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INTRODUCTION

According to IUPAC, the term green chemistry is charac-
terized as the development, plan and utilization of chemical
items and cycles to diminish or to dispose of the utilization and
age of dangerous substances [1]. Due to environmental and
medical problems, such as eco-friendly medium requirements
need of an hour for both living organisms and the climate
(environment) so deadly chemicals are kept away.

Green chemistry has now become the objective for spear-
head research into sustainable technologies. These may diminish
both, the production as well as the utilization of the substances
which are hazardous in mining and the plan, manufacturing,
and use of chemical products. This may likewise prompt energy
saving and superior climate and wellbeing i.e., a better environ-
ment. Taking into account this serious issue, scientists are contin-
uously putting efforts to find a good and affordable sustainable
replacement for the toxic, organic expensive solvents [2]. In
recent years, efforts have been made by scientists to achieve
Suzuki-Miyaura cross-coupling reaction (SMR) in an eco-
friendly environment using an efficient catalyst and after several
attempts [3], Suzuki-Miyaura cross-coupling reaction (SMR)
is successfully performed in green solvents like water, ethanol,
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neoteric media such as deep eutectic solvents, biomass derived
solvents, ionic liquids and supercritical carbon dioxide, etc.

The organic synthesis involves the formation of a C-C
single bond catalyzed by many transition metals. These metals
mediated cross-coupling reactions are the powerful route to
form a C-C bond. Among so many transition metals, palladium
is the one, which is commonly used for the formation of the
carbon-carbon bond. This reaction is named as palladium-
catalyzed i.e. (Pd-catalyzed) Suzuki-Miyaura coupling reaction
[2] and considered as the most exploited and powerful tool
for direct formation of carbon-carbon single bond. Previously,
the formation of a carbon-carbon bond, transition metal copper
was preferred before the use of Pd in this cross-coupling reaction
[3].

There are several other methods known for the formation
of C-C bonds like Negishi coupling, Himaya coupling, Kharash
coupling, Sonogashira coupling, Kumuda coupling, Buchwald-
Hatwig coupling, Stille coupling, Murahashi coupling reactions
[4-11]. But among all these, Suzuki Miyaura coupling was
considered the most suitable methods due to (i) mild reaction
conditions; (ii) availability of varieties of environmentally frien-
dly boronic acids; and (iii) easy handling and removal of the
byproducts [1].
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For the synthesis of medicines, chemicals, natural products
or polymeric materials, the SM cross-coupling reaction is the
first choice for many chemists over many other coupling reactions.
The popularity and interest in the SM coupling reaction have been
reported and has been utilized as new tool for synthesis [12].

Suzuki-Miyaura cross-coupling reaction (SMR): SMR
is a well-known palladium catalyst reaction for the formation
of a carbon-carbon bond (C-C bond). The coupling occurs
between boronic acid derivatives and organohalide (Scheme-I).
The coupling is highly regio- and stereo-selective [13-15]. This
cross-coupling reaction occurs in three steps [16] (i) Oxidative
addition: This is the rate-determining step. The reaction is
initiated by the oxidative addition of organic halides (R-X) to
Pd(0) catalyst. This step leads to the formation of intermediate
(R1-Pd-X) i.e. organopalladium species; (ii) Transmetallation:
Organoborane compound reacts with the intermediate [R1-Pd-
X] via transmetallation in the presence of a base and leads to
the formation of intermediate (R1-Pd-R2). Organoboron
compound is activated by a base. In absence of a base, transme-
tallation is not possible; (iii) Reductive elimination: In this
last step, alkane is formed from intermediate (R1-Pd-R2) by
reductive elimination palladium (0) species are regenerated
(Scheme-II).

Currently, green solvents are used for Suzuki-Miyaura
cross-coupling reaction (SMR), which are discussed as follows:

Water: Water is an abundant asset with a splendid particu-
larity, is a safe and green solvent. In past twenty years, water
is used as a solvent in a cluster of organic reactions [17]. Some

advantages to use water as a solvent are (i) it acts as the medium
and as the co-catalyst in a significant number of these concurrent
synthetic routes because of its hydrophobic nature and high
surface tension, which emphasizes the inclination of non-polar
molecules to aggregate in water [18]; (ii) has high cohesive
energy; and (iii) water plays a significant role in the rate of
increasing speed of reactions by setting up hydrogen bond with
the particular functional groups of the reactants and initiating
them in the particular process [19].

The use of water as a greener feasible reaction medium is
attributed for reducing the pollution in the environment [20-
23]. It has been used in the SMR combined with various uphold
systems for a wide assortment of nanoparticles as the catalysts
[24-26]. Significant contemplations have been stretched out
to the heterogeneous and aqueous exchanging of organic conver-
sions by amphiphilic block copolymer-promoted metal nano-
particles or the transition metal complexes [27].

