

Synthesis of 1,2,3-Triazoles via Alkyne-Azide Cycloaddition Reaction

The Huisgen 1,3-dipolar cycloaddition reaction of organic azides and alkynes [19,20] giving a mixture of regioisomers 1,4-
and 1,5-disubstituted 1,2,3-triazole (SCHEME 1), is among extremely important transformations in organic chemistry, as
evidenced by the large number and wide scope of targets that can be prepared by this methodology. The reaction was
discovered at the beginning of the 20" century, but Huisgen et al. [19,20] in the 1960s were first behind the comprehensively

study and unveiling the mechanism of this reaction.

Despite the high versatility, for more than 40 years this reaction suffered from disadvantages such as requirement of heating
and long reaction time for completion, lack of selectivity in product yield, and difficulty in separation of the two regioisomers
using classical chromatographic techniques. In 2002, Meldal [21] and the Sharpless [22] laboratories independently reported

that copper (I) salts were able to accelerate this reaction at room temperature or with only moderate heating condition
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furnishing exclusively the 1,4-regioisomer with minimal work-up and purification (SCHEME 2). Likewise, Cu(l) catalyze
click reaction, opposite result was obtained in ruthenium-catalyzed alkyne-azide cycloaddition reactions which afforded the
next regioisomer of 1,2,3-triazoles in 1,5-disubstitution manner solely [23,24].
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SCHEME 1. 1,2,3-triazole synthesis via Huisgen azide-alkyne cycloaddition reaction.
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SCHEME 2. Metal catalyzed (Cu/Ru) regioselective synthesis of 1,2,3-triazoles.

Especially in case of carbohydrate chemistry, the CUAAC reaction finds wide application in the preparation of carbohydrate
derivatives including the generation of N-glycosyl triazoles from simple acetylenes or derivatives containing the acetylenic
functional groups. This approach is a potent tool in accessing diverse carbohydrate mimetics with improved affinity
stabilized by the glycosylation steps. Therefore, click chemistry has emerged as powerful conjugation strategy for the
synthesis of 1,2,3-triazole-containing glycoconjugates of biomedical interest [25-39]. Mimic of naturally occurring
glycoconjugates has been achieved in a large scale using carbohydrate chemistry in combination of click reaction provides a
potentially more reliable path to artificial glycoconjugate which retain the geometric and spatial characteristics of the native
glycoform with sufficient hydrolytic stability toward glycosidases and glycosyltrasferases. These may and also inhibit these
enzymes to some extent, so increasing the potential for a wide array of in vivo applications [40]. Hence, the 1,4-disubstituted
1-H-1,2,3-triazoles have been considered significant for diverse range of in vivo applications since before the discovery of
CuAAC reaction (FIG. 2).
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FIG. 2. Sugar-based triazoles known before invention of CUAAC reaction.
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Mechanism of Cu-Catalyzed Click Reaction

The cycloadditions generally proceed through a concerted mechanism. However, the Huisgen cycloaddition was suggested to
be stepwise process [23,41,42] but based on available experimental evidences, it was found that first, Cu(l) coordinated with
alkyne Il z-electron system. It decreases the Pk, value of acetylene proton and there is exothermal formation of Cu-acetylide
I1l. Each terminal alkyne invites two coopers for coordination to generate Cu-acetylide where Cu(l) present in dimeric or
polymeric cluster form having bond angles 130 A and 140 A respectively. In subsequent step, azido group underwent
complexation with Cu(l) metal where most commonly it is considered that N-1 of azide functionality participated in
coordination and form Cu-acetylide complex 1V, which in turn activates N(3) of azide for nucleophilic attack at C(5) to give
metallocycle V [43]. After the ring contraction where a lone pair electrons of N(1) attacks on C(5) to give the respective
intermediate VI, reaction proceeded for elimination of Cu ligand and subsequent protonation C-5 carbon releases 1,4
disubstituted 1,2,3 triazole VII product (SCHEME 3).
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SCHEME 3. Well accepted mechanism for CUAAC reaction.

