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The aim of this review is to provide an overview of green protmls for the organic
synthesis of heterocycles via 1,3-dipolar cycloadditionParticular attention has been
devoted to the use of green solvents; reactions performed inonic liquids, uorinated
solvents and water have been included. Also explored are seval protocols that make
use of catalyst-free reaction conditions, the use of microave irradiation and activation
by light exposure. Improvements over commonly used organisolvents will be underlined
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pharmaceutical chemistry. The selection of suitable stgrthaterials, methodologies with good
atomic balance, a minimum number of steps and green solveititgaNow this bene cial goal to
be achieved. Heterocyclic chemistry plays a key role in draglyction and the application of
e cient green synthetic processes has a signi cantimpact oafphaceutical industries. There are a
number of successful examples of benign synthetic protandlding the use of non-conventional
technologies such as microwave of ultrasound irradiati@srella et al., 20)and the use of water
or green organic solvent&/oulay and Touati, 2010; Butler and Coyne, 2016 the last decade, in
this area, green chemistry and click chemistry have respgecpathway of rigorous principles, by
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a section of the journal
Frontiers in Chemistry

means of which more e cient and greener processes can be dk(@eastas and Eghbali, 20110
Since the capital discovery by the teams of Meldak(ze et al., 20Q2and Sharplessiostovisev
et al., 200}, copper-catalyzed azide-alkyne cycloaddition (CUAAC) pilesiregioselectivity under
mild conditions substituted triazole. Based on its large aiility, several research areas have
taken advantage of its peculiar bene ts and this reaction lbarronsidered the click reactiqrar
antonomasiaMore in general, 1,3-dipolar cycloadditions are gkelectrons, concerted reactions
that have a wide range of applications in organic synthesis apeci cally, in the preparation
of ve membered heterocyclic rings. Their good atomic balarand their synthetic potential
resulted maximized when 5 terms heterocycles are obtamsdstainable solvents with high stereo
or enantioselectivity.

Many authors still use the terms ‘€3] or [3C2] cycloaddition,” which count the number
of involved atoms, but do not follow IUPAC recommendations. this paper, we follow the
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IUPAC requirements, meaning that all reactions are refetieed reactions and 1,3-dipolar cycloadditions, they might be the
in accordance with the following rules: reaction media of choice.

A (i Cj C..)) cycloaddition is a reaction in which two or morebeln 2007, 1,3-dipolar azomethine ylide cycloaddition has

. - en studied in ionic liquid and the authors observed that
molecules (or parts of the same molecule), provide unjts of | S - R : S
. S h . yrrolizidines can be obtained in high yield at &Din ionic liquid
in which i and j stand for linearly connected atoms. In the na

product, these units become joined by nedyends so as to form 1-butyl-3-methylimidazolium [omim][BE] in 10-40 min, while
o . under conventional conditions in boiling acetonitrile #quested
a cycle containing € j C...) atoms.

The terminology [C j C...] for a cycloaddition identi es the 90-300 min {adidi _et al,, 2007 Kathwav_an ano! Ragh_unathan

: . . ) . : (2013) studied an intramolecular 1,3-dipolar in [bmim][BF
numbers, i and j, of electrons in the interacting units that as the medium and pyrrolo[2,3-a]pyrrolizidino derivativesrare
participate in the transformation of reactants to prodyséee Py >-alpy

) . obtained, as described iScheme 1 Starting from pyrrole-2-
http://goldbook.iupac.org/html/C/C01496.htm). carbaldehyde and allyl bromide, the authors obtained N+ajke

The aim of this review is to provide an overview of greenpyrrole-2-carbaldehyde that converted in presence of sareosi
protocols for the organic synthesis of heterocycles vialipdtar  in pyrrolo[2,3-a]pyrrolidines, pyrrolizidines, indolizides, and
cycloaddition. The azides-alkynes cycloadditions, wetiwn as  isoquinolines. The reaction was performed at 85and in
Huisgen reactions, will not be taken into detailed accowstduse 3 h, and pyrrolopyridines were obtained in good yields (80—
of their large presence in literature, both in original publion  92%) from the 1,3-dipolar cycloaddition reactions. To provide
and in review. In the present review particular attention hasan optimization of the method the authors also carried out
been devoted to the use of green solvents; reactions pertbinme the reaction in di erent organic solvents, including methdno
ionic liquids, uorinated solvents and water have beenimtgd. toluene, and acetonitrile. The reaction was slower and a orded
Also explored are several protocols that make use of catalydower yields of the desired products when performed in the
free reaction conditions, the use of microwave irradiatimmd  organic solvents compared to ionic liquid.
activation by light exposure. Improvements over commonly A three component 1,3-dipolar cycloaddition, one pot
used organic solvents will be underlined in order to hightig reaction has been describedlhansour et al., 20150 obtain
environmental protection aspects and enhancements in regigispirooxindolopyrrolidinesin situ generated azomethine ylides
and stereoselectivity. from L-phenylalanine and substituted isatins were used in
equimolar ratio with a series of (E)-2-oxoindolino-3-yliden
acetophenone in [bmim][Bi to furnish the cycloadducts
1,3-DIPOLAR CYCLOADDITION IN IONIC in 70-77% yield and high regioselectivitgagheme 2 When
LIQUIDS compared with organic solvent such as methanol, ethanol,
dioxane, and a dioxane/methanol (1:1) mixture under hegtin
The elimination of the use of volatile organic solvents andn an oil-bath, they gave the desired product in lower yiel&-{2
their replacement by non-in ammable, non-volatile, nonxic, = 38%) with low selectivity. The same reaction was investigate
and inexpensive green solvents is an important aspect of greém ionic liquids using catalyst in 10 mol%, [bmim][BFCul,
chemistry. Their unique properties, including high chemical[omim][BF4]/Zn(OTf),. These reactions furnished both
and thermal stability, solvating ability, ability to beleagss both regioisomers A and B, but good yield and high selectivityaver
acidic and basic catalysts and recyclability, have led micio observed toward the product A. The ionic liquids [bmim]BF
liquids gaining widespread recognition as green solverdsdhe  and [bmim]Br were found to be the most suitable reaction nzedi
advantageous to use in organic synthesis. Their manifold used as described by the authors in the proposed mechanism
in this context has therefore emerged as a formidable ally fa(Scheme 3 ionic liquids play the dual role of solvent and catalyst
green chemistry. Besides the catalyzing ability of iomjoils, and an increase in reaction rate is observed when compared to
their solubility, viscosity, density, acidic, or basic i@wer and — other organic solvents.
refractive index, can be tuned by judiciously modifying the Another example of one pot three components reactions was
anion/cation combinations. This means that for multicommart  published in 2015 by the same authofs(mugam et al., 2075