Ethanol: Ethanol is another green solvent used in various
organic reactions. In year 1862, ethanol was first used by two
scientists Berthelot & Saint Gills performed esterification of
acetic acid using ethanol [28].

Polyethylene glycol: Poly(ethylene glycol) (PEG) oligomers
are considered as proficient, less volatile, eco-friendly and have
been found to be effective as alternative solvents in an extensive
range of chemical, mechanical and clinical applications [29].
PEGs are promptly miscible with not only water but also organic
polar solvents, yet immiscible with non-polar organic solvents,
aliphatic hydrocarbons and supercritical CO2 [30-32]. Gene-

R1 B

OR2

OR2

+ X R3 R1 R2
Pd (0) base

Solvent

R1 = aryl, alkene (vinyl), alkyne

X = halide (I, Br, Cl*) trif late (-OTf)
R2 = H (boronic acid), alkyl (boronic ester)

*Cl requires special condition f or activation
R3 = aryl, alkene (venyl), alkyne

Scheme-I: SMR coupling reaction between boronic acid derivatives and organohalide

R1 X
Pd(0)

Oxidative oxidation
PdΙΙ

R1

X

Transmetallation

PdΙΙ

R1

R2

Reductive eleminationR1 R2

Pd(0)

NaOR3

R2B(R4)2

-NaX

(R4)2BOR3

Scheme-II: Mechanism of SMR

Vol. 33, No. 9 (2021) Suzuki-Miyaura Cross Coupling Reaction in Various Green Media: A Review  1977



rally, economical PEGs have been broadly utilized as greener
solvents in a few organic reactions as they are almost innocuous
i.e. harmless, being regularly utilized in drug preparations.
Moreover, PEGs have an extremely low vapour pressure, high
catalytic property and thermal stability [32] and also possess
the stability in acidic as well as basic media, which make them
appropriate media for the oxidation or reduction process. Besides,
PEGs have been utilized as a productive supplement in aqueous
stage cross-coupling changes to improve the cooperation between
water-solvent catalysts and the organic reactants [33,34].

Ionic liquids: Ionic liquids (ILs) are progressively being
utilized as well-known media in a different area of specialized
applications. The outstanding physico-chemical properties of
ionic liquids, for example, non-combustibility, stability and
polarity (chemical, electrochemical and thermal), non-volatility
can be generously adjusted by changing the cationic as well
as the anionic components [35], which can offer several advan-
tages to ionic liquids with certain properties through a various
combination of cations and anions. Ionic liquids have been
utilized in SMR as productive and feasible media [36].

Deep eutectic solvents: Deep eutectic solvents (DES),
presented at first by Abbott et al. [37], which are significant
choices to room temperature ionic fluids (RTIL), because of
their fascinating properties and advantages. Generally, DES
are made through the complexation of quaternary NH3 salts
as the hydrogen-bond acceptors with a hydrogen bond contri-
butor, for example, urea, amino acids, sugars, carboxylic acids,
and glycerol or M2+ ions [38]. Due to their high viscosity, DES
contains broad hydrogen-bonding lattice, moderately big
particle sizes and electrostatic force [39]. DES as green media
have been utilized for some chemical processes [40,41] and
different organic and inorganic transformations [42-44].

Suzuki-Miyaura coupling using green media: As the
organic solvents and Pd catalyst used in the Suzuki-Miyaura
coupling reaction are expensive, and also the palladium reagents
are difficult to recycle. So, these problems lead to the discovery
of green conditions for Suzuki-Miyaura cross-coupling reaction
[45]. Bussolari & Rehbour [46] reported that the reaction
between the arylboronic acid and bromothiophenes or bromo-
furans) in presence of Pd(OAc)2, if treated in aqueous media,

occurs very fast, even though the mixture was non-homogen-
eous, the yield of the reactions was good (Scheme-III). The
main features of this reaction was the easy disposal of the side
reactions emerged from phosphine ligands while using a Pd
catalyzed mediated SM cross-coupling reaction.

Kirsch et al. [47] coupled β-chloroacrobins with various
boronic acids leads to the formation of tetrasubstituted alkenes.
Despite the fact that aryl chlorides are less reactive because of
their inactive nature in the oxidative addition step, the Suzuki-
Miyaura cross-coupling of vinyl chloride is simpler when cont-
rasted with the aryl and alkyl chlorides (Scheme-IV).

Villemin et al. [48] carried out the Suzuki-Miyura cross-
coupling reactions with a variety of heteroaryl halides in
monomethylformamide (MMF), which shows a high polarity
in the microwave irradiation and this polarity is very high in
comparison to H2O and other amides. In this reaction, sodium
tetraphenylborate ((C6H5)4BNa) was used either in H2O or in
MMF for phenylation of respective heteroaryl halides
(Scheme-V).

