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Literature Review

In 1893 Michael.A first reported the synthesis of 1,2,3-triazole from phenyl azide and
diethyl acetylene dicarboxylate in the absence of catalyst.' After seven decades
Husigen studied the thermal reaction’ and found that the reaction is largely
exothermic. Its low reaction rate at elevated temperature indicates its high activation
barrier. Major drawback of this reaction is the thermodynamic instability, the
formation of undesired alkyne- alkyne coupling product and lack of regioselectivity.
In 2002, Sharpless and Meldal independently made a mile stone in Husigen 1, 3-
dipolar cycloaddition reaction by introducing Cu (I) catalyst by the in situ reduction
of Cu (II) salt with sodium ascorbate which improves the regioselectivity, rate of the
reaction and provides high yield under mild reaction condition.** Synthesis of 1,4-
disubstituted 1,2,3-triazole from terminal alkyne and an aliphatic azide in presence of
copper was termed as Copper catalyzed azide- alkyne cycloaddition reaction
(abbreviated to CuAAC). This method provides good functional group tolerance and
can be carried out in aqueous media as well as in aqueous with organic co-solvents.
Azides which are 1,3—dipolar compound represented by zwitterionic all-octet
resonance structures are ambivalent in the 1- and 3-positions, thus displaying
electrophilic as well as nucleophilic activity. The dipolarophile can be any double or

triple bond (Fig 1).
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Fig 1

Introducing transition metal provides regioselectivity; copper provides 1,4-
disubstituted 1,2,3- triazole where as ruthenium gives 1,5- disubstituted 1,2,3-
triazole.”® (Scheme 1) Similarly transition metals like Silver,”"* Gold,'*" Iridium,'®

'8 Nickel," Zinc,>** and Lanthanides®** also catalyze the cycloaddition reaction.
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Triazole compounds have made its role in different field like synthetic,

1.25

pharmaceutical and biological.”™ Triazole ring system have attractive features which

attracts both coordination and organometallic researchers (Fig.2).
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Fig 2 Attractive features of triazole ring system

In the triazole system, N3 is the basic donor atom through which it can act as

monodentate ligand. The presence of additional donor groups made the system as a
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chelate ligand which allows the incorporation of multi triazole ligands within the
backbone and thereby generating muti-dentate triazole ligand systems. The alkylation
of N3 followed by the deprotonation of triazole C-H leads to the generation of 1,2,3-
triazol-5-yildene which belongs to abnormal N-heterocyclic carbene ligand. The
deprotonation of ring hydrogen results the formation of carbanion which also allows
the triazole system to act as monodentate ligand. The presences of substituent at N1
which contain donor atom compel the metal to bind through N2 rather than N3

because of the chelate effect.
Mechanism

CuAAC proceeds through a step-wise mechanism which includes i) abstraction of a
proton to form highly polarized acetylene to yield Cu(I)-acetylide complex, ii)
interaction of Cu(I) acetylide with azide and activate it for the nucelophilc addition of
acetylide carbon to the ‘end’ nitrogen of the azide forming copper(Ill) metallacycle,
iii) ring contraction of metallacycle to a triazolyl- copper derivative followed by

protonation yields triazole (Scheme 2).
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Here copper (I) is the actual catalyst for this cycloaddition reaction. In order to
maintain its concentration copper (II) source and a reducing agent is required.
Sharpless and Fokin developed a catalytic system of CuSO, with sodium ascorbate in
water/alcohol mixture.”® Polytriazoles was found to be good ligands which will
protect Cu(l) under aerobic and aqueous conditions. They tightly bound to the metal
to maintain the oxidation state. Bistriazoles 6 and 7 gives excellent performance of
about 94% and 98% yield with [Cu(CH3CN)4] PFs when compared to tristriazole
TBTA 8 with 84% yield. But when reducing the amount of copper catalyst to 0.25
mol% bistriazoles are not as potent in protecting Cu(I) oxidation state whereas TBTA

withstands all conditions.?’
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Highly nitrogenated ligands tend to accelerate the reaction by stabilizing and

protecting copper(I) species from further oxidation.”®

Acceleration of catalyst in the presence of ligand was studied by Finn and coworkers
in 2007.* They synthesized a central tertiary amine surrounded by three
benzimidazole heterocycles 9-12 and its derivatives 13-17. The reaction rate depends
on the nature of heterocycle and the substituents on the benzimidazole ring. The
catalytic efficiency will remain as such when there is one benzimidazole side arm is
present. The rate of CuAAC increases in the order (Bth); << (Bth)(BimH), < (BimH)3
<< (Bth), (BimH). Carboxylic acid or ester group attached to the benzimidazole rings
via (CHy)4 and (CH;)s were found to be an excellent catalyst. On the other hand,
(BimC;A); 17 produced one of the worst performing catalysts as the acid group is

directly attached to the benzimidazole by a CH, -linker.
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Cycloaddition of different alkynes with glucosyl azide was done in water by using

CuSOy and sodium ascorbate in presence of o-phenylenediamine 18.%°

18

The use of complex 19 as catalyst effectively protects copper from oxidation. Less
polar nature of the catalyst allows its separation from hydrocarbon solvents by simple

filtration and can be reused two times with no decrease in the yield of triazole.”’
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Nitrogen tetradentate ligand 20 was also reported for CuAAC reaction.”” The reaction
proceeds at room temperature using 2mol% Cu(l) salt for 10h. The reaction was
successful using different substrates having electron rich, electron poor, and hindered

alkyl halides in acetonitrile-water solvent mixture.
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In 2010 Prez and coworkers developed TBTA functionalized styrenic monomer which

on RAFT copolymerization with styrene followed by complexation with copper
fabricate a good catalyst 21 for CuAAC. The catalyst can be reused 6 times, with

minimum loss of activity.>

21

Nolan et al reported the catalytic activity of N-Heterocyclic carbene complex in
CuAAC. They tested the catalytic efficiency of [(IPr)CuCl] and [SIMesCuBr].**
Latter only gives better yield while the former led to partial conversion. It is to be
noted that the yield became high and also the reaction time get reduced using water as

solvent. They also tested its activity with internal alkynes; the reaction of benzyl
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azide, 3-hexyne in presence of catalyst and under copper free condition. Yield of

product found to be >5% under copper free condition.