Carbohydrate Containing Triazoles in Medicinal Chemistry

Now a day’s Cu(I) catalyzed click reaction has emerged as an important strategy for the discovery and optimization of lead
along with its exploration as an effective drug candidate against various therapeutic strains. Involvement of carbohydrates in
various vital metabolic processes such as cell-cell interaction, cell migration, pathogen defense etc., makes carbohydrate a
promising candidate for the drug development [44]. However, complexity associated with its synthesis, especially concerning

anomeric stereochemistry, poor pharmacological properties, and modest affinity for various receptors limits its development
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as drug lead. But, compatibility of Cu(l)-catalyzed coupling of carbohydrate based azides and alkynes to pre-appended
protecting groups, as well as relative inertness of triazole ring towards string of protection/deprotection and glycosylation
steps establish this approach as a potent tool in accessing diverse carbohydrate mimetics with improved affinity. A large
number of biologically active glycosylated 1,2,3-triazole moieties have been designed which showed good pharmacokinetic
properties.

Protein tyrosine phosphatases (PTPs) are well-validated therapeutic targets for many human diseases. Zhang et al. [24]
reported PTP inhibitor entities by simply “clicking” alkynyl amino acids onto diverse azido sugar templates. Triazolyl
glucosyl, galactosyl, and mannosyl serine and threonine derivatives were efficiently synthesized via click reaction, one of
which (compounds 6 and 7, FIG. 3) was identified as a potent and selective PTP1B inhibitor against a panel of homologous
PTPs with 1C5,=5.9 £ 0.4 um for R;=H (6) against PTP1B and I1C5,=7.1 + 1.0 um for R;=Me (7) against PTP1B [45].

Li et al. [46] reported a library of benzyl 6-triazolo(hydroxy)benzoic glucosides as tyrosine phosphatase (PTP) 1B inhibitors
via Cu(l)-catalyzed azide-alkyne 1,3-dipolar cycloaddition. These glycoconjugates bearing alkyl chain, sugar, and (hydroxy)-
benzoic derivatives (compounds 8 and 9, FIG. 3) (IC5,=8.7 £ 1.4 um for n=2 and 1C5,=6.7 + 0.5 um for n=3) were identified
as new PTP1B inhibitors with selectivity over T-cell PTP (TCPTP), SH2-containing PTP-1 (SHP-1), SHP-2, and leukocyte
antigenrelated tyrosine phosphatase (LAR). Triazole-linked phenylalanine and tyrosine-aryl C-glycoside hybrids were
synthesized via microwave-assisted click reaction in high yields. The successive PTP1B biological assay found from the
glycoconjugates that contain carboxylic acid and benzyl moieties as more active PTP1B inhibitors is the most potentially
successive specific PTP1B inhibitor, which possess at least several-fold selectivity over other homologous PTPs tested with
IC50=5.6 um for 10 against PTP1B and 1C5y=5.5 um for 11 against PTP1B (FIG. 3) [47].

Recently click chemistry has been successfully explored for the identification of mono- and bis-phenylalaninyl and tyrosinyl
glucoside derivatives as novel PTP1B inhibitors [47]. The designed compounds bearing one or two phenylalanine or tyrosine
derivatives on the 6-, 2,3-, 2,6-, 3,4-, and 4,6-positions of the glucosyl scaffolds were efficiently constructed via the
microwave-assisted Cu(l)-catalyzed azide—alkyne cycloaddition in moderate-to-excellent yields. Successive biological assays
identified these compounds as novel PTP1B inhibitors, with the 4,6-disubstituted tyrosinyl glucoside 12 being the most
potent. A kinetic study established that both mono- and bis-triazole linked glycosyl acids act as typical competitive inhibitors,
whereas the 3,4-disubstituted tyrosinyl glucoside bis-triazolyl ester 13 exhibited a mixed-type inhibition pattern against
PTPs1B and TCPTP (T cell protein tyrosine phosphatase). Compounds 12 displayed inhibition values Ki=14.4 um, 1C5,=10.8
um and 13 showed Ki=8.7 um, 1C5,=9.6 um against PTPs1B while value 1C5,=31.0 + 9.6 um against TCPTP (FIG. 3) [48].
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FIG. 3. Triazolyl glycoconjugates as potential (PTP) 1B inhibitors.
A diverse range of physiological and pathological processes that involve the breaking or construction of glycosidic linkages
can be regulated by identifying inhibitors of glycosidases and glycosyl transferases that catalyze these processes. Therefore,
they may serve as highly promising therapeutic agents for the treatment of diseases such as diabetes [49,50], viral infections
[51,52] or cancer metastasis [53]. The 1,2,3-triazoles are poorly basic in nature and thus remains non-protonated under
physiological pH. Studies reveal that non-protonated sp>-hybridized nitrogen atoms of 1,2,3-triazoles may better mimic the
partial positive charge at the anomeric carbon in the transition state of the glucosidase-catalyzed reaction, thereby may
actually behave as more specific glycosidase inhibitors.