The homogeneous catalyst pyridinium-attuned β-cyclo-
dextrin (Pyr:β-CD) is extremely soluble in water when contrasted
with the native β-CD and can be used again multiple times
(< 6 times) without critical loss of the catalytic activity. The
detailed study about the preparation and applications of an
ionic Pd(II) complex, which is stabilized by utilizing water
soluable Pyr:β-CD as a proficient catalyst for the Suzuki-
Miyaura cross-coupling reaction [49]. The substrate scope,
under the improved conditions, was investigated for a scope
of various 4-substituted aryl bromides, which contain both
electron-withdrawing and electron-donating groups, which all
outfitted products in great yields in a brief timeframe, except
for nitro-group replacement (0.5 mol% Pd(OAc)2 at 80 ºC in
2 mL H2O) (Scheme-VI).

Zou et al. [50] prepared the Pd@MIL-101Cr-NH2 catalyst
through the immobilization of Pd nanoparticles on an amino-
functionalized metal-organic framework (MOF). The catalytic
activity of the different loaded catalysts (4, 8, 12 and 16 wt.%
Pd@MIL-101Cr-NH2) was assessed for the Suzuki-Miyaura
cross-coupling reaction. The best catalytic execution being
accomplished with the MOF consists of 8 wt.% Pd nanoparticles
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Scheme-III: SMR of arylboronic acid and bromothiophenes in presence of Pd(OAc)2
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(Scheme-VII). Moreover, the catalyst can be reused multiple
times without change of its catalytic action.

Varma et al. [51] depicted a flexible iron-cellulose-inferred
Fe3O4@CPd catalyst, which has been synthesized by in-situ
creation of nanoferrites and the consolidation of carbon from
sustainable cellulose by means of calcination. In the presence
of this catalyst, arylation of aryl halides conveniently comp-
leted by boronic acid under the microwave irradiation condi-
tions inside 30 min (Scheme-VIII) and assists both the electron
donating and withdrawing substituents.

Wang et al. [52] synthesized (Ni, Mg)3Si2O5(OH)4 solid-
solution nanotubes of a tunable structure by means of hydro-
thermal synthesis by shifting the molar proportion of Mg2+ to
Ni2+, which were then stacked with Pd (~0.045 wt.%). The
resulting catalyst exhibited good activity for the Suzuki-Miyaura

cross-coupling reaction between 4-iodotoluene and phenyl-
boronic acid (Scheme-IX). Among the different proportions
of Mg2+:Ni2+ explored, the hydrothermally steady stable solid-
solution silicate nanotubes with Mg2+:Ni2+ proportion (1.0:1.0)
gave an ideal tubular structured backing to the catalysts with
low Pd stacking, great reusing execution for around 10 cycles,
with the yields of ~99% and an incredibly low Pd discharge
level of ~0.02 ppm was additionally noticed.

Nahra et al. [53] prepared the [NHC] [Pd(η3-R-allyl)Cl]
complexes as easy, environmentally friendly and successful
catalysts for both electron-withdrawing and donating aryl
bromides and chlorides and also heteroatom containing and
sterically hindered aryl halides (Scheme-X). The catalytic
reaction was conducted in ethanol with a weak and inexpensive
inorganic base.

N
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N
X= I, Br

(C6H5)4BNa, Pd(OAc)2, Na2CO3, H2O or MMF, MW

Scheme-V: SMR of various hetroaryl halides in monomethylformamide (MMF)
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Scheme-VI: The SMR of variety of aryl halides with phenylboronic acid catalyzed by pyridinium-modified Cd/Pd(OAc)2 complex
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Scheme-VII: The SMR of aryl bromides/chlorides using 8 wt% Pd@MIL-101 Cr-NH2 catalyst
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Scheme-VIII: Arylation of various aryl halides using Fe3O4@CPd catalyst
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Scheme-IX: SMR of 4 iodotoluene and phenylboronic acid
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Scheme-X: Reaction of SMR using catalyst [NHC] [Pd(η3-R-allyl)Cl] in ethanol solvent

Most recently, graphene oxide (GO) [54,55] and
chemically-derived graphene (CDG) [56] have been reported
as amazingly flexible carbon materials. The GO and chemically
derived graphene have been utilized as supports for Pd groups
and nanoparticles as predominant catalysts for the Suzuki-
Miyaura cross-coupling reaction in aqueous ethanol. Rather
than standard Pd/C catalysts, GO and graphene-based catalysts
managed the cost of a lot higher activities with TOF surpassing
39000 h-1 and extremely low Pd challenging, the most
noteworthy activity being accomplished with Pd2+-GO and H2-
decreased derivative Pd0-CDG-H2, trailed by Pd0-CDGEXP
and Pd/C (Scheme-XI).