In 2008 Nolen et al. again reported the catalytic activity of 2mol% of [(NHC),Cu]X at
room temperature using water as solvent.™ The catalytic activities of different
complexes were studied in which 24 was found to give better result within 90min.
Using 24 optimization of solvents was done. The reaction could be better using
acetonitrile as solvent as well as in neat condition. Surprisingly, catalyst loading can

be reduced to 0.5mol% under neat condition.

PFy

Gautier and Sarkar reported Cu(I) mesoionic carbene with nitrogen additives can be
used for cycloaddition reaction.”® The nitrogen additives tend to increase the solubility
of catalyst, while decrease in the bond strength of Copper-chlorine bond, thereby

hydrolysis leads to catalytically active species.

\N/ N \N/ N

Catalyst : ; ’\ 6—<
MeO OMe Cl Cl
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Without the use of additives, catalysts only give 20% and 5% yields respectively even
after 24 h. The reaction time was reduced by adding additives and good yield of the

product was observed. Additive containing electron donating methoxy group tends to
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the oxidation of copper as identified by the color change from yellow orange to green
due to the formation of copper(l) additive. Electron withdrawing chloride ion also

facilitates the reaction.

Sulfur base ligands for CuAAC reaction was first reported by Fu and coworkers in
2008.>" They developed cycoladdtion reaction of water insoluble substrates at room
temperature. They used inexpensive chemicals like CuBr/PhSMe. However, they
attempted different sulfur containing compounds in cycloaddition reaction like
thioanisole,dimethyl sulfoxide, thiophene etc. Among the copper salts they used CuBr
because of weak dissolving power of Cul in water. They initially tested using simple
reaction of benzyl azide with phenylacetylene (Scheme 3). Mixed solvents had given
better results and pointed to the choice of water as solvent. They varied the amount of
copper as well as ligands, the use of more copper and ligand provided not only the
best result but also shortened the reaction time. On increasing ligand concentration
from 30 to 50 mol% and catalyst concentration from 5 to 10%, they observed an

increase in the yield from 93 to 98 % within Smin reaction time.
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They also carried out cycloaddition of aliphatic and aryl azides with alkynes.
Substrates having good solubility in water had given higher reaction rate than one
having low solubility. There is no significant difference in reactivity when using
electron rich, electron deficient and sterically demanding substrates etc. They
summarized that CuBr/thioanisole catalytic system was highly efficient in the

cycloaddition reaction.

Catalytic efficiency of (2-aminoarenethiolato)copper(I) was tested in 2009.%

Efficiency was tested by using in three different azide using classical catalyst and by

St.Thomas’ College, Thrissur 13



Literature Review

{[2-(Dimethylamino)methyl]thiophenolato }copper(I) complex 31.Both acetonitrile

and dichloromethane were suitable for the reaction.

NMe,

wn

31

Orgueira et al. developed an effective protocol for CuAAC cycloaddition reaction.”

They assumed that the presence of an amine hydrochlodride salt would led to produce
catalytically active Cu(I) species from Cu(0) nanosize activated powder, which have
large surface area that could enhance acetylide copper complex formation followed by
cycloaddition reaction (Scheme 4). They got high yield in each reaction by using
10mol% Cu(0) and 1 eqv amine hydrochloride salt in --BuOH/H,O mixture for 2 h

room temperature stirring.

NH,.HCI /
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Scheme 4
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Heterogeneous Catalyst for CuAAC

Girard and coworkers used polymer supported copper iodide as catalyst.*” Amberlyst
A-21 containing dimethyl-aminomethyl functionality which acts as both base and
chelating agent was taken as polymer support in acetonitrile as solvent. This copper
immobilized catalyst 35, AAC reaction provide 1,4-disubstituted triazole 38 in
excellent yields. Recyclability and stability of the catalyst was studied using the click
reaction between propiolic acid methyl ester 36 and ethyl azidoacetate 37 (Scheme 5).

The catalyst can be reused for 4 times without any loss in catalytic activity.

Cul

35
COzMe
— Et0,C _N CH.Cl, =
MeO,C— + 2o Nane > N_ _N
SN- catalyst 37 N
CO,Et
36 37 38
Scheme 5

Complex glycoside molecules 39 with antimicrobial activity synthesized by CuAAC
reaction using copper(I) iodide supported on Amberlyst A-21 resin and

dichloromethane as solvent.*!

Impregnation of activated wood charcoal with aqueous solution of copper nitrate
under sonication was reported by Lipshutz.42 Using 10 mol% catalyst, a model
reaction was carried out by using benzyl azide and phenylacetylene in dioxane at
room temperature for 10 h. Addition of triethylamine or heating the reaction mixture

will reduce the reaction time. The catalyst can be reused 3 times.
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Cuprous oxide immobilized on charcoal with 0.89wt% of copper catalyzes CuAAC
reaction.” The catalyst was found to be effective in aqueous isopropyl alcohol with
5% catalyst loading in the presence of triethylamine as base.

Xiong reported the CuAAC reaction catalyzed by CuBr supported on graphene oxide
(GO)/Fe;04.* The catalyst was prepared by two step process; i) coprecipitation
method in which GO/Fe;O4 was prepared from graphene oxide. ii) refluxing
GO/Fe304 in ethanolic solution of CuBr under nitrogen atmosphere. The CuAAC
reaction was carried out in water either using conventional heating or under
microwave irradiation using model reaction of sodium azide, phenylacetylene and
benzyl chloride. The catalyst GO/Fe;O4—CuBr provides excellent result compared to
copper acetate. Using optimized reaction conditions CuAAC reaction of different

halide and alkynes were conducted in water using 5 mol% of catalyst at 80°C.