A series of saccharidyl-triazoles based on anti-diabetic drug acarbose structure were synthesized by Perion et al. [54] using
click chemistry. The bioassay of the synthesized triazoles significantly inhibited the a-glycosidase enzyme. Dedola et al. [55]
synthesized a library of glucosidase inhibitors by the reaction of a- and B-glucopyranosyl azides with diverse alkynes

carrying various functional groups, which were supposed to interact differently with the active site of enzyme [55].

Applying Cu-catalyzed [3+2] cycloaddition reaction condition Rossi and Basu [56] prepared 1-p-D-glucosyl-4-phenyl
triazole and 1-B-D-galactosyl-4-phenyl triazole (FIG. 4), which has been recognized as aglycone-modified inhibitors of -
glucosidase enzyme. Their inhibitory activity was examined by performing a percentage assay against three p-glycosidase
enzymes sweet almond glucosidase (SAG), Escherichia coli galactosidase (ECG), and bovine liver galactosidase (BLG). In
comparison to glycosidase inhibitors deoxygalactonojirimycin (DNJGal) and deoxynojirimycin (DNJ, gluco configuration)
galactose derivative 14 showed moderate inhibition for ECG, whereas glucose triazole 15 was observed to be better inhibitor

of BLG than the galactose derivative 14 and none of them showed good inhibition for SAG [57].

Polakova et al. [58] explored copper catalyzed click reaction to synthesis of new triazole conjugates derived from D-mannose
and assayed in vitro assays to examine their ability to inhibit a-mannosidase enzymes from the glycoside hydrolase (GH)
families 38 and 47. The developed molecules were more selective for a GH47 a-mannosidase (Aspergillus saitoi al,2-

mannosidase), exhibiting inhibition at the micromolar level (ICs values of 50 mm to 250 mm), and less potent towards GH38 a-
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mannosidases (ICs, values in the range of 0.5 mm to 6 mm) towards jack bean a-mannosidase. The compounds 16-18 were
found more potent and selective towards the a-mannosidase from the GH family 47 (ICso(AspMan)=0.05 mm to 0.25 mm) and
weaker inhibitors of the a-mannosidases from the GH family 38 (1C5o(dGMIIb, dLManll, JBMan)=0.4 mm to 6 mm) (FIG. 4)
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FIG. 4. Glycosyl triazoles as potential inhibitors of glycosidases.
In search of more potent inhibitors for angiogenesis than 1-deoxynojiromycin (20) and aryl-1,2,3-triazole (19), which target
two different pathways for angiogenesis therapy, a hybrid was prepared (FIG. 5). N-alkylation of 1-DNJ followed by 1,3
dipolar cycloaddition resulted in novel bifunctional compounds, out of which compound 21 (FIG. 5) showed better a-
glycosidase activity (ICs=1.15 pum) than DNJ (1.67 pum) and showed improved ability to inhibit (BAEC) bovine aortic
endothelial cells proliferation (1C5,=0.105 mm) than 19 (1C5,=0.347 mm) [58].
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FIG. 5. Developed angiogenesis antagonists, 1-deoxynojiromycin analogs.

Hosoguchi et al. [60] developed novel synthetic sugar nucleotide (compound 22, FIG. 6) which was identified to be the first
highly specific inhibitor for rat recombinant o 2,3-(N)-sialyltransferase (o 2,3ST, 1C5,=8.2 um), while compound 22 was
proved to become a positive substrate for rat recombinant a 2,6-(N)-sialyltransferase (o 2,6ST, Km=125 pum, where Km is the
kinetic parameter (Michaelis-Menten constant)). Versatility of this strategy was further confirmed by identification of two
selective inhibitors (compounds 23 and 24, FIG. 6) for human recombinant a 1,3-fucosyltransferase V (o 1,3-FucT, Ki=293
nm) and a 1,6-fucosyltransferase VIII (R1,6-FucT, Ki=13.8 um) [59].

Cu(l)- catalyzed “click” cycloaddition reactions between glycosyl azides and alkynes were exploited to generate inhibitory
therapeutic agents of O-GIcNAcase. Wang et al. [47] reported enzymatic kinetic screening which exposed that compound 25
(FIG. 6) was a most potent competitive inhibitor of human OGIcNAcase (Ki=185.6 um) among the screened compound series
[60].
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FIG. 6. Chemical structures of sialyltranstransferase inhibitors synthesized via click chemistry.