OH
H / \ H
@\;O - Nvgo [ ) N N N
N N o | T
[bmim][BF 4] \ H =
\ 85°C Ph

Ph

SCHEME 1 | Synthesis ofN-methylpyrrol[2,3-a]pyrrolizidine.
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SCHEME 2 | Synthesis of dispirooxindolopyrrolidines.

SCHEME 3 | Possible mechanism of the synthesis of dispirooxindolopywolidine regioisomers.

that described a general and e cient path for the regio- and(in situ generated). When performed in ethanol, methanol,
stereo-selective synthesis of dispirooxindole-fused ramiés. dioxane, and a dioxane/methanol (1:1 v/v) at re ux, the 1,3-
The reaction was a reaction pathwayscheme ) started dipolar cycloaddition failed. The desired product was obtdine
from acid-catalyzed condensation of anthracen-#{}@ne in  in 65% yield in 3h in DMF at re ux. Working in the presence
presence of benzaldehydes to obtain 10-benzylideneamtihrac of [bmim]Br at 100C, the product was obtained in high
9(1H)-ones that was submitted to 1,3-dipolar cycloadditionyield (89%) and the reaction rate increased compared to DMF.
with non-stabilized azomethine ylide from sarcosine aratirs  Moreover, the ionic liquid was recovered and reused. The
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SCHEME 4 | Synthesis of 9-arylmethylene-10-anthrone and following,B-dipolar cycloaddition to bis-spiro compound.

reaction was proved as regioselective. The reaction shoigéd h
tolerance toward substituted benzaldehyde and electroratiog y O

as well as electron-withdrawing substituentoeho, metaand %o . /N\)J\
para positions gave satisfactory yield$i-,13C-, and 2D-NMR N OH
spectroscopy was exploited to elucidate the stereochemistry o R

the nal product and unambiguously the stereochemistry was
con rmed using a single crystal X-Ray di raction study.

Also Jain et al. (2012)reported the enhancement in
yield and rate due to the use of ionic liquid in 1,3-
dipolar cycloaddition reactiowia the generation of azomethine N
ylides from isatin and sarcosineS¢heme» to synthesize
dispiropyrrolidine-bisoxindole. The dipolarophile employedsv 0
the ole n obtained by Knoevenagel condensation of isatin N
and un/substituted acetophenones and 2-acetylthiophene.
presence of [bmim]P§ the azomethine ylides approached
the dipolarophiles regioselectively and excellent yieldshart
reaction times were obtained. Furthermore, there was nad ifiere
further puri cation processes, such as column chromatography
and the products were characterized by spectroscopic ar
analytical studies.

The stereoselectivity of the 1,3-dipolar cycloaddition is
governed by both the orientation at which the dipole and
dipolarophile approached and the conformation of the ylide. In
the mentioned study, the authors hypothesize that constsain
dictate that only one specic isomer can be involved in the
transition state of the cycloaddition reaction. As desedhn
the Scheme 6 the reaction occurs through one of the ylide
geometries therefore its addition to dipolarophiles takes @lac
under the control of relative stereochemistry at the spirotee
The formation of sterically hindered ylide was not obtained
owing to steric repulsion between the oxindole carbonyl grou
and the methyl group of sarcosine. lonic liquid recycldpilvas 86-93%
proved by the authors. 30-120 min

The parallel synthesis of novel molecular frameworks has
been greatly enhanced by the discovery of the synergy betweescHeme s | Synthesis of dispiropyrrolidine derivatives.
microwave irradiation and ionic liquid. Being a heteroeydf
immense importance because of its potential biological dgfivi
1,3-dipolar cycloaddition under MW irradiation in ionic ligd  cage compounds and attempted the incorporation into their
has been explored for facilitating accelerations in drugal®ry.  structure or a second cavity that can participate in structure
Kumar et al. (2015have studied the molecular recognition of recognition. 1,3- dipolar cycloaddition betwebiRunsubstituted

=]
X

86-90 %
30-85 min
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6-12 min .