Imine functionalized silica was prepared by Paul in 2010* by refluxing 3-
aminopropyl silica with 2-acetylpyridine in toluene (Scheme 6). Impregnation of Cu
(I) was done at room temperature by stirring imine grafted silica with Cul in
acetonitrile. Copper linked silica was found to be a good catalyst for Huisgen
cycloaddition reaction between benzyl halide and allyl chlorides with 5 mol% Cu

loading. The catalytic efficiency remains unaltered even after seven cycles.
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Scheme 6

Amino modified magnetic nanoparticles containing copper was synthesized by Xiong
in 2013.% Magnetic nanoparticles were prepared conventional procedure, which was
modified  either  with  3-aminopropyltrimethoxysilane(APTS) or  [3-(2-
aminoethylamino)propyl]trimethoxysilane (AAPTS) by using with a molar ratio of
2:1 in ethanol: water system (v/v = 1/1). The obtained MNP’s were treated with CuBr
in DMF at room temperature for 6 h. TEM analysis revealed that average diameter

around 10-20 nm with quasi spherical shape.
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Scheme 7

Varma reported the synthesis and catalytic activity of copper nano particles on
glutathione functionalized nano ferrite particles (nano-FGT-Cu).” Initially they
functionalized the nano ferrite particles by sonicating nano ferrite with glutathione in
water for 2 h. Copper was incorporated into the NP’s by the addition of copper
chloride CuCl,.2H,0 in alkaline medium. TEM results confirm the size which is in
the range of 10-25 nm. Weight percentage of copper in catalyst was found out using
ICP-AES analysis [1.57%]. Optimization of the reaction conditions were carried out
using benzyl azide and phenyl acetylene using microwave irradiation at 120 °C in
water as medium. They studied the catalytic activity of nano-FGT-Cu 53 by
performing the reaction between benzyl azide and different alkynes. They didn’t
observe 1,5- regioisomer in the product. The recovery of the catalyst can be carried

out by magnetic separation.
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Alumina supported copper nanoparticles were prepared by Kantham in 2006 using
aerogel method.*® For this, copper(I) acetylacetonate in methanol was mixed with
toluene and then aluminimum isopropoxide was added followed by stirring for 2 h. To
the above mixture stoichometric amount of deionized water was added and stirring
continued for 18h, followed by autoclaving at 10 kg/cm® and 265 °C for 10 min.
Drying of the aerogel material at 120 °C gives a fine powder of Cu-Al,O3
nanoparticle. The XRD pattern reveals the presence of both metallic copper and
cuprous oxide nanoparticles. Presence of cuprous oxide is due to the oxidation of
copper during drying of nanoparticles at 120 °C. The surface area of nanoparticle was
found to be 250 mz/g with an average pore diameter of 64.2 A. From the optimization
studies, water was found to be the best solvent to obtain higher yield. One pot
synthesis of 1,2,3-triazoles from sodium azide, terminal alkynes and alkyl/allyl
halides in water was effectively catalyzed by Cu-Al,O3; nanoparticles. The products

were recovered by simple extraction with ethyl acetate. The catalyst could be reused
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for 3 times without any loss in catalytic activity. Using ICP AES analysis copper
content of recovered catalyst after fourth cycle, was found to be the same as fresh.
1,2,3-triazole derivatives obtained by the click reaction catalyzed by Cu/Al,O3; under
ball milling without using any solvent and additives was studied by Ranu ez. al.*’
Catalyst was prepared by adding alumina to aqueous solution of CuSO, aged for 2h at
25°C. The product obtained is having a copper content of 18.8 mg/g. Triazole
derivatives were obtained with excellent yields within 1h.

Biopolymers have gained enormous importance for various applications. Chitosan, a
polysaccharide which is derived from chitin have gained much attention in catalysis

due to its insolubility in organic solvents, the presence of amino group which anchor

transition metal ion or it can be converted to Schiff base which act as ligand.
OH
NH, OH
HO NH
° 0 0 HO 2
o ° ° °
NH HO o o
2 oH NH
0;& OH

54

*
*

When Chitosan microspheres dried in supercritical CO,, it provides stable aerogel
porous support with large surface area having pore size >10nm and using this

technique amine groups makes more visible towards reactants.”®"

Copper was loaded to the chitosan aerogels in acetonitrile aqueous solution of copper
triflate and sodium ascorbate at room temperature with repeated washing followed by
metal loading at different concentrations from 0.5 to 2.1 mmol of Cu(I) per gram of
caltallyst.52 For the synthesis of Schiff base, they selected both mono and dialdehydes
which forms cross linking throughout the chitosan network. Among these, 2,9-
diformylphenanthroline 57 was found to be the best ligand. Optimization of reaction
conditions were carried out and most polar solvents provides better result. Using the
catalyst, cycloaddtion reaction was carried out in EtOH at 70 °C which converts the
reactants to 1,4-triazole after 12 h. Reusability of the catalyst was checked using the
model reaction between phenylacetylene and benzyl azide and the catalyst could be

reused for four times without copper leaching.
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55

Copper immobilized on chitosan was prepared by Varma’ which was done by
suspending Chitosan in an aqueous solution of copper sulfate for 3 h. The product was
centrifuged and dried under vaccum. Amount of copper in catalyst found to be 5.1
wt% using ICP-AES. Initially the cycloaddition reaction was carried out to optimize
the reaction condition in water at room temperature which provides excellent result
within 4h. Expected triazole product obtained in excellent yield (93-99%) within 4-12
h. Reusability of the catalyst was studied using benzyl azide and phenylacetylene and
the product was extracted using ethyl acetate. The catalyst was recovered by
decanting and dried at 50 °C which can be further used for 5 cycles. Copper leaching
was studied using ICP- AES. Before the reaction copper content was 5.1wt % and

after 5™ cycle copper content was found to be 5.02%.

