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Abstract

This review presents a comprehensive overview of the Suzuki—Miyaura coupling reaction as advanced through
greener techniques, focusing on literature from the past two full decades (2000-2020). It highlights the
modifications made to the reaction using various devices and environmentally friendly approaches, paving the
way toward a more sustainable future.
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1. Introduction

1.1. The Suzuki-Miyaura Cross Coupling Reaction (SMR)

A cross-coupling reaction is a transformation in which two different molecular fragments (either homo- or
hetero-coupling partners) are joined together. Among these, transition-metal-catalyzed reactions, particularly
those catalyzed by palladium, such as the Heck, Stille, Suzuki—-Miyaura, Negishi, Hiyama, Kumada, Sonogashira,
and Buchwald—Hartwig couplings, hold immense importance in organic synthesis.’-” These reactions provide
powerful tools for C—C bond formation. The formation of C—C bonds (sp?>—sp? or sp?>-sp) is highly valuable in
natural product synthesis, medicinal chemistry, materials science, supramolecular chemistry, catalysis, and
polymer chemistry, among other fields. Although similar products can be obtained through other
methodologies, the Suzuki—Miyaura reaction (SMR) is distinguished by its wide substrate scope, mild reaction
conditions, easily separable by-products (boronic acids and their water-soluble derivatives), lower toxicity of
boron-based reagents compared with metals such as Zn, Mg, Sn, or Cu, cost efficiency, and shorter reaction
times. The SMR has found broad application in the synthesis of biologically and pharmaceutically important
molecules, including CI-1034 and various CNS agents.®~° The incorporation of alkyl coupling partners has
further increased the utility of this reaction.™ In 2010, Heck, Suzuki, and Negishi received the Nobel Prize in
chemistry for their pioneering contributions to cross-coupling reactions.” The first research paper introducing
the Suzuki—Miyaura reaction was published in 1979 by Suzuki and Miyaura,’™"® and the first review article on
the reaction was also authored by the same researchers in 1995."

X RMYn R Metals (M) Name reaction
+ Pdlbn —— Sn Stille
B Suzuki
Zn Negishi
X=ClI, Br, I, OTf etc. Mg Kumada
Y= alkyl, alkoxy, halogen etc. Cu Sonogashira
R= alkyl, aryl, vinyl, allyl, heteroaryl etc. Si Hiyama

Figure 1. Transition metal catalyzed different cross-coupling reactions.

1.2 Green Chemistry

Green chemistry is defined as the application of a set of principles aimed at reducing or eliminating the use and
generation of hazardous substances in the design, manufacture, and application of chemical products.”® The
concept emerged in response to the U.S. Pollution Prevention Act of 1990, which established a national policy
focused on preventing pollution at its source through improved design—such as optimizing products,
processes, raw material usage, and recycling—rather than relying on treatment or disposal. This shift in
perspective has sparked growing interest among researchers in the field of green chemistry. The framework of
green chemistry is guided by twelve key principles,”™ which include designing synthetic methods that maximize
atom economy and prevent waste, selecting safer chemicals and solvents to minimize toxicity, and using non-
hazardous reaction auxiliaries. Additionally, these principles advocate for the use of mild reaction conditions,
renewable feedstocks, efficient catalytic systems, and the reduction of unnecessary reaction steps. They also
emphasize the importance of ensuring that any unwanted by-products degrade safely, thereby reducing their
potential environmental impact.
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Preferred Usable Undesired

solvent solvent solvent

Water Cyclohexane Pentane

Acetone Toluene Hexane(s)

Ethanol Methyl Di-isopropyl ether

2-Propanol cyclohexane  Diethyl ether

1-propanol TBME Dichloromethane

Heptane Isooctane Dichloroethane

Ethyl Acetate Acetonitrile Chloroform

Isopropyl 2-Me THF NMP

Acetate THF DMF

Methanol Xylene Pyridine

MEK DMSO DMAc

1-Butanol Acetic Acid Dioxane

‘BuOH Ethylene Dimethoxyethane
Glycol

Figure 2. Pfizer solvent selection guide.

Paul, B. et al.