SCHEME 7 | Synthetic route of diazapoycyclic cage compounds.

3,5hid(E)-arylmethylidene]tetrahydro- 4(1H)-pyridinones and 1,1,3,3-tetramethylguanidine acetate [TMG][Ac] as thesale
azomethine ylides was exploited for the synthesis of novelolvent in a 1,3-dipolar cycloaddition. The reaction wasiedr
diazahexa- and diazaheptacyclic ring. Azomethine ylidese weout in the presence of an equimolar mixture of sarcosine,
generatedn situ from acenaphthenequinone aredamino acids ninhydrin, and 1-benzyl/methyl-3,5-bis[(E)-arylidene]-
(initially, proline and then phenylglycine). Initially theu¢hors  piperidin-4-one and at 80C in 1,1,3,3- tetramethylguanidine
performed the reaction under conventional conditions andacetate [TMG][Ac] for 3—6 h and the desired products were in
methanol, ethanol, ethanoll,4-dioxane mixture (1:1 v/v), and good yields (86—92%). When di erent solvents were compared,
1,4-dioxane were employed in re uxing to a ord the heptacyclicthe authors employed ethanol, methanol, dioxane, acetitmitr
cage structure in 72, 60, 70, and 69% yields, respectivelyn Whand toluene, as well as several ionic liquids, including fini
the reaction was performed in [omim]Br at 100, the desired BF; and [bmim]Cl. All these solvents were found to give
product was recovered in 81% yield in 20min. The synergicomparatively low product yields (42-82% yield compared
e ected of MW irradiation and ionic liquid was proved when to 86—89 of ionic liquids in more than 5h) and [TMG][Ac]
an equimolar mixture of the starting materials in [bmim]Br was the best solvent, giving higher yields and shorter ieact
was subjected to MW irradiation at 100 for 4 min. The cage times (92% vyield in 3h). A single regioisomer was isolateallin
compound was recovered in 85% yield after purication bycases§cheme 8

extraction and crystallization. The ionic liquid [bmim]Bwrvas

dried under reduced pressure after product extraction and its

recyclability was investigated in successive synthesee chge 1,3-DIPOLAR CYCLOADDITION IN

compound, revealing thatits e cacy was not particularly redd  E|_ UORINATED SOLVENTS

in the three subsequent runS¢heme Y.

Recently guanidine ionic liquids (GILs) have also emerge@ 2 2-tri uoroethanol is considered an ideal solvent and co
and have been e ciently used, as new-generation ionic litfii  solvent because of its high ionizing power and strong hydnoge
in several reactions (Henry reaction, aldol reaction, Heclpond-donating ability, which provide good catalytic poteitin
reaction etc.). The preparation of novel dispiropyrrolidine a variety of organic transformations.
derivatives under green conditions was studied byndia The use of 2,2,2-tri uoroethanol as a recoverable greener
et al. (2012) exploiting the task-specic ionic liquid solvent was explored by Dandia, to obtain a series of novel
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SCHEME 8 | Synthesis of dispiropyrrolidine derivatives.

COOMe

e
/N%OH

TFE 30-40 min

SCHEME 9 | Synthesis of benzo[1,4]oxazine (0 O) and benzo[1,4]thiazine (O S) based dispiroheterocyclesvia azomethine ylides.

eciently regio- and stereoselective dispiropyrrolidinyl/ methanol, acetonitrile, 1,4-dioxane, hexa uoro isopropanol
thiapyrrolizidinyl hybrid molecules via the 1,3-dipolar 2,2,2-tri uoroethanol, and toluene). The best results ®er
cycloaddition of a benzo[l,4]oxazine-derived dipolarophileobtained using 2,2,2-tri uoroethanol, which gave a single
isatin and sarcosine/1,3-thiazolane-4-carboxylic adithr(dia regioisomer in a higher yield and a shorter reaction timerthize

et al., 201p The dipolarophile was synthesized under catalystother solvents (92% yield). The reaction was complete in 30 mi
free conditions from o-aminophenol and dimethyl acetylenevs. the 6 h requested in presence of di erent solveB8isheme

dicarboxylate (DMAD) in good vyields. The authors studied The 1,3-dipolar cycloaddition reactions proceeded in a
the cycloaddition reaction in dierent solvents (ethanol, concerted manner, meaning that the reaction is stereospecic
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In this case, the stereochemistry of alkene benzo[l,4jozaz

would in uence the stereochemistry at positions 3 and 4. As FIGURE 1 | Reprinted with permission fromButler et al. (2004) Copyright
described by the authors, the formation of only one diasierer (2018) American Chemical Society.