Glucoconjugates of oleanolic acid has been synthesized by applying azide-alkyne cycloaddition reaction catalyzed by Cu(l)

with evaluation of biological assay. The compounds containing triazole moiety were found as potent inhibitors of glycogen

phosphorylase. Numerous developed triterpene—glycoside conjugates exhibited modest inhibitory activity against RMGPa.

Compound 26 (FIG. 7) showed the good inhibition with an ICs, value of 1.14 pm. Possible binding modes of compound 26

by molecular docking simulations including structure activity relationship (SAR) analysis of the inhibitors were also

discussed [61].

D-glucose triterpene heteroconjugates were obtained on coupling with propargyl esters of the C-28 carboxylic acids of

pentacyclic triterpenes (oleanolic, ursolic, and maslinic acids) with 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl azide as well

as N-(w-azido-[C-2, C-6, and C-11] alkanoyl)-B-D-glucopyranosylamines under conditions of copper (I)-catalyzed click

reactions. The novel developed compounds were assayed against RMGPa a or b enzymes. The heteroconjugate derivative 27

(FIG. 7) showed moderate inhibition against RMGPa with 1C5,=26 um [62,63].

FIG. 7. Chemical structures of glycogen phosphorylase inhibitors synthesized via click chemistry.

Cancer is a most important public health problem worldwide. Several drugs act as anticancer agents including taxol,

vinblastine, vincristine, camptothecin derivatives, opotecan and irinotecan, and etoposide developed from epipodophyllotoxin

are in clinical use all over the world. Increment in cancer cases forced to synthetic chemist to search for efficient anticancer
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agents for the prevention and treat of disease. Cell-surface of cancerous cells is abundant in oligosaccharide antigens, which
could act as markers for active or passive cancer. Also, the developed analogs of carbohydrates can severe as effective

antigen to evoke antitumor immune response in body, when conjugated with some large biomolecules.

Designing of molecular architectures displaying multitude of saccharides has gained enormous attention, particularly by
embracing CUAAC reaction. And especially, the glyco-cluster class is extremely valuable tool for the study of biologically
relevant carbohydrate-lectin or protein recognition processes. Therefore, use of competent CUAAC reaction has made it
possible to design high affinity, spatially well-defined site specific glyco-clusters that could be biomedically applicable as
inhibitor of different classes of galectin [64] and lectin [65].

Galectins are a family of cytosolic B-D-galactoside binding proteins, which stalwartly modulate their expression during
progressive, separation stages, and under different physiological or pathological conditions. Studies confirmed that Gal-3 is
involved in colon cancer metastasis, brain tumor progression, inhibition of metastasis-associated cancer cell adhesion, and
may play a key role in innate immunity. Other reports suggest that Gal-3 and Gal-1 can regulate apoptosis processes and Gal-
1 acts as an insoluble host factor that promotes HIV-1 infectivity through stabilization of virus attachment to host cells [66].

Cecioni et al. [67] reported the synthesis of lactosylated glycoclusters based on porphyrin and calix (6) arene (one porphyrin
and three topological conformers of calix (6) arenes) scaffolds having alkyne functionality and azido-functionalized lactoside
via CUAAC under microwave activation. The glycoclusters were also evaluated and compared to a monovalent probe as
ligands of two lectins: ECA from legume plant Erythrina crista-galli and recombinant human galectin-1. HIA data showed
that a large increase in the inhibition of hemagglutination was observed for porphyrin 28 and calixarene cone conformer 29
(FIG. 8). Topology-induced selectivity was also identified with a preference for both clusters 28 and 29 that inhibit
hemagglutination in the micromolar range. Apart it, the two other calixarene conformers were identified as poor ligands of

galectin-1 however these could not be confirmed using SPR analysis [66].

Gal~q o-Gal

Gal 28
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FIG. 8. Click derived representative glycol-clusters exhibiting galectin-1 inhibition.

Carbohydrate ligands of natural occurrence exhibits weak affinity for galectins, therefore galactosides and lactosides based
monovalent and multivalent triazole clusters were prepared by Giguere et al. [66] with the anticipation of better binding
capacity and selective inhibition of Gal-1 over the other galectins. Evaluation of monovalent compounds showed maximum
inhibitory activity for triazolyl galactoside 30 with inhibitory properties of 1250 um for both inhibitors, whereas trivalent
lactoside 31 (FIG. 9) registered inhibitory properties of 20 um for galectins.