Fu et al. [57] revealed an effortless photodeposition pro-
cedure to synthesize a green catalyst, Pd/g-C3N4 nanocom-
posite with lower Pd substance (Pd 0.10/g-C3N4) for the Suzuki-
Miyaura cross-coupling reaction (Scheme-XII) where the Pd
nanoparticles were consistently scattered on the g-C3N4 surface.
Incredible catalytic activity was seen at room temperature with
quantitative change and a good yield of 97% for the biphenyls.

The nanostructured Pd nanoparticles were traped on the
outside of modified attractive GO by GO/Fe3O4/PAMPS/Pd

(where PAMPS = poly-2-acrylamido-2-methyl-1-propansulfonic
acid) presented as an effective nanocatalyst for the Suzuki-
Miyaura cross-coupling reaction in a combination of water
and ethanol as reported by Sedghi et al. [58] (Scheme-XIII).
Predominant catalytic activity was noticed for the cross-coupling
of alkyl iodides, bromides and chlorides as the difficult substrates.

It was observed that when the electron-donating substi-
tuents aryl halides and aryl boronic acid are taken, the reaction
completed in very less time, though those with electron with-
drawing substituents took somewhat more, probably because
of the presence of polar electron-donating substituents on the
surface of nanohybrid CQD catalyst (Scheme-XIV) [59]. The
catalyst was discovered to be reusable up to the 3rd run, without
losing the catalytic activity.

Astruc et al. [60] revealed the convenience of α-Fe2O3

nanoclusters (1.8 nm size) which were homogeneously stored
on the edge of GO sheets (α-Fe2O3 nanocluster/GO) as an effe-
ctive catalyst in ppm for the Suzuki-Miyaura cross-coupling
reaction. The reaction was performed overnight at 80 ºC within
the sight of 150 ppm mol%. Derivatives of bromobenzene
containing both electron-donating and withdrawing groups,

Br +

R1

R1: OH, OMe, CHO, NO2, H, COOEt, COOH, CN, F

R2: OMe, H

Pd(II)-GO (0.25 mol %)

Na2CO3, H2O/EtOH; 80 °C, 4-24 h

27 examples
81-100% Yield

R1R2

B
OH

OH R2

Scheme-XI: SMR of several aryl bromides in presence of 0.25 mol% Pd(II)-GO

X + B
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OHR

R1: H, Me, CHO, NO2, OH, COOH

X: I, Br, Cl

Pd/g-C3N4

KOH, H2O/EtOH; 25 °C, 30 min

12 examples
38-100% conversion

R

Scheme-XII: The SMR of aryl halides on the catalytic conversion to biaryls

1980  Bhatt et al. Asian J. Chem.



at the para-positions were appropriate as the coupling partners,
resulted in the product formation in great yields (Scheme-XV).
The catalyst could be reused multiple times (almost 4 times)
with great yields.

Ionic liquids (ILs) have been utilized in the Suzuki-Miyaura
cross-coupling reaction as proficient and controllable media.
Welton et al. [61] described the first investigation of ionic fluids
as the solvent for Pd-catalyzed C-C cross-coupling reactions.
Recently, Kaur & Singh et al. [62] prepared an effective recycl-
able mud carbapalladacycle nanocomposite for Suzuki-Miyaura
cross-coupling reaction in tetramethyl butylammonium bis-
(trifluoromethanesulfonyl)imide [TMBA]NTf2 ionic liquid
Halides like chloro-, iodo-, bromo-, substituted aryl halides
created the ideal products in great to brilliant yield and selec-
tivity (Scheme-XVI).

Few Pd-based catalytic frameworks for the Suzuki-Miyaura
cross-coupling reaction presented in various ionic liquids are
specified in Table-1.

The arrangement of different biaryls utilizing the Suzuki-
Miyaura cross-coupling reaction in a DES framework has been
accounted for through the development of C-C bonds at 100 ºC
utilizing 0.1-1 mol% of PdCl2 as a catalyst, cationic phosphine
ligands and K2CO3 as a base (Scheme-XVII) [67]. Among the
different eutectic mixture frameworks inspected, ideal out-
comes were acquired with choline chloride and ethylene glycol,
followed intently by choline chloride and glycerol. Glycerol
is greener in comparison to ethylene glycol and with the negli-
gible contrast in the acquired yield, the choline chloride and
glycerol framework have become the picked medium for this
reaction. After the end of the reaction, DES and the catalyst

X + B
OH

OHR1

R2

R1: H, Me, NO2, OMe R2: H, Me
X: I, Br, Cl

GO/Fe3O4/ PAMPS/Pd (0.2-1 mol%)

K2CO3, EtOH:H2O (1:1), 2-24 h
R2R1

16 examples
30-100% yield

TOF: 2.2-250 h–1

TON: 52-500

Scheme-XIII: The SMR of several aryl halides with aryl boronic acids catalyzed by the GO/Fe3O4/PAMPS/Pd nanocomposite