is explained by the plausible transition staBcheme 1Ppwhich
is somewhat promoted by @-interaction between the aromatic
rings as well as the secondary orbital interaction (SOlpeen

the ylide and the orbitals of the dipolarophile's carbonylgo  hydrophobic e ects, which aggregate the organic reactan}sa (b
lowering of the activation energy by special hydrogen bogdin
1,3-DIPOLAR CYCLOADDITION IN WATER in the transition state; and (c) the fact that the cycloadatit
transition state in water has higher polarity than its analog
The use of water in organic synthesis has stimulated severaidganic solvents and, consequently, displays increasedtswlv
applications. Despite water's unique properties, it is still nostabilization in waterButler et al., 2002
commonly used as most organic compounds do not dissolve in The vast literature on the use of nitrones in the preparation
water, meaning that a cosolvent is needed to increase $iojubi of bioactive compounds pays testament to their huge synthetic
This choice tends to diminish the advantages of low cost, nopotential. 1,3-dipolar nitrone-ole n cycloaddition has beased
toxicity, ease workup, and product isolation in water. Theref to obtain isoxazolidines, and even more complex bi- or tri-
organic synthesis in aqueous media includes a large numbeyclic isoxazolidines, of biological interest and othdrattare
of reactions that are performed both in homogeneous and iruseful synthetic intermediates for target moleculBs (Miarch
heterogeneous condition€(anda and Fokin, 2009 et al., 1999; Fisera, 2007; Molteni, 201®he fact that the
As described by Sharpless et al. in their study of pericyclitormation of nitrones is due to the dehydration reactions of
cycloaddition, such reactions often bene t from workingwater ~ substituted hydroxylamine and carbonyl compounds drove A.
even when the organic reactants are insoluble in the aqueo@hatterjee et al. to explore the formation of nitrones in ague
phase. In fact, this substantial rate acceleration can betdue media using surfactants. As depictedrigure 2, the micelles are
“on water” conditions that are created when insoluble reaats hydrophobic and protect water-labile molecules from hydtialy
are stirred in an aqueous suspensiddatayan et al., 2005 decomposition Chatterjee et al., 2003
This concept has been studied and applied to several di erent The authors started with a model reaction between
reactions. Even when the rate acceleration is negligiblis, t phenyl hydroxylamine and various aldehydes, in which
approach can still be considered successful as it makes produstyl trimethylammonium bromide (CTAB) showed better
isolation easier and improves safety thanks to water's higlox  performance than sodium dodecyl sulfate (SDS) in preparing
stability and heat capacity. nitrones. This is presumably due to stronger binding with
Useful information derived from comparative studies of 1,3-the substrate. Interestingly, no reaction was observednwhe
dipolar cycloaddition reactions in organic solvents and avat the reaction was performed in water in the absence of a
The introduction of water as a cosolvent in cycloadditionsurfactant or neat. The same procedure was therefore used to
reactions in organic solvents, such as acetonitrile andoaegt obtain a stereoselective intramolecular nitrone cycloddi
gave remarkable exponential rate increases as the solvenirsni  (Chatterjee and Bhattacharya, 2Q0&uranoside-5-aldehydes
approached pure waterB(tler et al., 2004 Reactions of derivatives were reacted with phenyl hydroxylamine to form
methyl vinyl ketone, ethyl vinyl ketone, and but-3-yn-2@n the corresponding nitrones in aqueous media and the reaction
with pyridazine dicyanomethanide 1,3-dipole, which is stdub was catalyzed by a surfactant at room temperature. The
in water, display rate enhancements on changing from MeCN tamitrone intermediate underwent stereoselective intrarolar
H20O (Figure 1). As observed in pericyclic cycloadditions, such agycloaddition as described ifscheme 11 Interestingly, the
the Diels Alder reaction, the rate enhancement may be du@jo: authors observed the formation of only one of the four possibl

Frontiers in Chemistry | www.frontiersin.org 7 February 2019 | Volume 7 | Article 95


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Martina et al. Green 1,3 Dipolar Cycloadditions

FIGURE 2 | Schematic representation of nitrones synthesis in micelle

NHOH

OHC N itTe)
CTAB (10%)
O v HL0, rt

R2

CTAB (10%)
H,0, rt

R»]’ R2 = CH3

SCHEME 11 | 1,3-dipolar cycloaddition with furanoside-5-aldehydes érivatives and phenyl hydroxylamine.

isomers in these surfactant-mediated intramolecular anig  range of 91-97% and the ratianti/syn was 7:3 in average

cycloadditions. The nitrones of 3-O-allyl glucofuranosequce (Chakraborty et al., 2010, 20112

bridged isoxazolidines-oxepanes, as do the nitrones ofycrot The 1,3-dipolar cycloaddition of nitrones in water has also

derivatives. By contrast, nitrones of prenyl derivativesdoice been used to react two free sugar derivatives to produce

pyrans. This may be due to methyl-methyl steric repulsiorpseudo-disaccharides, which bear imino-galactofuranosg an

restricting the formation of the oxepane skeleton. galactofuranose units, in a 51% yieldgutard et al., 2008 The
Several other attempts to perform 1,3-dipolar cycloadditionseaction exploited the reactivity of water soluble nitroneish

in the presence of previously synthesized nitrones havkigh enantioselectivity.

been performed in water without the addition of a  Triphenylphospine and tertiary amines can be used to activate

surfactant. N-methyl-a-chloro nitrone reacted quickly with conjugated carbonyl alkynes toward 1,3-dipolar cycloaddit

ethyl acrylate, styrene and three dierent maleimide-( In fact, b-phosphonium (or ammonium) allenolates perform

methyl/phenyl/cyclohexyl) $cheme 12 Yields were in the as reactive dipolarophiles in aqueous 1,3-dipolar cycloaafusti
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cavity acted as a reactor and heating at ID@r 8-12h gave

a set of derivatives in good yields with moderate to excellent
diastereoselectivity. InterestinglyzCD was inactive as a nano-
reactor, whileg-CD was found to e ciently form inclusion

cl § complexes. The formation of the complex was conrmed by
(\E E——— N— HR FT-ICR MALDI-MS Studies and NMR spectra. The authors
o \N,O‘ :20} rt, 3;]5 hrs, B J rationalized by arin silicostudy the cycloaddition process and an