Tejler et al. [64] prepared the acetylene derivatives of various natural and non-natural amino acids and clustered them with
complex 2-azidoethyl p-D-galactopyranosyl-(1—4)-8-D-glucopyranoside via regioselective copper(l)-mediated 1,3-dipolar
cycloaddition reaction to afford a panel of mono-, di- and trivalent lactoside derivatives. Among all, the divalent cluster 32
with K; value as low as 3.2 um was identified as a promising galectin-1 inhibitor (FIG. 9) having a relative potency of 30 per
lactose unit as compared to the natural disaccharide ligand lactose [67].
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FIG. 9. Biologically active triazolyl glycoconjugates.

Peterson and Blagg [68] successfully explored click reaction for the synthesis of triazole-containing novobiocin analogues.
These compounds contain a triazole ring in lieu of the amide moiety present in the natural product. The developed
compounds were checked for antiproliferative effects against two breast cancer cell lines (SKBr-3 and MCF-7), and results

were similar to those of their amide-containing counterparts. In addition, Hsp90-dependent client protein degradation was

10



www.tsijournals.com | September-2016

observed via Western blot analyses, supporting a common mode of Hsp90 inhibition for both structural classes. Compounds
33 and 34 (FIG. 10) displayed most potent inhibition against SKBr-3 and MCF-7 among homologous series with 1C5,=13.16
+ 3.85 um against MCF-7 and 1C5p=21.22 + 5.99 pm against SKBr-3 for compound 33. Compound 34 exhibited a ICs, value
of 18.33 £ 4.67 um against MCF-7 and 1C5,=8.17 + 0.11 um against SKBr-3 [68].

33 34

FIG. 10. Chemical structures of anticancer drugs constructed via triazole linkage.

Parida et al. [69] employed click reaction for the synthesis of a series of glycosyl triazole linked 184-glycyrrhetinic acid (GA)
derivatives. Per-O-acetylated glycosyl azide derivatives treated with propargyl ester of 18p-glycyrrhetinic acid (GA)
followed the concept of ‘click chemistry afforded glycosyl triazole derivatives of 184-glycyrrhetinic’. De-O-acetylated
triazolyl molecules with free hydroxyl groups in the carbohydrate moieties were evaluated for their anticancer potential
against human cervical cancer cells (HeLa) and normal kidney epithelial (NKE) cells. Compound 35 and compound 36 (FIG.
11) showed promising anticancer activities for HeLa cells exhibiting values (ICs,-13.76 £ 5.30) and (ICs,-21.50 + 2.24)
respectively.

Hradilova et al. [70] performed Cu(l) catalyzed Huisgen cycloaddition reaction and obtained new conjugates from terminal
alkyne containing D-mannose derivatives and o-, m-, and p-substituted azido benzoic acid esters. All developed molecules
were evaluated for their in vitro cytotoxic activity against seven cancer cell lines with/without multidrug resistance phenotype
as well as non-tumor MRC-5 and BJ fibroblasts. The conjugated systems were found with increased activity, such as in the
case of octyl ester in ortho position of aromatic unit the azido and glycosylated unit displayed 1Cs, 93.2 um of 37 and 23.8
um of 38 for CEM lymphoblasts. Surprisingly compound 38 was more active than deacetylated derivative. Similarly,
compounds 39 and 40 (FIG. 11) having octyl ester in meta and para positions were obtained as most potent molecules and

showed significant decrease of 1Cs, values.

11



www.tsijournals.com | September-2016

HO
o OH
“OH
HO

36

37 38-40 (0, m, p)

FIG. 11. Glycosyl triazoles as anticancer agents.