X

R1

+

R2

B

OH

OH R1

12 examples
25-97 % yields

R2

Pd-Ag@CQD (5 wt%)
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Scheme-XIV: SMR using Pd-Ag@CQD catalyst
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Scheme-XV: SMR using α-FeO3 nanocluster/GO catalyst

X

R

+

B(OH)2

R
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24-96% yields

TON: 2000-8000

TOF: 167-667 h–1

Catalyst

[TMBA]NTF2, K2CO3, 80 °C
12-18 h

X = I, Br, Cl

Scheme-XVI: Pd catalyzed SMR in ionic liquids
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TABLE-1 
COMPARISON OF VARIOUS Pd-BASED CATALYTIC FRAMEWORKS IN VARIOUS IONIC LIQUIDS FOR THE SMR 

Solvent Catalyst Base Temperature (°C) Time (h) Yield (%) Ref. 
[bmpy][NTf2]–water PdCl2 K3PO4 65 2 84-99 [63] 
[C4-DABCO] [dca] PdCl2 – 110 3-6 40-99 [64] 
[Aemim]Br [[Gmim]Cl–Pd (II)] Et3N 25 1-10 65-94 [65] 
[P66614][NTf2]–water Pd2(dba)3 Cs2CO3 160 48 19-99 [66] 

 

can be recuperated and reused multiple times almost around 5
times.

The solvent-free reactions have acquired extensive consi-
deration as green strategies which are good options in contrast
to the conventional procedures [68] regularly utilizing supp-
orted reagents under the microwave irradiation conditions [69].
These incorporate pounding techniques and high-velocity ball
milling [70]. In past few years, the SMR has been performed
under solventless conditions [71,72] Schneider et al. [73] reported
a greener convention for the solvent-free Suzuki-Miyaura cross-
coupling reaction within the sight of an inorganic solid (KF-
Al2O3) and the advancement of other energy forms, for example,
mechanochemical process and the microwave irradiation
(Scheme-XVIII).

Resistance toward environmental oxygen, alluring safety
aspects, better yields and more limited reaction times make
this system an easy and appealing variant of the Suzuki-Miyaura
cross-coupling reaction. Baran et al. [74] revealed a magnetically
curable sporopollenin-based Pd catalyst for the immediate
synthesis of biaryl compounds through the Suzuki-Miyaura
cross-coupling reaction with both high turnover frequency and
numbers. The catalyst recyclability was examined to 10 conti-
nuous cycles for the amalgamation of biaryls with little decrease
in the reaction yields from 99 to 93%. Borchardt et al. [75]

portrayed the mechanochemical Suzuki polycondensation as
a more powerful and greener option in contrast to the traditional
media based polymerization change of poly(phenylene)s. Under
improved conditions, this pioneer course can create straight
polymers with a remarkable degree of polymerization, under
ligand-free conditions in a short time about a half-hour. More-
over, the technique was expanded to a hyperbranched frame-
work with high-temperature opposition in average to great
yields in a short period. Several researchers [76,77] performed
various reactions which led to the development of more interest
in studying the application of Suzuki-Miyaura cross-coupling
in green chemistry.

Conclusion

In this review article, a wide range of both homogeneous
and heterogeneous catalytic frameworks, particularly nano-
catalysts with metal for the Suzuki-Miyaura cross-coupling
reaction (SMR) have been summed up. Various classes of hetero-
geneous catalysts dependent on graphene, zeolites, Fe3O4 and
so forth, have shown their accessibility in cordial carrier going
from water, ethanol, glycerol, polyethylene glycol (PEG) and
ionic fluids. For the great advancement in future, a lot of research
has to be done to develop sustainable chemistry. Catalytic
systems which are heterogeneous are used to put forward the

X

R1

+

B(OH)2

PdCl2, ligand, K2CO3

CHCl:glycerol (1:2, 2 mL) 
100 °C, 2 h

13 examples

46-98%

TOF: 490 h–1

X: I, Br, Cl

R1

Scheme-XVII: Pd catalyzed SMR between choline chloride and glycerol system

Br B(OH)2

R

+ R

KF-Al2O3

Pd(OAC)2
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Microwave irradiation 5 examples
ball-milling: 45-99% yield
MW: 49-80% Yield

Scheme-XVIII: Solvent free synthesis of biphenyl via Microwave irradiation and ball milling
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[66]
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idea of eco-friendly methods and so medium like water is being
used in the reaction. Suzuki-Miyaura-cross coupling reaction
using palladium are developed in both the conditions i.e. homo-
geneous as well as heterogeneous conditions. But among them
heterogeneous conditions are more preferred over homogeneous.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interests
regarding the publication of this article.