2 atmosphere 1

Ry, Ry = CON(Me)CO
R; R, = CON(Ph)CO

R; Ry = CON(CyHex)CO
R1 = COzEt, R2 =H

R1 =Ph R2 =H

SCHEME 12 | 1,3-dipolar cycloaddition of N-methyl-a-chloronitrone.

Bn
/

R3P (10 moll%) Ph N
\
| | H,0, 40 °C j;(o
s CsHy1

CO,Me

SCHEME 13 | Dipolar cycloaddition ofb-phosphonium (or ammonium)
allenolates to obtain isoxazolidine derivatives.

and have been used to give 2,3-dihydroisoxaz8lehéme 1B

E-endotransition state and that the cis major adduct is the more
reactive rotamer of the nitrone. The calculation suggesas the
transition stage is positioned within the CD reactor, as deguc
in Scheme 14

In 2008, an interesting publication demonstrated the in uenc
that the solvent can have on the production of isoxazolidine.
Alkenylazaarenes were utilized as dipolarophiles for the
preparation of 4-substituted and 5-substituted isoxazaolkdi
with nitrones giving high regioselectivity under a range of
reaction conditions. Reaction in water under microwave
in a sealed vessel gave in high to excellent yields only 5-
substituted isoxazolidines, while the 4-substituted agslo
were obtained as the major products when a Lewis acid,
TMSOTTf, was used as the catalyst in DCM at room temperature
(Scheme 1p(Tong et al., 2018

Oxindole derivatives that bear a spirocyclic quaternary
stereocentre at the C3 position are interesting heterocyatitifs
generally found in a number of natural products and drugs.

Several green approaches for the synthesis of spiro-indole
have been described as occurring in the presence of water as
a solvent. Despite the common use of halogenated organic
solvents, the “on-water” generation of carbonyl ylides gsin
carbenoids was described in 2020\uthusamy and Ramkumar,
2015. The proposed synthesis catalyzed by rhodium(ll)
acetate dimer, aorded spiro-oxiranes from carbonyl ylide
dipoles and diazoamides (3-diazooxindoleSgleme 1§ Spiro-
dioxolanes were obtained with complete diastereoselegtivit
when carbonyl ylides were obtained using aromatic aldehydes
with electron-withdrawing substituents, while with eleatro
donating substituents the 1,3-dipolar cycloaddition réamcs
were observed.

The reaction a ordedcisproducts in both the spiro-oxirane
and spiro-dioxolane syntheses. In the presence of 1.2 eqotsale
of aromatic aldehyde, the acyclic carbonyl ylide underwteet
intermolecular stereoselective dipolar cyclization in a ijgatar
conformation, which involved an intramolecular hydrogeordl,
to give epoxides Scheme 1Y. When an excess of aldehyde

(Gonzalez-Cruz et al., 20D he reaction increased the reaction was used (4 equivalents), the reaction happened “on water” as
yield up to 68% when LiCl was used and interestingly only onéhe nucleophilic addition of water was not observed to occur.
regioisomer was isolated, while no reaction was observed INevertheless, the free interfacial-water OH groups may l&abi
toluene and DCM. By comparison with tertiary amines, BPh the possible transition state.
showed the best catalytic activity in the presence of aramati A three-component, 1,3-dipolar cycloaddition of situ
nitrone (68% yield vs. 59%), while quinuclidine was moregenerated azomethine ylides from isatin derivatives and
active with aliphatic nitrones. As has already been reportedhenzylamine, with benzylideneacetone can be employed & giv
reagents solubility in water is not required as they react irspiro-pyrrolidine-oxindolesieng et al., 20)4This reaction can
suspension (“on water”). be performed in water to give the desired product in a 23% yield
A catalytic amount of-cyclodextrin ¢-CD) has been used by and a 68:32 regioisomeric ratio.
G. Floresta et al., to produce 3,5-diarylisoxazolidineghgal , 3- The use of Lewis acids, such as Ceric Ammonium Nitrate
dipolar cycloaddition of severgksubstituted nitrones, styrenes (CAN) or TiOg, in the formation of spirooxindoles in water
and cinnamate derivativesloresta et al., 20).7The cyclodextrin has been investigated, giving excellent resushéme 18
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SCHEME 14 | Schematic representation of synthesis of 3,5-diarylisoxalidines via the 1,3-dipolar cycloaddition in presence of-CD and plausible transition stage to
obtain the major Eendo derivative. The image was reprinted adapted with permissiofrom Floresta et al. (2017)Copyright (2018) American Chemical Society.

SCHEME 15 | Synthesis of 5-substituted isoxazolidines with nitronesiiwater under microwave irradiation.