A protective attempt of body against pathogens and commences with interaction of leukocyte of blood vessel with sialyl
Lewis x (sLex) residing on physiological selectin ligands is termed as inflammation, which belongs to a class of cell adhesion
molecules. However, prolonged inflammatory responses may lead to diseases like hay fever, atherosclerosis, and rheumatoid
arthritis etc. Blocking selectin-leukocyte interaction via selectin-antagonists is a promising approach to overcome
inflammatory diseases. Recently, Titz et al. [71] have explored click approach for developing a library of selectin antagonists
based on sLex structure, where Neu5Ac has been replaced by (S)-isoserine. A series of 7 different alkynes have been inserted
over sLex based triazole but, only the unsubstituted triazole (41) (FIG. 12) showed slightly improved affinities for E-selectin,

whereas other substituted compounds showed affinity similar to sLex.

a-GalCer is most potent agonistic antigen of the T cell receptor of natural Killer T cells. Lee et al. [72] have synthesized a
series of 1,2,3-triazole-containing a-GalCer analogues (42) (FIG. 12) by varying length of lipid chain attached. It has been
observed that replacement of amide group with isosteric triazole enhances the IL-4 versus IFN-y bias of released cytokines.
Also, the analogues carrying long chained triazoles exhibited stimulatory effect on cytokine production comparable to -
GalCer and showed a stronger Th2 cytokine response [72]. Likewise, Slamova et al. [73] have reported the synthesis j-2-
acetamido-2-deoxygluco GIcNAc-triazole (FIG. 12) by click reaction under microwave condition, which was found to be
hydrolyzed by Talaromyces flavus CCF 2686 f-N-acetylhexosaminidase and was furthermore established to act as a strong

ligand of rat and human natural killer cell activating receptors (FIG. 12) [74].

12
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FIG. 12. 1,3-Dipolar cycloaddition modified E-selectin antagonists based on sLex, where Neu5Ac is replaced by S-

isoserine.

Trypanosoma cruzi ‘a parasite’ sheds a developmentally regulated enzyme called trans sialidase. This involves in the
interactions between host cells and parasite which is responsible for cellular invasion processes and infections and is a
potential therapeutic target for Chagas’ disease. Carvalho et al. [17] explored Cu(l)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition for designing a small library of 1,4-disubstituted 1,2,3-triazole galactose derivatives, and identified them as
potent inhibitor for Trypanosoma cruzi trans-sialidase (TcTS) enzyme. Galactose scaffolded with azide at either C-6 or C-1
positions were reacted with a panel of 23 different terminal alkynes employing click catalytic system under microwave
irradiation, which afforded regioselectively pure disubstituted triazoles). Further, evaluation of all the synthesized sugar-
triazoles for their inhibitory activity against TcTS suggested them as moderate to weak inhibitors of the enzyme at 0.5 mm to
1.0 mm range, and compound 43 exhibited maximum inhibitor activity (with 37% inhibition). Whereas assessment of the
same library for in vitro trypanocidal activity against Trypomastigote forms of T. cruzi Y strain, using lead drug benznidazole

as control, verified compound 44 as the most powerful inhibitor with optimum activity in 100s of um range (FIG.13) [74].
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FIG.13. Biologically active glycosylated triazoles.

The incidence of life-threatening fungal infections has increased in the last two decades due to greater use of
immunosuppressive drugs, prolonged use of broad spectrum antibiotics, widespread use of indwelling catheters, and in cancer
and AIDS. The presently marketed antifungal and antibacterial drugs are either highly toxic or becoming ineffective due to the
appearance of resistant strains. This necessitates continuing research into new classes of antimicrobial agents. 1,2,3-triazole-
containing molecules is one of these classes. A series of sugar modules carrying alkyne/azide functionality were synthesized by
glycosidase-mediated glycosylation of alkynyl alcohols and azide-containing alcohols with unprotected sugars in one step. And

their subsequent click with a variety of alkyne/azide counterparts resulted in triazole-containing glycosides (45) (FIG. 14) and
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their subsequent submission to bioassays showed that this procedure is a feasible approach to the development of antifungal
drugs [75].

Zhang et al. [75] developed a facile synthetic strategy for the preparation of numerous neomycin B derivatives 46 (FIG. 14)
by modifications at the 5" position. The structure-activity relationship (SAR) against aminoglycoside resistant bacteria
equipped with various aminoglycoside-modifying enzymes (AMES) resulted into the identification of numerous derivatives
with an increased antibacterial activity compared to neomycin. Moreover, antibacterial activity against methicillin-resistant

Staphylococcus aureus (MRSA) and vancomycin resistant Enterococci (VRE), the prominent activity was observed in some
compounds [76].

NH,»
HO
&E ;o = o NH,
N N H,N
HO O~ '\ N — (0]
OH N¢ 7 N \N OO NH,
J\/ © H
(0] (6]
OH NH,
45 -0 O OH
HzN OH R = alkyl

46

FIG. 14. Antifungal and antibacterial triazolyl glycoconjugates.

