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Abstract

Isoxazoles are versatile heterocycles valued for their biological and material applications, driving
continued interest in efficient and environmentally responsible methods for their construction. This work
highlights recent sustainable strategies for synthesizing isoxazole frameworks utilizing green chemistry
principles. Emphasis is placed on solvent-reduced or solvent-free conditions, the adoption of renewable or bio-
derived starting materials, and the use of benign solvents such as water or ethanol. Energy-efficient activation
techniques including microwave irradiation, ultrasound, and mechanochemistry are discussed alongside emerging
catalytic systems designed to minimize waste and improve atom economy. Together, these innovations
demonstrate how greener methodologies can deliver high yields, improved selectivity, and reduced environmental
impact. The findings underscore the growing potential of sustainable design in advancing heterocyclic synthesis
Jor pharmaceutical and materials applications.
Keywords- Isoxazole synthesis, green chemistry, Sustainable organic synthesis, Eco-friendly catalysis, Atom
economy, Renewable feedstock, Solvent-minimized methods, Microwave assisted synthests, ultrasound-assisted
synthesis, Mechanochemistry, Photocatalytic redox catalysis.
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Introduction

Isoxazoles constitute a privileged class of five-membered heterocycles widely recognized for their
diverse applications in pharmaceuticals, agrochemicals, natural product synthesis, and functional
materials. Their presence in bioactive molecules such as anti-inflammatory agents, antimicrobial
drugs, and CNS-active compounds has continually driven interest in developing efficient synthetic
routes to these motifs. [1,27] Traditional methodologies for constructing isoxazole frameworks often
rely on toxic solvents, hazardous reagents, stoichiometric oxidants, or energy-intensive conditions,
which contribute to environmental burdens and limit scalability. Consequently, there is a growing
need to redesign these synthetic strategies to align with modern sustainability goals. [3,47]
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Green chemistry provides
environmentally

a guiding framework for
by

emphasizing waste reduction, atom economy, safer reaction

achieving responsible  synthesis
conditions, renewable feedstock, and energy efficiency. [5]
In the context of isoxazole construction, applying green
chemistry principles has led to the emergence of innovative
that

enhancing

methodologies reduce ecological impact while

maintaining or reaction efficiency. These
developments include the adoption of green solvents such as
water and bio-based media, benign catalysts including
biocatalysts and recyclable heterogeneous catalysts, and
like

irradiation, mechanochemistry, and photo redox catalysis.

alternative  activation  technologies microwave

Furthermore, domino, multi-component, and one-pot

R

R3

Green synthesis Methods for isoxazole:
Solvent-Free / Mechanochemical Synthesis:
Mechanochemistry has emerged as a potent
green-chemistry technique for creating isoxazole rings
without the need for organic solvents, high temperatures, or
harmful reagents. Mechanical energy (grinding, milling,
shearing) creates bonds rather than dissolving reactants in a
thus

solvent, and

lowering  waste

energy  usage.

Green Method Reaction

Cyclization of -

Key Features

strategies have gained importance for minimizing reaction
steps and waste generation. [6]

Recent advances in sustainable isoxazole synthesis
underscore the possibility of achieving high selectivity,
broad functional-group tolerance, and scalable reaction
safety
standards. By integrating the core principles of green

conditions while adhering to environmental
chemistry into heterocycle construction, researchers can
expand the utility of isoxazoles in numerous application
areas without compromising ecological responsibility. This
review (or section) explores these sustainable approaches in
detail,
innovations, and future prospects for greener isoxazole

synthesis. [1,67]

highlighting key methodologies,

technological

R;

O

Figure-1
Mechanochemical approach for synthesis of isoxazole
mainly includes, cyclocondensation reaction between [-
diketones / B-ketoesters & hydroxylamine hydrochloride
in 8,5-disubstituted 1,3-Dipolar
cycloaddition reaction between Nitrile oxide reacts with
3,4~ 3,5-substituted

results isoxazoles and

alkynes/alkenes results in or

isoxazoles. [7,87] (Figure-2)

Benifits
> Avoids hazardous oxidants.

Solvent-Free dicarbonyls ~ with Reactions performed via - High regioselectivity
vent- i Aact ec .
Miedhamed wemmicl hydr?xylamlne grinding or ball milling. No. ne.ed for  chromatographic
Synthesis 1,8-dipolar No solvent needed; short purification

cycloadditions. reaction times. > Eliminates solvents, reduces waste,

energy efficiency.