REFERENCES

1. P. Anastas and N. Eghbali, Chem. Soc. Rev., 39, 301 (2010);
https://doi.org/10.1039/B918763B

2. S. Kotha, K. Lahiri and D. Kashinath, Tetrahedron, 58, 9633 (2002);
https://doi.org/10.1016/S0040-4020(02)01188-2

3. B.H. Lipshutz, B.R. Taft, A.R. Abela, S. Ghorai, A. Krasovskiy and C.
Duplais, Platin. Met. Rev., 56, 62 (2012);
https://doi.org/10.1595/147106712X629761

4. A. Suzuki, Pure Appl. Chem., 57, 1749 (1985);
https://doi.org/10.1351/pac198557121749

5. R.F. Heck, Org. React., 27, 345 (2004).
6. D. Milstein and J. Stille, J. Am. Chem. Soc., 101, 4992 (1979);

https://doi.org/10.1021/ja00511a032
7. F. Liu and E. Negishi, J. Org. Chem., 62, 8591 (1997);

https://doi.org/10.1021/jo971360g
8. E. Negishi, Acc. Chem. Res., 15, 340 (1982);

https://doi.org/10.1021/ar00083a001
9. Y. Nakao and T. Hiyama, Chem. Soc. Rev., 40, 4893 (2011);

https://doi.org/10.1039/c1cs15122c
10. K. Sonogashira, Comprehensive Organic Synthesis, Pergamon Press:

New York, vol. 3, p. 521 (1991).
11. R. Narayanan, Molecules, 15, 2124 (2010);

https://doi.org/10.3390/molecules15042124
12. J.P. Sestelo and L.A. Sarandeses, Molecules, 25, 4500 (2020);

https://doi.org/10.3390/molecules25194500
13. I. Kanwal, A. Mujahid, N. Rasool, K. Rizwan, A. Malik, G. Ahmad,

S.A.A. Shah, U. Rashid and N.M. Nasir, Catalysts, 10, 443 (2020);
https://doi.org/10.3390/catal10040443

14. A.J.J. Lennox and G.C. Lloyd-Jones, Chem. Soc. Rev., 43, 412 (2014);
https://doi.org/10.1039/C3CS60197H

15. G.A. Molander and B. Canturk, Org. Lett., 10, 2135 (2008);
https://doi.org/10.1021/ol800532p

16. S.R. Chemler, D. Trauner and S.J. Danishefsky, Angew. Chem. Int. Ed.
Engl., 40, 4544 (2001);
https://doi.org/10.1002/1521-3773(20011217)40:24<4544::AID-
ANIE4544>3.0.CO;2-N

17. M.B. Gawande, V.D. Bonifácio, R. Luque, P.S. Branco and R.S. Varma,
Chem. Soc. Rev., 42, 5522 (2013);
https://doi.org/10.1039/c3cs60025d

18. R. Breslow, Acc. Chem. Res., 24, 159 (1991);
https://doi.org/10.1021/ar00006a001

19. C.-J. Li and L. Chen, Chem. Soc. Rev., 35, 68 (2006);
https://doi.org/10.1039/B507207G

20. A.Z. Halimehjani, S.E. Hooshmand and E.V. Shamiri, Tetrahedron Lett.,
55, 5454 (2014);
https://doi.org/10.1016/j.tetlet.2014.08.017

21. A. Shaabani, R. Afshari and S.E. Hooshmand, New J. Chem., 41, 8469
(2017);
https://doi.org/10.1039/C7NJ01150D

22. R.B.N. Baig, B.R. Vaddula, M.N. Nadagouda and R.S. Varma, Green
Chem., 17, 1243 (2015);
https://doi.org/10.1039/C4GC02047B

23. R.B.N. Baig, M.N. Nadagouda and R.S. Varma, Green Chem., 16, 2122
(2014);
https://doi.org/10.1039/c3gc42004c

24. V. Polshettiwar, A. Decottignies, C. Len and A. Fihri, ChemSusChem,
3, 502 (2010);
https://doi.org/10.1002/cssc.200900221

25. A. Fihri, M. Bouhrara, B. Nekoueishahraki, J.-M. Basset and V.
Polshettiwar, Chem. Soc. Rev., 40, 5181 (2011);
https://doi.org/10.1039/c1cs15079k