Agarose supported copper catalyst was reported by Gholinejad® in which catalyst
was prepared by mixing CuBr solution in water with agarose hydrogel suspension
followed by the addition of NaBH4 to reduce copper(I) to copper nanoparticle which
was indicated by the color change from gray to dark green. After cooling to room
temperature the reaction mixture was centrifuged and dried in oven at 80 °C for 24 h.
They conducted different CuAAC reactions by introducing arenediazonium salt from
aniline. For the catalytic studies 0.05 mol% of the catalyst was added to a mixture of
alkyl halide, sodium azide and an alkyne in water and stirring at 40 °C for 8 h leads to

the formation of products. The catalyst can be reused for other 5 successive runs.

Felpin et.al reported a low cost and simple method for the reduction of Cu(II) to Cu(l)
using functionalized cellulose paper.”” To break the hydrogen bonds pristine cellulose
paper was soaked in aqueous solution of 10% NaOH at 25 °C for 24 h which also
enhance reactivity of hydroxyl group, followed by the esterification using p-toluene
sulfonic acid (PTSA) and they assumed that functionalization mainly took place on

the primary hydroxyl functional groups (Scheme 9).
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The paper cell-SH 60 can act as a sensor and detect the presence of Cu(ll) by
producing colorimetric change which can be identified using naked eyes. As the
concentration of Cu(Il) decreases the color of paper strip changes from black to pale
brownish. They recorded UV diffuse reflectance spectrum of paper strip dipped in
both copper free water sample and aqueous solution of Cu(Il) with different
concentration. In copper free sample they observed absorbance at 257 nm corresponds
to carbonyl groups of ester function whereas the samples containing copper ions
shows two S — Cu charge transfer bands at 506 and 665 nm respectively. They
assumed that there is a thiol-mediated reduction of Cu(Il) to Cu(I) which results in
the formation of Cu(I)-SCH;R complexes and leads to S —Cu charge transfer. This
was confirmed by dipping the paper strip into an aqueous solution of CuCl, which
turns black within seconds and the paper was characterized using SEM and XPS
which confirms the presence of copper thiol complexes. Using this paper strip based
reduction of Cu(Il) to Cu(I) they investigated its catalytic efficiency in CuAAC
reaction.” Initially they carried out a model reaction using propargyl alcohol and
benzyl azide in presence of CuSO,4. SH,0O using --BuOH/H,0 (1:1) solvent for 14 h at
different temperature (Scheme 10). At room temperature with 16 mol% SH loading
provides sluggish results. As temperature increases with 16 mol% SH loading and 2
mol% Cu loading provides better results. The scope of the catalyst was studied using

various azides and alkynes.
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They investigated the reusability of the catalyst using the same model reaction. The
catalyst provides a comparatively normal yield in the second cycle without further

addition of copper whereas a sharp decrease in yield was observed in third cycle.

Cellulose supported Cul nanoparticle was reported as heterogeneous catalyst for

1,2,3-triazole synthesis by Desai.”’

The catalyst was prepared by adding
microcrystalline cellulose to a suspension of Cul in methanol which was then stirred
overnight. Residue obtained by filtration which was washed with methanol and
acetone and dried under vacuum at 50 °C. For the catalytic studies, they carried out
model reaction using benzyl bromide, phenyl acetylene and sodium azide under neat
condition at room temperature but the result obtained was not good. Then they tried
different solvents, reaction temperature and amount of catalyst optimizing the reaction
conditions to 100 mg of Cell-Cul catalyst in aqueous medium at 70 °C. The catalyst
can be recovered by filtration followed by washing with ethyl acetate followed by
acetone dried in air. This can be reused for 5 successive runs without any loss in
catalytic activity. They investigated the reusability of the catalyst using the same
model reaction. The catalyst provides a comparatively normal yield in the second
cycle without further addition of copper whereas a sharp decrease in yield was

observed in the third cycle.

Copper nanoparticles were generated by the chemical reduction of copper (II) acetate
monohydrate using hydrazine hydrate in ionic liquid in which PVP was added as a
stabilizing agent. Using the above generated copper nanoparticle Salunkhe developed
a new catalyst for CUAAC reaction.”® The model reaction was carried out by using
phenyl azide and phenyl acetylene afforded solid product within 20 min. Cycloadduct
from other reaction was separated by extraction using diethyl ether followed by
evaporation resulted in good yield of the product. They also tested the recyclability of
catalyst, the brown color of solution indicates the presence of Cu(0) even after

running five consecutive run.
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Using copper wire as catalyst and supercritical carbon dioxide(ScCO,) as organic
media Xu and coworkers proposed a reusable and effective catalyst for CuAAC
reaction.”” The reactions were carried out at different temperatures, in the presence
and absence of metallic copper. Higher yield obtained in the presence of catalyst at
high temperature. For a model reaction they used copper wire of length 10 cm, as the
length increases catalytic efficiency increased. The recovered catalyst can be reused

further.

Phase transfer catalyst P-cyclodextrin discovered >100 years ago are cyclic
oligosaccharides having the ability to form complex using their lipophilic inner
cavities and hydrophilic outer surfaces. They contain a-D glucopyranose linked by a-
(1,4) glycosidic bonds.”® This phase transfer catalyst was found to be effective
catalyst for CuUAAC reaction.®’ The relevance of using cyclodextrin as catalyst lies
under the fact that it can include water-insoluble organic materials into the cavity in
aqueous solution. Model reaction was carried out using benzyl azide and
phenylacetylene with different mol% of cyclodextrin in water. Using 1 mol% of
catalys, the reaction was completed within 30 min with 97% isolated yield. Scope of
the reaction was studied using various azides and alkynes, providing excellent yield of
1,4- disubstituted triazoles.