SCHEME 16 | Schematic representation of spiro-indole synthesis from-8liazooxindole derivatives.
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(Ramesh et al., 2016, 201&he 1,3-dipolar cycloaddition was  Diazoalkanes can be generated from the decomposition of
performed with 1 mol% of CAN in 2 h, while the reaction wastosylhydrazones and are e cient 1,3-dipoles exploitable thoe
complete after 30 min when heterogeneous Fi@anoparticles synthesis of several nitrogen containing heterocycldsnfo
were used. Both reactions showed excellent regioselgctind and Sharp, 1994 An intramolecular 1,3-dipolar cycloaddition
stereoselectivity, and the Ti¥hanocatalyst was reused 5 timesstrategy for rapid access to pyrazoles or triazoles makes use of
without losing catalytic activity. 20 dierent spirooxind®! the in situ generated diazomethanes, in a two-step sequence,
pyrrolidines were obtained, in 65-90% yields with CAN andin which diazomethanes undergo smooth cycloaddition with
the reaction showed increased average yield in the presenakkyne or nitrile moietiesRadwa and Ku, 19§0As described in

of TiOo. Scheme 19this process can be used as a step-economical route
to benzopyranopyrazole from propargylated salicylaldehydds a
tosyl hydrazone. This reaction, which is usually performed in
DMF, can be performed in water with4COs, providing excellent
yields (more than 80%).

ORGANO-CATALYZED AND
CATALYST-FREE
1,3-DIPOLAR-CYCLOADDITION

A novel organocatalytic asymmetric 1,3-dipolar additionsha
been proposed by MacMillan, that explored the synthesis
of oxazolidine starting from nitrones an@,b- unsaturated
aldehydes Jen et al., 20Q0In the presence of di erent chiral
imidazolidinoneHCI the reaction between crotonaldehyde and
N-benzyl phenyl nitrone showed moderate to high yield (45—
77%) andee (42-93%); when a Brgnsted acid was added as
co-catalyst, the e cient iminium activation could increagéeld

0 0
SCHEME 17 | Proposed mechanism. (98 /0) andee(94 /0)'

SCHEME 18 | Synthesis of spiroindole by 1,3-dipolar cycloaddition wit TiO, in water and with CAN in solvent.
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SCHEME 19 | Synthesis of benzopyranopyrazole from propargylated sallaldehydes and tosyl hydrazine.

SCHEME 20 | Enantioselective synthesis of substituted isoxazolidine

SCHEME 21 | Schematic representation of iminoesters as the precursorsf stabilized azomethine ylides.

In 2007 Cordova et al. proposed an enantioselectiv@he optimized protocol was performed at@in THF. Similarly,
organocatalyzed synthesis of substituted oxazolidife. Cordoba et al. proposed the synthesis of pyrrolidine in C£ICI
arylhydroxylamines, aldehydes, aa¢h-unsaturated aldehydes at room temperature with protected prolinol. As described in
were reacted in the presence of a chiral organic catalysicheme 22a slightly lower yield and selectivity were observed
The in-situ generated nitrone reacted with activated enal(lbrahem et al., 2007
in chloroform or THF at room temperature (16h) to An elegant example of 1,3-dipolar cycloaddition in
give the isoxazolidine as a single diastereomer251 asymmetric catalysis has been published by the Coérdova
endo:exp TMS protected diarylprolinol gavee% up to 98% group, which proved that a hydrogen bond donating network
(Scheme 2p(Rios et al., 2007 with a co-catalyst was to direct the cycloaddition by lockin

Organo-catalyzed (32) dipolar cycloadditions of the conformation of the intermediate so to achieve a highly
azomethineylide with various dipolarophiles has been theelective reactionlL{n et al., 201). This dynamic one pot
object of intense investigation. Several publications istlild reaction was directed to cycloaddition in THF or DMF and the
iminoesters as the precursors of stabilized azomethineeylid presence of hydrogen bond donating molecules such as oximes
because, as described in the scheme, they can undergo thermas favorable for the acceleration of the reaction when the
tautomerism to produce azomethine ylidescheme 2L substrate was cyanoacetateascyanoglycine. Compared to the

Vicario et al. observed that cycloaddition of imine andpreviously described approach, this one pot reaction generated
crotonaldehyde catalyzed diphenylprolinol provided a singldour contiguous chiral centers including a quaternary aarbAs
endo isomer with excellent enantioselectivityi¢ario et al., described in the scheme, the proposed mechanism involves the
2007). The authors highlighted the fundamental role of free OHprototropy of the imine cyanoglycine so that the H bond actevat
groups on the catalyst and the acceleration rate by watetiaddi the iminium salt and lock is conformation ds(seeScheme 238
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SCHEME 22 | Enantioselective synthesis of substituted pyrrolidines.