The coupling of two or more molecular entities with distinct properties to form novel conjugates with combined properties of
parent components, is a fast-growing technology in recent years. By employing click reaction, Li et al. [76] synthesized
analogues of drug zanamivir (SCHEME 4) which is an effective drug for combating avian influenza (H5N1) because of its
inhibitory activity against the enzyme neuraminidase. This enzyme stimulates cleavage of sialic acid from glycoproteins and
glycolipids of the host cells, which is a key step for replication of influenza virus. These neuraminidase inhibitors cure
influenza directly by blocking the synthesis of neuraminidase enzyme synthesis. A library of sixteen C-4 triazole substituted
zanamivir analogues have been prepared utilizing a common precursor (47), and were subsequently screened. Compound 48

substantially showed maximum anti-AlV activity (1Cs5,=6.4 um) comparable to zanamivir (1C5,=2.8 um) [77].

HO
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= - OH
AcO 4
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N3 CuSOy, EtOH/H,0 N
(1:1), 25°C ‘,;,‘Z
R
47

48 R=CH(OH)Et

SCHEME 4. Synthesis of zanamivir analogs using CUAAC reaction.
Weiwer et al. [77] developed an attractive library of non-hydrolysable 1,2,3-triazole derivatives of sialic acid using CUAAC
reaction of methyl (5-acetamido-3,5-dideoxy-2-azido-D-glycero-a-D-galactonon-2-ulopyranoside)onate (49) with different

terminal alkyne functionalized molecules. All the synthesized 1,2,3-triazole containing sialic acid derivatives were screened
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for neuraminidase inhibitory activity using a 96-well plate fluorescence assay; for the SAR study, to develop a novel class of
neuraminidase inhibitors for the treatment of influenza. 5-acetamido-3,5-dideoxy-2-(4-octyl-1H-1,2,3-triazol-1-yl)-D-
glycero-a-D-galacto-non-2-ulopyranosidic acid (50) has been recognized as potential lead compound (IC5=28 pm),
comparable to the known sialidase inhibitor (Neu5Ac2en) [78]. Similarly, some interesting multivalent derivatives, including
sialic acid disaccharide mimic 52 (ICso=17 pm) and dendrimer 53 (ICsp=20 pum) were also investigated along with compound
51. Therefore, aldehyde of sialic acid derivatives can be useful for the conjugation with protein surface by reductive

amination process, for example KLH-carrier protein for the production of antibodies (FIG. 15).
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FIG. 15. Synthesis of library of triazole linked sialic acid using CUAAC reaction.

Designing and synthesis of glycosylated porphyrins has gained immense popularity owing to their application in
photodynamic therapy (PDT), which is a noninvasive approach of cancer treatment. Porphyrin upon exposure to a particular
wavelength of light generates lethal singlet oxygen that kills tumor cell whereas, sugars installed over this hydrophobic core
provides water solubility and increased tumor cell specificity. Therefore, the whole glycoconjugated porphyrin system can
acts as a promising PDT sensitizer. In this context, recently Kushwaha et al. [78] reported a click chemistry inspired synthesis
of a series of porphyrin-cored glycodendrimers containing 8, 12, 16, and 24 peripheral B-D-glucopyranose units. Same group
[79] established the synthesis of glycoconjugated triazolyl azido-alcohols via one-pot click reaction of glycosyl alkynes with
epichlorohydrin in aqueous medium. The resulting triazolyl azido-alcohols were further utilized for the synthesis of bis-
triazolyl ethisterone glycoconjugates using CUAAC reaction. These triazole-linked ethisterone glycoconjugates would be
crucial in androgen receptor pharmacology and chemical biology [80]. Mishra et al. [81] reported a concise one-pot protocol
for the synthesis of novel glycosyl-B-azidoester from glycosyl olefinic ester utilizing diazotriansfer reaction which was
further utilized via click chemistry and a diverse range of triazolyl glycoconjugates of potential chemotherapeutic values has
been achieved in high yields. Mishra et al. [82] reported the click inspired synthesis of morpholine-fuzed triazole, which is
biologically relevant heterocyclic moiety known to possess excellent medicinal properties. Further chemistry was extended
for the synthesis of triazole-linked O-benzylquercetin glycoconjugates, where developed glycoconjugates were evaluated for
anti-leishmanial activity against the promastigotes and amastigotes of Leishmania donovani and shown promising activities

[83]. Furthermore, 7-O-propargyl noscapine, obtained via two successive steps eg. O-demethylation of noscapine, and
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subsequent propargylation has been utilized to click with of glycoconjugated triazolyl azido-alcohols and afforded
regioselective triazole-linked 7-O-noscapine glycoconjugates as promising anticancer agent [84].