Table-1: Solvent-Free / Mechanochemical synthesis
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Mechanochemical synthesis:
1. Grinding:
o) o) NHZOH AcOH
R&Ry =
1 Grlndlng
2. Milling:
o \-OH Na,CO3, Cu(OAG),H,0 @'
| R R
+ R4 VS 1
R)\\\ )ﬁ( 10-30 min i I
O miling ball
3 4 5
R =-OCHjs,
R1= -OCH2CH3

Figure-2: Solvent-Free / Mechanochemical synthesis

Microwave assistance

Microwave irradiation is widely recognized as an
efficient green-chemistry tool for accelerating heterocyclic
transformations with electromagnetic waves (2.45 GHz) by
direct heating molecules through dipole rotation & ionic
conduction which provides volumetric, uniform heating
inside the reaction mixture including the formation of
isoxazole rings with minimum energy consumption and

Green Method

Reaction

1,3-dipolar

. cycloadditions.
Microwave

assistance S _—
Oxidative Cyclisation

Table-2: Microwave assisted synthesis

reducing the toxic solvent requirement aligning with the
green chemistry. Microwave assisted approach involves
synthesis of isoxazole reaction between nitrile oxide with
alkynes. Also, oxidative cyclisation between oxime and
green oxidant (such as H202 & oxone) under microwave
condition. [97 (Figure-3)
Microwave  assisted

cyclocondensation and 1,3-dipolar cycloaddition. [10,117]

reactions are excellent for

Benifits

electromagnetic waves > Higher yields
(2.45 GHz) cleaner profiles.
Fast heating.

Key Features
and

> Reduced time cycle.
Minutes-scale > Cleaner reaction

reactions. > Green solvents.

Microwave assisted:

1. 1,3-Dipolar cyclisation:

s f, O v
WN —+ Cl)ﬁ(o
nH o)

6a: n=3,
6b: n=4.

NaHC03 EtOAc

MW, 100°C, 90 mi

N

. Oxidative cyclisation:

NH,OH.HCI, 1N NaOH,

t-BuOH:H,0 (1:1), rt t+-BuOH:H,0 (1:1

9: R=-OCH, 10: R=-OCH,

N..
Z "OH TsN(CI)Na.2H,0,

_

: l =0
8a: n=3,
8b: n=4.
o
T+ Phenylacetylene, o
H CuS0,.H,0,

). rt Na-ascorbate O < O

MW (90°c, sow) R
R
11: R=-OCH; 12: R=-OCH;

Figure-3: Microwave assisted synthesis

Ultrasound-Assisted:

An
heterocycle synthesis, including isoxazoles, is ultrasound
irradiation with sound waves (usually 20—40 kHz). Under
otherwise mild bulk circumstances,

effective green activation technique for

acoustic cavitation

promotes cleaner and faster reactions by producing localized
high temperatures and pressures for incredibly brief periods
of time. Ultrasound assisted useful for sonochemical 1,3-
dipolar cycloadditions [67 (Figure-4), condensations [6]
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(Figure-4) & oxidative cyclisation [127] (Figure-4) under

Reaction

Sonochemical 1,3-
dipolar cycloadditions.

Ultirasemmg Condensation reaction

assistance
Oxidative Cyclisation

Table-3: Ultrasound assisted synthesis

mild conditions. [13,14]

Benifits

Key Features

Sound waves (usually

2040 kHz) Higher yields and
. . cleaner profiles.
Acoustic cavitation X
. > Reduced time cycle.

enhances reaction .

X > Cleaner reaction
rate.
> Green solvents.

Mild temperatures

Ultrasound assisted:
1. Sonochemical 1,3-Dipolar cyclisation:
N _OH
| NCS, TEA, DMF R\ OH
A - A
R + TN |
= Ultrasound sonication =
(25kHz)
13a-i 14 15a-i
R=H, 2-Cl, 4-Cl, 2-OCHj, 4-OCH3,
-4-OH, 4-t-Bu,, 3-NO,, 4-NO,.
2. Cyclization of Beta-dicarbonyl:
NH,OH.HCI,
)]\)]\ Vitamin B1 H,0, rt
Ultrasound (20-40 min.)
17
3. Oxidative cyclisation:
-0 [ 1. NH,OH.HCI, 1N Na,S0,, X N
/();—x CH3CN:H,0 (1:1), 1t |
+ N o\ 2. CAN (Oxidant) @’ =
s’ - = N ! O
%0 Ultrasound (20 min.) S $
(0]
19 20: X=ClI 21: X=CI