Oyster shell powder supported copper(I) used as catalyst for cycloaddition reaction.®?
OSPs- supported CuBr proved as effective catalyst under microwave irradiation using

water as solvent within short time of 15 min. The catalyst could be reused without any

loss in activity even after eight cycles.

Xiong reported Cu-FBP (fish bone powder) catalyzed synthesis of 1,2,3- triazole by
one pot three component coupling reaction using, propargyl bromide, organic azide
and organic ami ne under microwave irradiation using water as a solvent.®> For this
they cleaned fish bones under ultrasonic irradiation using hot deionised water which
was then kept in ethanol to soak and dried. Crushed into powder and sieved to 100
mesh. Introduction of copper was done by adding CuBr into FBPs in DMF under N,
atmosphere. Solvent was evaporated under vacuum, the solid product was then
washed using distilled water. The presence of copper in FBPs was identified using
absorption decrease in FTIR peaks due to metal-ligand bond formation. Comparison

of XRD peaks indicates the presence of copper in FBPs. The catalyst was stable up to
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250 °C. XPS spectrum of Cu-FBP displays characteristic peaks at 932.4 and 952.6 eV
correspond to Cu2ps;, and Cu2py, respectively. The scope of the catalyst was studied
using various organic amines, propargyl bromide and benzyl azide in water triethyl
amine mixture and stirred at 80 °C under microwave irradiation providing excellent
yield of 1,2,3- triazole. The catalyst separated by filtration from the reaction mixture
was reused and provide almost 79% yield even after 7 cycles of experiment. The
copper percentage in the catalyst after 7" cycle was determined by ICP-AES and
found out to be 0.71wt% which was lesser compared to fresh catalyst.

Cuttlebone @CuCl, was reported as heterogeneous catalyst for 1,2,3-triazole synthesis
via three component reaction between terminal alkynes, organic bromides and sodium
azide.®* For the preparation of catalyst cuttlebone was powdered washed and dried at
100 °C which was then stirred with CuCl, in deionized water at room temperature for
10 h. In order to remove excess copper the catalyst washed with ethanol and dried at
50 °C for 12 h. For the catalytic application, the catalyst was added to a solution of
phenyl acetylene, benzyl bromide and sodium azide in water which was then stirred at
40 °C. The total conversion of reactants to product, monitored by TLC, the catalyst
was filtered by simple filtration and the reaction mixture was extracted using ethyl
acetate and dried under vacuum.

CuAAC reaction became very popular because of its easiness in handling, wide
application in different fields and good functional group tolerance. The reaction can
be carried out by any Cu(l) source and in solvents including aqueous.
Heterogenisation of CuAAC reaction is well accepted by grafting or depositing active

copper(I) species on polymers, carbon based materials, silica etc.

St.Thomas’ College, Thrissur 24



Literature Review

References

&)

2)

3)

“)

&)

(6)

(7

®)

€))

(10)

(1)

Michael, A. Ueber Die Einwirkung von Diazobenzolimid Anf Herrn Stoehr
Zur Erwidernng ; 94-95.

Huisgen, R. 1,3-Dipolar Cycloadditions. Past and Future. Angew. Chem. Int.
Ed. 1963, 2 (10), 565-598.

Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Click Chemistry: Diverse Chemical
Function from a Few Good Reactions. Angew. Chemie - Int. Ed. 2001, 40 (11),
2004-2021.

Tornge, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase : [1
,2 , 3 ] -Triazoles by Regiospecific Copper ( I ) -Catalyzed 1 , 3-Dipolar
Cycloadditions of Terminal Alkynes to Azides. J. Org. Chem. 2002, 67, 3057—
3064.

Rasmussen, L. K.; Boren, B. C.; Fokin, V. V. Ruthenium-Catalyzed
Cycloaddition of Aryl Azides and Alkynes. Org. Lett. 2007, 9 (4), 5-7.
Johansson, J. R.; Beke-Somfai, T.; Said Stalsmeden, A.; Kann, N. Ruthenium-
Catalyzed Azide Alkyne Cycloaddition Reaction: Scope, Mechanism, and
Applications. Chem. Rev. 2016, 116 (23), 14726—-14768.

McNulty, J.; Keskar, K.; Vemula, R. The First Well-Defined Silver(I)-
Complex-Catalyzed Cycloaddition of Azides onto Terminal Alkynes at Room
Temperature. Chem. - A Eur. J. 2011, 17 (52), 14727-14730.

McNulty, J.; Keskar, K. Discovery of a Robust and Efficient Homogeneous
Silver(I) Catalyst for the Cycloaddition of Azides onto Terminal Alkynes.
European J. Org. Chem. 2012, No. 28, 5462-5470.

Ortega-Arizmendi, A. 1.; Aldeco-Pérez, E.; Cuevas-Yanez, E. Alkyne-Azide
Cycloaddition Catalyzed by Silver Chloride and “Abnormal” Silver N-
Heterocyclic Carbene Complex. Sci. World J. 2013, 2013.

Salam, N.; Sinha, A.; Roy, A. S.; Mondal, P.; Jana, N. R.; Islam, S. M.
Synthesis of Silver-Graphene Nanocomposite and Its Catalytic Application for
the One-Pot Three-Component Coupling Reaction and One-Pot Synthesis of
1,4-Disubstituted 1,2,3-Triazoles in Water. RSC Adv. 2014, 4 (20), 10001-
10012.