Carbonic anhydrase (CA) enzymes, particularly membrane-bound isozymes CA IX and CA XIl, support a pH-regulating
system that enables hypoxic tumor cell survival and proliferation. Carbonic anhydrase 1X and XII are concerned as potential
targets for the advancement of new hypoxic cancer therapies. To date, there are limited numbers of molecules which have

been characterized in CA-relevant cell and animal model systems.

Novel glycoconjugate benzene sulfonamides were synthesized using click approach that contains diverse carbohydrate-
triazole. Developed compounds were assessed for their ability to inhibit three human carbonic anhydrase (CA) isozymes in
vitro: cytosolic hCA-I, hCA-11, hCA-XIl, hCA-XI, and transmembrane, tumor-associated hCA-IX with Ki=4.3 nm against
alpha hCA-XII 54, Ki=7.0 nm against alpha hCA-I 55, Ki=5.3 nm against alpha hCA-IIC 56 and Ki=8.6 nm against alpha
hCA-XI 56 (FIG. 16). Stereochemical diversity in carbohydrates part of the developed molecules interrogated the CA active
site topology, to originate various inhibitors that were potent and selective toward hCA-1X. This was an important outcome in

the quest for potential cancer therapy applications based on carbonic anhydrase inhibition [85-87].

Morris et al. [88] designed and developed new carbohydrate-based small molecule as CA inhibitors. Some of the synthesized
molecules inhibit CA IX and XII within a narrow range of low nanomolar Ki values (5.3 nm to 11.2 nm). They evaluated
also CA inhibitors in cell-based models first time that emulate the protective role of CA IX in an acidic tumour
microenvironment. Out of various prepared molecules, two compounds 56 and 57 block CA IX-induced survival and have
potential for development as in vivo cancer cell selective inhibitors. Compound 56 and a galactose derivative were in
trisubstituted analogues 58 and 59, both with a short hydroxyl bearing group at the 5-position on the triazole, confirmed some
noteworthy SAR regarding isozyme selectivity for the cancer associated CAs but compound 59 displayed much lower

inhibition for both cytosolic CAs as compared to all other compounds (FIG. 16) [88].

Recently, Nandurkar et al. [89] prepared a series of perillyl alcohol (POH) neoglycosides, and evaluated their
antiproliferative activity against A549 and PC3 cell lines. Authors observed a sugar dependent in vitro antiproliferative
activity and the inhibition of S6 ribosomal protein phosphorylation as a putative mechanism of action. In order to assess the
compatibility of developed neoglycosides with Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition and the potential impact of
sugar triazole substitution upon POH bioactivity, the 6’-azido perillyl glucoside was converted to the corresponding 6’-
triazole perillyl glucoside via CuUAAC in 82% yield. However, C6’-triazole substitution was detrimental to activity based
upon the comparative activities of 61 (C6’-azido) and 62 (SCHEME 5).
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SCHEME 5. Synthesis of biologically active triazolyl glycoconjugate via click reaction.
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FIG. 16. Chemical structures of carbonic anhydrase inhibitors explored via click chemistry.

Conclusion and Future Perspective

Carbohydrates constitute a major class biomolecules lying inside or on the surface of cell and govern several pathologically
and physiologically vital biological events such as cellular recognition, adhesion, migration, invasion, communication,
bacterial/viral infection, tumor metastasis, post-translational modifications of protein etc. Therefore, it is challenging to craft
glycoconjugates, which can fulfil the objective of understanding role of carbohydrates in these pivotal interactions and also
regulate these processes majorly by acting as inhibitors of those enzymatic transformations. Several 1,2,3-triazole core
containing drug like molecules with good pharmacokinetic properties have been synthesized, however, there is lot more to
explore about this vast pool of triazolyl glycoconjugates. The triazole forming click reaction promisingly facilitates creation
lead and its optimization due to its modular nature, reliance on extremely short sequences of near-perfect reactions.
Therefore, it’s time to recognize the real potential of versatile click reaction and design highly active, selective,

pharmacologically important triazolyl scaffolds, which can contribute to major advances in pharmaceutical sciences.
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