Figure-4: Ultrasound Assisted synthesis

Photoredox or Visible-Light Catalysis:

Visible-light photoredox catalysis has emerged as
a powerful and sustainable method for constructing
isoxazole frameworks. This strategy uses low-energy wvisible
light (blue, green, or white LEDs) in combination with
organic dyes or transition-metal photo catalysts to

generate reactive radical or ionic species under mild,

Green Method Reaction
1,3-dipolar
cycloadditions.
Visible-light
generation of nitrile
oxides

Photoredox
Visible-Light

Catalysis

Table-4: Photo redox or visible catalysis

environmentally friendly conditions. These photoredox

reaction involves  visible light-induced  1,3-dipolar

cycloaddition reaction between nitrile oxides and alkynes to
substituted Also,
oxidative cyclisation of alkenes or oximes using visible light

form isoxazoles. photocatalytic or

results in the formation of isoxazoles. [15,167] (Figure-5)

Key Features Benifits

Light-driven oxidation

> Avoids hazardous
steps.

. ) oxidants.
Avoids harsh oxidants.

> Energy efficiency.
Mild & selective. 2 4
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Photoredox or visible light catalysis:

oxone, DMF, rt

NaHCOg, oxone, Ru(bpy),Cl,,

i§

NI,OH
X
©)\COOH + ©/\

1,3-Dipolar cyclisation mechanism:

Blue LED

@COOH Base @2\000 SET

Blue LED

e o B = 0
o

24

0@

)
N

Figure-5: Photo redox or visible catalysis

Electrochemical Synthesis:
By using electric current as a clean reagent to
drive  oxidation, reduction, radical

or processes,

electrochemical synthesis (also known as "green electro
synthesis") does away with the requirement for heavy-metal
catalysts, hazardous reagents, or stoichiometric oxidants.
Electrochemistry has emerged as a potent and sustainable

technique for isoxazole synthesis, allowing for the effective

production of the isoxazole ring under benign and
This
synthesis of isoxazole consist three different methods.

ecologically  benign conditions. electrochemical
Electrochemical Oxidation of Oximes to Nitrile Oxides
undergoes 1,3-dipolar cyclisation with alkynes or alkenes to
form isoxazoles. Also, anodic Oxidative Cyclization of
Oxime Ethers through radical reaction form isoxazoles.

[17,18] (Figure-6)

Green Method Reaction Key Features Benifits
> inherently green
. Electrons act as clean oxidation.
1,3-dipolar . .
. - - oxidants. > High atom economy
Electrochemical cycloadditions of nitrile o ) . .
S g : . No stoichiometric > Mild condition
ynthesis oxide with alkyne or ) ) o )
alkene chemical oxidants > Electricity replaces toxic
required. oxidants
> Waste prevention
Table-5: Electrochemical Synthesis
Electrochemical synthesis:
N’OH Graphite anode: SS cathod, 0
Ry | CH3CN:water:HFIP, MTBS, rt. R,
X + X002
(Fe * - (S
% 5mA/cm,, 2,9F =
25 26 27

R4 & Ry= 2,6-dichloro, 2,6-difluoro

HFIP: 1,1,1,3,3,3-Hexafluor
oisopropanol
MTBS: methyltributyl
methylsulfate

ammonium

Mechanism:

z;0,

Graphite anode

Ry \»I
AN
b‘RZ

2e”

+

Table-6: Electrochemical Synthesis

Conclusion

The advancement of environmentally conscious
the
sustainable and energy-efficient methods for the synthesis of

heterocyclic  chemistry depends on creation of

isoxazoles. ~Significant gains in reaction efficiency,

selectivity, and environmental effect are shown by the green

techniques covered, which range from solvent-free and

mechanochemical methods to microwave, ultrasonic,

photoredox, and electrochemical approaches. Together,
these techniques cut down on hazardous waste, use fewer
solvents, provide quicker reaction times, and need less

energy than traditional approaches.
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All things considered, incorporating green chemistry
concepts into the synthesis of isoxazoles offers a feasible
route toward more sustainable and clean chemical processes.
The eco-efficiency and usefulness of isoxazole-based
synthesis in both academic and industrial contexts will be
further improved by ongoing research into catalyst-free
systems, renewable energy sources, and scalable greener
technologies.
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