stereoselective ccloaddition from the Re face of intermteda (Scheme 2h Pyrrolidine was selected as the most e ective
by andendomechanism. catalyst and DMSO as best solvent for this transformation.
Another recent approach to activate di erent dipolarophilesThe optimized protocol was performed in DMSO at room
other than unsaturated aldehydes was pursued by Cheemperature with 10 mol% of pirrolidine and a 1:2 ratio of
et al. and chiral phosphoric acids were successfully exploitediazoacetates and carbonyl compounds.
to obtain pyrrolidine or spirooxindole Chen et al., 2009; When the reaction was performed with unsymmetrical
Chang et al., 20)6 Excellent yield and enantioselectivity cyclic ketones, high levels of regioselectivity were aelie
were obtained in DCM at room temperature with chiral Nonetheless, the authors discovered that in the reactidwéen
sterically hindered phosphoric acids for the imine activatio diazoacetates and aldehydes, it performed better in presance
(seeScheme 21 acyclic secondary diethyl amine catalysis. Moderate-telem
Pyrazoles are known to be potent insecticides and herbicidegields of the corresponding adducts were obtained also vgryin
and have been also studied for their anti-tumor, anti-the side-chain of the carbonyl group.
in ammatory, anti-microbial and anti-psychotic properties.  The hypothesis of selective CrHbond-breaking was
Diazo compounds may react with alkynes to provide e cientcon rmed by a deuterium labeling experiment. The enamine-
synthesis of pyrazole via 1,3-dipolar cycloaddition. Theromoted cycloaddition reaction witha-deuterated benzyl
1,3-dipolar cycloaddition of alkynes to electron-rich ddaz diazoacetate yielded the nal compound without any deutariu
compounds has been described, whereas the intermoleculbeing incorporated into the pyrazole ring, which supports the
1,3-dipolar cycloaddition of alkynes with electron-poor hypothesis of a selective CtHbond breaking. The authors
diazocarbonyl compounds is much less often reported becausepposed that the C-Hbond is activated by the adjacent
of the to the high HOMO-LUMO energy di erence between electron-withdrawing ester group, toward the selectivevadga
alkynes and diazocarbonyl compounds. In presence of Lewaer the C-H bond. The nal product derived from an
acid or transition metals LUMO of the alkyne dipolarophiles iselimination step followed by tautomerizatio®&¢heme 2B
lowered. Wang et al. (2013)developed an organocatalytic  Liu et al. (2017)have presented the rst catalyst-free 1,3-
inverse-electron-demand  @R2] cycloaddition  between dipolar cycloaddition of C,N-cyclic azomethine imines and 3-
diazoacetates and various carbonyl compounds. Secondariroindoles to prepare highly functionalised, ve-ring-fuse
amines we employed as “green promoters,” to catalyze thetrahydroisoquinolines, which feature an indoline scalol
cycloaddition reaction and produce the target pyrazole ringvith excellent diastereoselectivity. The reaction perfaimiee
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SCHEME 23 | One pot Three component catalytic asymmetric synthesis of yrazolidine.

use of catalysts or additives and more than 95% yield wasf this method was demonstrated with a list of structurally
obtained in EtOAc §cheme 2). In the presence of 20 mol% di erent C,N-cyclic azomethine imines.

Cu(OTf), in CHCI3 the cycloaddition reaction a orded the 1,2,3-triazoles have a wide range of applications as potential
corresponding product with only 23% conversion after 24 hbioactive compounds and are often used in drugs synthesis.
at room temperature. When Ni(OAg¥4H,O was used in A general and e cient method for their fabrication came in
CHCI3, the conversion was enhanced to 89iosyl andN-  the early 2000s with the novel concept of “click” chemistry
alkoxycarbonylated protected, 3-nitroindoles performedyve and the Cu-catalyzed alkyne—azide cycloaddition reaction
well giving in high yields the corresponding cycloadductsprovides the regioselective formation of 1,4-disubstitute] 3
Because of its reduced electrophiliciy+Methyl-protected 3- triazoles. The metallo-catalyzed alkyne—azide cycldiaadi
nitroindole failed to undergo the transformation. The vatidity = reaction for the formation of 1,5-disubsituted 1,2,3-tioées
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SCHEME 24 | Organocatalytic synthesis of spiro[pyrrolidin-3Zoxindoles].

SCHEME 25 | Polysubstituted pyrazoles synthetic route from diazoacetes and carbonyl compounds.

was published later. However, the reactions mentioned aboweg., cycloadditions of eithdr-keto esters or nitriles to azides
have made use of heavy metals, which has limited thetatalyzed by secondary aminéxgta et al., 20)/cycloaddition
practical applications. of a triple domino sequence of reactions between azide, gmine
Alternative synthetic pathways for 1,2,3-triazoles haw® al and 5-bromo-2-furylcarbinol Yang et al., 2015 the reaction
been developed and 1,2,3 triazoles have freely been obtaingfdenols and enamines with azideBlgstik et al., 2003 nitro
from a combination of azides with a range of reaction partnersmethylene-based three-component synthesi$igmas et al.,
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SCHEME 26 | Postulated reaction pathway.

SCHEME 27 | Synthesis of polycyclic tetrahydroisoquinoline derivates.

2019, and others. However, these methods entail the use d¢fAhmed et al., 201)7presented some less well-known synthetic
organic azides or sodium azides, which are di cult to handleprotocols for 1,2,3-triazoles under azide-free and metd-f
and toxic, particularly on a large scale. In a 2017 review, &téim environments Figure 3).

Frontiers in Chemistry | www.frontiersin.org 16 February 2019 | Volume 7 | Article 95



Martina et al. Green 1,3 Dipolar Cycloadditions

FIGURE 3 | “Metal-free” and “azide-free” syntheses of triazoles.

SCHEME 28 | Synthesis of bicyclic 1,2,4-oxadiazolines.