Ali, A. A.; Chetia, M.; Saikia, B.; Saikia, P. J.; Sarma, D.
AgN(CN)2/DIPEA/H20-EG: A Highly Efficient Catalytic System for

St.Thomas’ College, Thrissur 25



Literature Review

(12)

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

21

Synthesis of 1,4-Disubstituted-1,2,3 Triazoles at Room Temperature.
Tetrahedron Lett. 2015, 56 (43), 5892-5895.

Ferretti, A. M.; Ponti, A.; Molteni, G. Silver(I) Oxide Nanoparticles as a
Catalyst in the Azide-Alkyne Cycloaddition. Tetrahedron Lett. 2015, 56 (42),
5727-5730.

Connell, T. U.; Schieber, C.; Silvestri, I. P.; White, J. M.; Williams, S. J.;
Donnelly, P. S. Copper and Silver Complexes of Tris(Triazole)Amine and
Tris(Benzimidazole) Amine Ligands: Evidence That Catalysis of an Azide-
Alkyne Cycloaddition (“click”) Reaction by a Silver Tris(Triazole)Amine
Complex Arises from Copper Impurities. Inorg. Chem. 2014, 53 (13), 6503—
6511.

Boominathan, M.; Pugazhenthiran, N.; Nagaraj, M.; Muthusubramanian, S.;
Murugesan, S.; Bhuvanesh, N. Nanoporous Titania-Supported Gold
Nanoparticle-Catalyzed Green Synthesis of 1,2,3-Triazoles in Aqueous
Medium. ACS Sustain. Chem. Eng. 2013, 1 (11), 1405-1411.

Diaz Arado, O.; Monig, H.; Wagner, H.; Franke, J. H.; Langewisch, G.; Held,
P. A.; Studer, A.; Fuchs, H. On-Surface Azide-Alkyne Cycloaddition on
Au(111). ACS Nano 2013, 7 (10), 8509-8515.

Rasolofonjatovo, E.; Theeramunkong, S.; Bouriaud, A.; Kolodych, S.;
Chaumontet, M.; Chimie, S. De; Yvette, F.-G. Iridium-Catalyzed
Cycloaddition of Azides and 1 - Bromoalkynes at Room Temperature. Org.
Lett. 2013, 15, 4698—4701.

Luo, Q.; Jia, G.; Sun, J.; Lin, Z. Theoretical Studies on the Regioselectivity of
Iridium-Catalyzed 1,3 - Dipolar Azide — Alkyne Cycloaddition Reactions. J.
Org. Chem. 2014, 79, 11970-11980.

Ding, S.; Jia, G.; Sun, J. Iridium-Catalyzed Intermolecular Azide-Alkyne
Cycloaddition of Internal Thioalkynes under Mild Conditions. Angew. Chemie
- Int. Ed. 2014, 126, 1908-1911.

Surya Prakash Rao, H.; Chakibanda, G. Raney Ni Catalyzed Azide-Alkyne
Cycloaddition Reaction. RSC Adv. 2014, 4 (86), 46040—46048.

Meng, X.; Xu, X.; Gao, T.; Chen, B. Zn / C-Catalyzed Cycloaddition of Azides
and Aryl Alkynes. 2010, 5409-5414.

Li, Y.; Qi, X.; Lei, Y.; Lan, Y. Mechanism and Selectivity for Zinc-Mediated

St.Thomas’ College, Thrissur 26



Literature Review

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

Cycloaddition of Azides with Alkynes: A Computational Study. RSC Adv.
2015, 5 (61), 49802-49808.

Smith, C. D.; Greaney, M. F. Zinc Mediated Azide-Alkyne Ligation to 1,5- and
1,4,5-Substituted 1,2,3-Triazoles. Org. Lett. 2013, 15 (18), 4826—4829.

Hong, L.; Lin, W.; Zhang, F.; Liu, R.; Zhou, X. Ln[N(SiMe3)2]3-Catalyzed
Cycloaddition of Terminal Alkynes to Azides Leading to 1,5-Disubstituted
1,2,3-Triazoles: New Mechanistic Features. Chem. Commun. 2013, 49 (49),
5589-5591.

Wang, J. M.; Yu, S. B.; Li, Z. M.; Wang, Q. R.; Li, Z. T. Mechanism of
Samarium-Catalyzed 1,5-Regioselective Azide-Alkyne [3 + 2]-Cycloaddition:
A Quantum Mechanical Investigation. J. Phys. Chem. A 2015, 119 (8), 1359—
1368.

Lauria, A.; Delisi, R.; Mingoia, F.; Terenzi, A.; Martorana, A.; Barone, G.;
Almerico, A. M. 1,2,3-Triazole in Heterocyclic Compounds, Endowed With
Biological Activity, Through 1,3-Dipolar Cycloadditions. European J. Org.
Chem. 2014, 16, 3289-3306.

Rostovtsev, V. V; Green, L. G.; Fokin, V. V; Sharpless, K. B. A Stepwise
Huisgen Cycloaddition Process: Copper ( I ) -Catalyzed Regioselective
Ligation” of Azides and Terminal Alkynes. Angew. Chem. Int. Ed. 2002, 41,
2596-2599.

Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Polytriazoles as Copper
(I) -Stabilizing Ligands in Catalysis. Org. Lett. 2004, 6, 2853-2855.

Yan, Z.; Zhao, Y.; Fan, M.; Liu, W.; Liang, Y. General Synthesis of ( 1-
Substituted-1 H -1, 2, 3-Triazol-4- Ylmethyl ) -Dialkylamines via a Copper ( I
) -Catalyzed Three-Component Reaction in Water. Tetrahedron 2005, 61,
9331-9337.

Rodionov, V. O.; Presolski, S. I.; Gardinier, S.; Lim, Y. H.; Finn, M. G.
Benzimidazole and Related Ligands for Cu-Catalyzed Azide-Alkyne
Cycloaddition. J. Am. Chem. Soc. 2007, 129, 12696—-12704.