26. S. Paul, M.M. Islam and S.K. Islam, RSC Adv., 5, 42193 (2015);
https://doi.org/10.1039/C4RA17308B

27. R. Nakao, H. Rhee and Y. Uozumi, Org. Lett., 7, 163 (2005);
https://doi.org/10.1021/ol047670k

28. C. Reichardt, Org. Process Res. Dev., 11, 105 (2007);
https://doi.org/10.1021/op0680082

29. J. Chen, S.K. Spear, J.G. Huddleston and R.D. Rogers, Green Chem.,
7, 64 (2005);
https://doi.org/10.1039/b413546f

30. J. Peach and J. Eastoe, Beilstein J. Org. Chem., 10, 1878 (2014);
https://doi.org/10.3762/bjoc.10.196

31. D.J. Heldebrant and P.G. Jessop, J. Am. Chem. Soc., 125, 5600 (2003);
https://doi.org/10.1021/ja029131l

32. R. Kumar, P. Chaudhary, S. Nimesh and R. Chandra, Green Chem., 8,
356 (2006);
https://doi.org/10.1039/b517397c

33. L. Liu, Y. Zhang and Y. Wang, J. Org. Chem., 70, 6122 (2005);
https://doi.org/10.1021/jo050724z

34. A.L.F. de Souza, A.C. Silva and O. Antunes, Appl. Organomet. Chem.,
23, 5 (2009);
https://doi.org/10.1002/aoc.1455

35. J.P. Hallett and T. Welton, Chem. Rev., 111, 3508 (2011);
https://doi.org/10.1021/cr1003248

36. R.D. Rogers, K.R. Seddon and S. Volkov, Green Industrial Applications
of Ionic Liquids, Springer Science & Business Media (2012).

37. A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed and V. Tambyrajah,
Chem. Commun., 70 (2003);
https://doi.org/10.1039/b210714g

38. Q. Zhang, K. De Oliveira Vigier, S. Royer and F. Jérôme, Chem. Soc.
Rev., 41, 7108 (2012);
https://doi.org/10.1039/c2cs35178a

39. T. Arnold, A.J. Jackson, A. Sanchez-Fernandez, D. Magnone, A. Terry
and K. Edler, Langmuir, 31, 12894 (2015);
https://doi.org/10.1021/acs.langmuir.5b02596

40. E.L. Smith, A.P. Abbott and K.S. Ryder, Chem. Rev., 114, 11060 (2014);
https://doi.org/10.1021/cr300162p

41. D. Carriazo, M.C. Serrano, M.C. Gutiérrez, M.L. Ferrer and F. del
Monte, Chem. Soc. Rev., 41, 4996 (2012);
https://doi.org/10.1039/c2cs15353j

42. D.A. Alonso, A. Baeza, R. Chinchilla, G. Guillena, I.M. Pastor and
D.J. Ramón, Eur. J. Org. Chem., 2016, 612 (2016);
https://doi.org/10.1002/ejoc.201501197

43. A. Shaabani, S.E. Hooshmand, R. Afshari, S. Shaabani, V. Ghasemi,
M. Atharnezhad and M. Akbari, J. Solid State Chem., 258, 536 (2018);
https://doi.org/10.1016/j.jssc.2017.11.022

44. A. Shaabani, S.E. Hooshmand, M.T. Nazeri, R. Afshari and S. Ghasemi,
Tetrahedron Lett., 57, 3727 (2016);
https://doi.org/10.1016/j.tetlet.2016.07.005

45. H.D. Velazquez and F. Verpoort, Chem. Soc. Rev., 41, 7032 (2012);
https://doi.org/10.1039/c2cs35102a

46. J.C. Bussolari and D.C. Rehborn, Org. Lett., 1, 965 (1999);
https://doi.org/10.1021/ol990708m

47. G. Kirsch, S. Hesse and A. Comel, Curr. Org. Synth., 1, 47 (2004);
https://doi.org/10.2174/1570179043485475

48. D. Villemin, M.J. Gomez-Escalonilla and J.F. Saint-Clair, Tetrahedron
Lett., 42, 635 (2001);
https://doi.org/10.1016/S0040-4039(00)02026-8

49. R.I. Khan and K. Pitchumani, Green Chem., 18, 5518 (2016);
https://doi.org/10.1039/C6GC01326K

50. V. Pascanu, Q. Yao, A. Bermejo Gómez, M. Gustafsson, Y. Yun, W. Wan,
L. Samain, X. Zou and B. Martín-Matute, Chem. Eur. J., 19, 17483 (2013);
https://doi.org/10.1002/chem.201302621

51. R.N. Baig, M.N. Nadagouda and R.S. Varma, Green Chem., 16, 4333
(2014);
https://doi.org/10.1039/C4GC00748D

52. W. Zhu, Y. Yang, S. Hu, G. Xiang, B. Xu, J. Zhuang and X. Wang,
Inorg. Chem., 51, 6020 (2012);
https://doi.org/10.1021/ic2024378

Vol. 33, No. 9 (2021) Suzuki-Miyaura Cross Coupling Reaction in Various Green Media: A Review  1983

https://doi.org/10.1016/S0040-4020(02)01188-2
https://doi.org/10.1002/1521-3773(20011217)40:24<4544::AID-ANIE4544>3.0.CO;2-N
https://doi.org/10.1002/1521-3773(20011217)40:24<4544::AID-ANIE4544>3.0.CO;2-N
https://doi.org/10.1016/S0040-4039(00)02026-8