LIGHT INDUCED compact uorescent lamp (CFL, 23W). Organophotocatalyst
can reduce the drawbacks of transition metals related to
The importance of aza-heterocycles relates to their presasce toxicity and the low residues admitted in pharmaceutical
natural products, drugs and biologically relevant compoundsproducts Scheme 28
A variety of methods have been developed for the synthesis The authors investigated several pyrrolidinyl oxime
of 1,2,4-oxadiazolines, and these are typically carriedwait derivatives both with electron-withdrawing and electron-
the [4C2] cycloaddition of an imine with a nitrile oxide donating substituents, for the oxidative cyclization to
(generatedn situ from hydroxamoyl chloride or nitroalkane). 1 2 4-oxadiazolines with a mechanism as proposed
The design of a new synthetic path of 1,2,4-oxadiazolines; Scheme 29
especially greener methods, is highly desirable becausg afan |t was observed that triphenylpyrylium (TPP) derivatives
these methods su er from one or more drawbacksni et al.  were the only e ective photocatalysts among those examined,
(2018) have very recently presented a greener method for th@ith conversion even in absence of light. As described in the
synthesis of 1,2,4-oxadiazolines via an intramoleculadaiive  Scheme 29the reaction begins with the nucleophilic addition to
cyclisations of amidoximes in the presence of an organogsttal the triphenylpyrylium ion (A) toward intermediate B. Molecula
and molecular oxygen. The authors optimized the reactiorhxygen provides the oxidation of C by regenerates catalyshé. T
conditions to give 3-phenyl- 5,6,7,7a-tetrahydropyrrol@l jminyloxyl radical D undergoes an intramolecular 1,5- hgden
d][1,2,4Joxadiazole from phenyl(pyrrolidin- 1-yl)methane  atom transfer (HAT) to the radical E, which is then oxidizea t
oxime, which was used as a model substrate. The optimizefle iminium ion F. The nal 1,2,4-oxadiazoline is generaieyl
conditions involved 2 mol% of an organophotocatalyst, 2,4,6intramolecular cyclization of F.
tris(4- uorophenyl)pyrylium tetra uoroborate [T(p-F)PPT]at Visible-light-driven photoredox catalysis is attractingenst
a 0.2M concentration in DMF under an atmosphere ofpecause of its inherent features of green chemistry and
molecular oxygen. Visible-light irradiation was provide§t B sustainability. In addition to a number of radical reactmn
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SCHEME 29 | Plausible mechanism for the synthesis of 1,2,4-oxadiazoles.

SCHEME 30 | Visible-light mediated synthesis of pyrroles and isozazes from of 2H-azirines and2H-oxazirine.

Frontiers in Chemistry | www.frontiersin.org 18 February 2019 | Volume 7 | Article 95



Martina et al. Green 1,3 Dipolar Cycloadditions

several [£3] cycloaddition applications have been describedt-isoxazolines. 9-mesityl-10-methyl-acridinium perclalta was
in the existing literature Nlarayanam and Stephenson, 2011the strategic choice of catalyst because of its high oxiglizower
Nakajima et al., 2016; Staveness et al., 2016; Savateev @@g2.06 V). The [& 2] cycloaddition reaction of oxaziridine with
Antonietti, 2018. dimethyl acetylenedicarboxylate gave very good resultsnwhe

2H-azirines can react with activated alkynes or aldehydegserformed in CHCN in the presence of water, used as an
to produce polysubstituted pyrroles or 2,5-dihydrooxazoleadditive, and a large set of 4-isoxazolines was synthesiithd w
respectively, under very mild reaction conditions (visibght  a good average yield.
irradiation, metal-free, and room temperature). As desedb The rst attempt to describe the mechanism of pyrrole
by Xuan et al., the optimized procedure is catalyzed byyclization focused on a radical cycloaddition of the intediate
9-mesityl-10-methyl-acridinium perchlorate in dichloribne 2-azaallenyl radical cation, which was in equilibrium with
under irradiation from a 3W white LED light. Excellent resil a 1,3-radical-cationic species. Subsequently, the puidlicat
were obtained when a range of substituted 2H-azirines wemgentioned the synthesis of the dihydroisoxazole by an hygsith
reacted with dimethyl but-2-yne-dioate{(ian et al., 20042H-  of a polar cycloaddition. In fact, the authors proposed
Azirines reacted with aldehydes in the presence o€0z. This  the single-electron reduction of the nitrone radical to a
was done to avoid the oxidation of aldehydes to carboxyligitrone species.
acids, and 2,3-dichloro5,6-dicyano-1,4-benzoquinoneD@
was added to the reaction system in order to perform theAUTHOR CONTRIBUTIONS
one pot synthesis of oxazole. The applicability of the reastion
was demonstrated using a panel of 12 2,4,5 trisubstituteflll the authors contributed equally to the review preparatiGC
oxazoles, giving yields in the 40-80% randeécheme 3D supervised the work and edited the nal version.
(Zeng et al., 2025

The ring-opening of Pi-oxazirine has been described ACKNOWLEDGMENTS
as occurring via visible-light-mediated photoredox-cptaid
single-electron transfer (SET), giving nitrone precursofie  Authors acknowledge the University of Turin (Ricerca locale
1,3-dipolar cycloaddition was therefore used for the systhef 2017) and the Sechenov University for the nancial support.
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