Aurelie Baron, Yves Bleriot, M. S. and B. V. Phenylenediamine Catalysis of "
Click Glycosylations " in Water : Practical and Direct Access to Unprotected
Neoglycoconjugates Phenylenediamine Catalysis of “ Click Glycosylations ™ in

Water : Practical and Direct Access to Unprotected Neoglycoconjugates. Org.

St.Thomas’ College, Thrissur 27



Literature Review

(31

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

Biomol. Chem. 2008, 6, 1898—1901.

Candelon, N.; Laste, D.; Diallo, A. K.; Aranzaes, J. R.; Astruc, D.; Vincent, J.
A Highly Active and Reusable Copper ( I ) -Tren Catalyst for the ““ Click ™ 1,
3-Dipolar Cycloaddition of Azides and Alkynes {. Chem. Commun. 2008, 741—
743.

N-arylation, C. L.; Cycloaddition, A. A.; Li, F.; Hor, T. S. A. Facile Synthesis
of Nitrogen Tetradentate Ligands and Their Applications in Cu(I) -Catalyzed
N-Arylation and Azide—Alkyne Cycloaddition. Chem. - A Eur. J. 2009, 15,
10585-10592.

Du, F.; Lammens, M.; Skey, J.; Wallyn, S.; Reilly, O.; Du, F. Polymeric
Ligands as Homogeneous , Reusable Catalyst Systems for Copper Assisted
Click Chemistry W. Chem. Commun. 2010, 46, 8719-8721.

Diez-Gonzalez Silvia, Correa Andrea , Cavallo Luigi, N. S. P.
(NHC)Copper(I)-Catalyzed [3+2] Cycloaddition of Azides and Mono- or
Disubstituted Alkynes. Chem. - A Eur. J. 2006, 12, 7558-7564.

Diez-gonzélez, S.; Stevens, D.; Nolan, S. P. A [( NHC ) CuCl ] Complex as
Latent Click Catalyst. Chem. Commun. 2008, 4747-4749.

Hohloch, S.; Sarkar, B.; Nauton, L.; Cisnetti, F.; Gautier, A.; Hohloch, S.;
Sarkar, B.; Nauton, L.; Cisnetti, F.; Gautier, A. Are Cu ( I )- Mesoionic NHC
Carbenes Associated with Nitrogen Additives the Best Cu — Carbene Catalysts
for the Azide — Alkyne Click Reaction in Solution? A Case Study .
Tetrahedron Lett. 2013, 54 (1808—1812).

Wang, F.; Fu, H.; Zhao, Y. Quick and Highly Efficient Copper-Catalyzed
Cycloaddition of Aliphatic and Aryl Azides with Terminal Alkynes ““ on Water
.” Green Chem. 2008, 10, 452-456.

Fabbrizzi, P.; Cicchi, S.; Brandi, A.; Sperotto, E.; Koten, G. Van. An Efficient (
2-Aminoarenethiolato ) Copper ( I ) Complex for the Copper-Catalysed
Huisgen Reaction ( CuAAC ). Eur. J. Org. Chem. Chem. 2009, 5423-5430.
Orgueira, A.; Fokas, D.; Isome, Y.; Chan, P. C.; Baldino, C. M. Regioselective
Synthesis of [1,2,3]-Triazoles Catalyzed ByCu ( I ) Generated in Situ from Cu (
0 ) Nanosize Activated Powder and Amine Hydrochloride Salts. Tetrahedron
Lett. 2005, 46, 2911-2914.

Girard, C.; Onen, E.; Aufort, M.; Beauviere, S.; Samson, E.; Herscovici, J.

St.Thomas’ College, Thrissur 28



Literature Review

(41)

(42)

(43)

(44)

(45)

(46)

47)

(48)

(49)

(50)

Reusable Polymer-Supported Catalyst for the [3+2] Huisgen Cycloaddition in
Automation Protocols. Org. Lett. 2006, 8, 1689—1692.

Xavier, N. M.; Goulart, M.; Neves, A.; Justino, J.; Chambert, S.; Rauter, A. P.;
Queneau, Y. Synthesis of Sugars Embodying Conjugated Carbonyl Systems
and Related Triazole Derivatives from Carboxymethyl Glycoside Lactones.
Evaluation of Their Antimicrobial Activity and Toxicity. Bioorganic Med.
Chem. 2011, 19, 926-938.

Lipshutz, B. H.; Taft, B. R. Heterogeneous Copper-in-Charcoal-Catalyzed
Click Chemistry. Angew. Chem. Int. Ed. 2006, 118, 8415-8418.

Rojas-lima, S.; Santillan, R.; Universitaria, C. Cuprous Oxide on Charcoal-
Catalyzed Ligand-Free Synthesis of 1,4-Disubstituted 1,2,3-Triazoles via Click
Chemistry. ARKIVOC 2013, No. iii, 139-164.

Xiong, X.; Chen, H.; Tang, Z.; Jiang, Y. Supported CuBr on Graphene
Oxide/Fe304: A Highly Efficient, Magnetically Separable Catalyst for the
Multi-Gram Scale Synthesis of 1,2,3-Triazoles. RSC Adv. 2014, 4, 9830-9837.
Shamim, T.; Paul, S. Silica Functionalized Cu(l) as a Green and Recyclable
Heterogeneous Catalyst for the Huisgen 1,3-Dipolar Cycloaddition in Water at
Room Temperature. Catal. Letters 2010, 136, 260-265.

Xiong, X.; Cai, L. Application of Magnetic Nanoparticle-Supported CuBr: A
Highly Efficient and Reusable Catalyst for the One-Pot and Scale-up Synthesis
of 1,2,3-Triazoles under Microwave-Assisted Conditions. Catal. Sci. Technol.
2013, 3, 1301-1307.