53. C.M. Zinser, K.G. Warren, R.E. Meadows, F. Nahra, A.M. Al-Majid,
A. Barakat, M.S. Islam, S.P. Nolan and C.S. Cazin, Green Chem., 20,
3246 (2018);
https://doi.org/10.1039/C8GC00860D

54. P.M. Ajayan and B.I. Yakobson, Nature, 441, 818 (2006);
https://doi.org/10.1038/441818a

55. R. Ruoff, Nat. Nanotechnol., 3, 10 (2008);
https://doi.org/10.1038/nnano.2007.432

56. G.M. Scheuermann, L. Rumi, P. Steurer, W. Bannwarth and R. Mülhaupt,
J. Am. Chem. Soc., 131, 8262 (2009);
https://doi.org/10.1021/ja901105a

57. J. Sun, Y. Fu, G. He, X. Sun and X. Wang, Appl. Catal. B, 165, 661
(2015);
https://doi.org/10.1016/j.apcatb.2014.10.072

58. S. Asadi, R. Sedghi and M.M. Heravi, Catal. Lett., 147, 2045 (2017);
https://doi.org/10.1007/s10562-017-2089-2

59. R. Bayan and N. Karak, ACS Omega, 2, 8868 (2017);
https://doi.org/10.1021/acsomega.7b01504

60. C. Wang, L. Salmon, R. Ciganda, L. Yate, S. Moya, J. Ruiz and D. Astruc,
Chem. Commun., 53, 644 (2017);
https://doi.org/10.1039/C6CC08401J

61. C.J. Mathews, P.J. Smith and T. Welton, Chem. Commun., 1249 (2000);
https://doi.org/10.1039/b002755n

62. A. Kaur and V. Singh, Tetrahedron Lett., 56, 1128 (2015);
https://doi.org/10.1016/j.tetlet.2015.01.055

63. M. Lombardo, M. Chiarucci and C. Trombini, Green Chem., 11, 574
(2009);
https://doi.org/10.1039/b815568b

64. P.R. Boruah, M.J. Koiri, U. Bora and D. Sarma, Tetrahedron Lett., 55,
2423 (2014);
https://doi.org/10.1016/j.tetlet.2014.02.126

65. P. Karthikeyan, A. Vanitha, P. Radhika, K. Suresh and A. Sugumaran,
Tetrahedron Lett., 54, 7193 (2013);
https://doi.org/10.1016/j.tetlet.2013.10.111

66. A.J. Keith, S.D. Kosik, L.V. Tillekeratne and M.R. Mason, Synlett,
977 (2014);
https://doi.org/10.1055/s-0033-1340846

67. X. Marset, A. Khoshnood, L. Sotorríos, E. Gómez-Bengoa, D.A. Alonso
and D.J. Ramón, ChemCatChem, 9, 1269 (2017);
https://doi.org/10.1002/cctc.201601544

68. M.B. Gawande, V.D. Bonifácio, R. Luque, P.S. Branco and R.S. Varma,
ChemSusChem, 7, 24 (2014);
https://doi.org/10.1002/cssc.201300485

69. R.S. Varma, Green Chem., 1, 43 (1999);
https://doi.org/10.1039/a808223e

70. A. Stolle, T. Szuppa, S.E. Leonhardt and B. Ondruschka, Chem. Soc.
Rev., 40, 2317 (2011);
https://doi.org/10.1039/c0cs00195c

71. S.F. Nielsen, D. Peters and O. Axelsson, Synth. Commun., 30, 3501
(2000);
https://doi.org/10.1080/00397910008087262

72. B. Bandgar and A. Patil, Tetrahedron Lett., 46, 7627 (2005);
https://doi.org/10.1016/j.tetlet.2005.08.111

73. F. Schneider, T. Szuppa, A. Stolle, B. Ondruschka and H. Hopf, Green
Chem., 11, 1894 (2009);
https://doi.org/10.1039/b915744c

74. T. Baran, I. Sargin, M. Kaya, P. Mulerèikas, S. Kazlauskaitë and A.
Mentes, Chem. Eng. J., 331, 102 (2018);
https://doi.org/10.1016/j.cej.2017.08.104

75. S. Grätz, B. Wolfrum and L. Borchardt, Green Chem., 19, 2973 (2017);
https://doi.org/10.1039/C7GC00693D

76. R. Ali, Ph.D. Thesis, Diversity Oriented Approach to Spirocycles and
Heterocycles via Olefins Metathesis, Cycloaddition Reaction, Fischer
Indolization and Suzuki-Miyaura Cross-Coupling Reaction as Key
Steps, IIT Bombay, India (2015).

77. I. Sögütlü, E.A. Mahmood, S. Ahmadizadeh Shendy, S. Ebrahimiasl
and E. Vessally, RSC Adv., 11, 2112 (2021);
https://doi.org/10.1039/D0RA09846A

1984  Bhatt et al. Asian J. Chem.