R. B. Nasir Baig, R. S. V. A Highly Active Magnetically Recoverable Nano
Ferrite-Glutathione-Copper (Nano-FGT-Cu) Catalyst for Huisgen 1,3-Dipolar
Cycloadditions. Green Chem. 2012, 14, 625-632.

Kantam, M. L.; Jaya, V. S.; Sreedhar, B.; Rao, M. M.; Choudary, B. M.
Preparation of Alumina Supported Copper Nanoparticles and Their Application
in the Synthesis of 1,2,3-Triazoles. J. Mol. Catal. A Chem. 2006, 256, 273-277.
Mukherjee, N.; Ahammed, S.; Bhadra, S.; Ranu, B. C. Solvent-Free One-Pot
Synthesis of 1,2,3-Triazole Derivatives by the “Click” Reaction of Alkyl
Halides or Aryl Boronic Acids, Sodium Azide and Terminal Alkynes over a
Cu/A1203 Surface under Ball-Milling. Green Chem. 2013, 15, 389-397.
Valentin, R.; Bonelli, B.; Garrone, E.; Di Renzo, F.; Quidnard, F. Accessibility

St.Thomas’ College, Thrissur 29



Literature Review

61y

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

of the Functional Group of Chitosan Aerogel Probed by FT-IR-Monitored
Deuteration. Biomacromolecules 2007, 8, 3646-3650.

Valentin, R.; Molvinger, K.; Viton, C.; Domard, A.; Quignard, F. From
Hydrocolloids to High Specific Surface Area Porous Supports for Catalysis.
Biomacromolecules 2005, 6, 2785-2792.

Chtchigrovsky, M.; Primo, A.; Gonzalez, P.; Molvinger, K.; Robitzer, M.;
Quignard, F.; Taran, F. Zuschriften Functionalized Chitosan as a Green ,
Recyclable , Biopolymer-. 2009, 6030-6034.

Baig, R. B. N.; Varma, R. S. Copper on Chitosan: A Recyclable Heterogeneous
Catalyst for Azide-Alkyne Cycloaddition Reactions in Water. Green Chem.
2013, 75 (7), 1839-1843.

Gholinejad, M.; Jeddi, N. Copper Nanoparticles Supported on Agarose as a
Bioorganic and Degradable Polymer for Multicomponent Click Synthesis of
1,2,3-Triazoles under Low Copper Loading in Water. ACS Sustain. Chem. Eng.
2014, 2, 2658-2665.

Rull-Barrull, J.; D’Halluin, M.; Le Grognec, E.; Felpin, F. X. A Paper-Based
Biomimetic Device for the Reduction of Cu(Il) to Cu(i)-Application to the
Sensing of Cu(Il). Chem. Commun. 2016, 52 (39), 6569-6572.

Rull-Barrull, J.; d’Halluin, M.; Le Grognec, E.; Felpin, F. X. Harnessing the
Dual Properties of Thiol-Grafted Cellulose Paper for Click Reactions: A
Powerful Reducing Agent and Adsorbent for Cu. Angew. Chemie - Int. Ed.
2016, 55 (43), 13549-13552.

Chavan, P. V.; Pandit, K. S.; Desai, U. V.; Kulkarni, M. A.; Wadgaonkar, P. P.
Cellulose Supported Cuprous lodide Nanoparticles (Cell-Cul NPs): A New
Heterogeneous and Recyclable Catalyst for the One Pot Synthesis of 1,4-
Disubstituted-1,2,3-Triazoles in Water. RSC Adv. 2014, 4 (79), 42137-42146.
Raut, D.; Wankhede, K.; Vaidya, V.; Bhilare, S.; Darwatkar, N. Copper
Nanoparticles in Ionic Liquids : Recyclable and Efficient Catalytic System for
1, 3-Dipolar Cycloaddition Reaction. Catal. Commun. 2009, 10, 1240-1243.
He, X.; Li, X.; Guo, N.; Zhao, Y.; Xu, G.; Li, W. Metallic Copper Wire-A
Simple, Clear and Reusable Catalyst for the CuAAC Reaction in Supercritical
Carbon Dioxide. RSC Adv. 2015, 5, 73340-73345.

Loftsson, T.; Brewster, M. E. Pharmaceutical Applications of Cyclodextrins:

St.Thomas’ College, Thrissur 30



Literature Review

(61)

(62)

(63)

(64)

Drug Solubilisation and Stabilization. J. Pharm. Sci. 1996, 85 (11), 1017-1025.
Shin, J.-A.; Lim, Y.-G.; Lee, K.-H. Copper-Catalyzed Azide—Alkyne
Cycloaddition Reaction in Water Using Cyclodextrin as a Phase Transfer
Catalyst. J. Org. Chem. 2012, 77 (8), 4117-4122.

Xiong, X.; Cai, L.; Jiang, Y.; Han, Q. Eco-Efficient, Green, and Scalable
Synthesis of 1,2,3-Triazoles Catalyzed by Cu(I) Catalyst on Waste Oyster Shell
Powders. ACS Sustain. Chem. Eng. 2014, 2 (4), 765-771.

Xiong, X.; Tang, Z.; Sun, Z.; Meng, X.; Song, S.; Quan, Z. Supported Copper
(I) Catalyst from Fish Bone Waste: An Efficient, Green and Reusable Catalyst
for the Click Reaction toward N -Substituted 1,2,3-TRIAZOLES. Appl.
Organomet. Chem. 2018, 32 (1), e3946.

Ghodsinia, S. S. E.; Akhlaghinia, B.; Jahanshahi, R. Direct Access to Stabilized
Cul using Cuttlebone as a Natural-Reducing Support for Efficient CuAAC
Click Reactions in Water. RSC Adv. 2016, 6 (68), 63613-63623.

St.Thomas’ College, Thrissur 31