One of the major challenges in implementing green chemistry is the selection of cost-effective,
environmentally friendly solvents, non-toxic reagents, and mild reaction media suitable for use in industrial,

medical, and research settings. In recent years, international regulations have led to the blacklisting of several

traditional solvents—such as carbon tetrachloride (CCls) and benzene—which, despite their historical use in
both academia and industry, pose significant health and environmental risks.'® From the perspective of

synthetic organic chemistry, a key limitation remains the scarcity of green solvents that can effectively dissolve

a wide range of organic compounds. However, it is noteworthy that many organic reactions have been found
to proceed with high efficiency and yields in water,"”~"° despite the typically low solubility of organic substrates

in agueous media. A selection of eco-friendly solvents and alternatives to commonly used toxic or explosive

solvents is presented below.2°
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Table 1. Nontoxic alternative solvents

Undesirable solvents

Alternative

Pentane, Hexane(s)

Di-isopropyl ether, Diethyl ether,
Dioxane, Dimethoxyethane
Chloroform, dichloroethane,
carbon tetrachloride
Dimethylformamide,
Dimethylacetamide, N-
methylpyrrolidinone

Pyridine

Dichloromethane (extractions)

Heptane

2-MeTHF or tert-butyl methyl
ether

Dichloromethane

Acetonitrile

EtsN (if pyridine used as base)
EtOAc, MTBE, toluene, 2-Me-THF

Dichloromethane EtOAc/ heptanes
(chromatography)
Benzene Toluene

Paul, B. et al.

1.3 Mechanistic Aspects of SMR and Scope of Incorporation of Green Chemistry

Mechanistic studies on palladium-catalyzed cross-coupling reactions have been extensively conducted in
recent years.’2* Among these, the Suzuki-Miyaura reaction stands out as one of the most thoroughly
investigated, particularly during the latter part of the 20th century (Scheme 1). These mechanistic
investigations have established that Pd(0) is the catalytically active species, which is typically generated in situ
from a Pd(ll) precursor. Notably, the in situ generated Pd(0) exhibits higher catalytic activity than commercially
available Pd(0) complexes, which are often sensitive to moisture and less stable. Common Pd(ll) sources
include PdCl, and Pd(OAc),, with the latter being more effective due to its superior solubility in organic
solvents. In the presence of a base—such as triethylamine (NEt3) or N,N-diisopropylethylamine (DIPEA)—and
phosphine-based ligands like tricyclohexylphosphine (PCys), triphenylphosphine (PPhs), or 1,1'-
bis(diphenylphosphino)ferrocene (dppf), Pd(ll) is reduced to Pd(0), which then enters the catalytic cycle
(Figure 3).% In this reaction, the ligand serves a dual purpose: it facilitates the reduction of Pd(ll) to Pd(0) and
stabilizes the resulting Pd(0) species.?®"2° Inorganic bases such as NaOH, KOH, K,COs, and Cs,COs are
commonly employed in the reaction medium. Beyond acting as a proton acceptor, the base also plays a crucial
role in generating the transmetallation-active species from electron-deficient boranes or boronic acid
derivatives (Figure 4).

Pd(0)Ln, base

solvent

R-X + R2B(OH), R1-R2
R' : aryl, allyl, vinyl, heteroaryl etc.
R? : aryl/ alkenyl/ alkynyl generally but may be alkyl also

X : Cl/ Br/ I/ OTf etc.

Scheme 1. General scheme of Suzuki-Miyaura cross coupling reaction.
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Figure 3. Catalytic cycle of classical SMR.

The choice of solvent plays a critical role in determining both the rate and yield of the Suzuki—Miyaura
reaction (SMR). Traditionally, polar organic solvents such as tetrahydrofuran (THF), dimethylformamide (DMF),
and acetonitrile (MeCN) have been widely used as effective media for this reaction. In some cases, nonpolar
solvents like benzene and toluene have also been employed. Generally, the reaction proceeds under mild
conditions. From a green chemistry perspective, the SMR holds particular significance compared to other
cross-coupling reactions, as it aligns well with several of the Twelve Principles of Green Chemistry discussed in
Section 1.2. Firstly, it is a catalytic process with high efficiency. Unlike many other cross-couplings, it utilizes
non-toxic boron-based reagents, which are safer alternatives to tin-, copper-, or magnesium-based
compounds. The reaction is typically carried out under mild conditions, leading to improved energy efficiency
and reduced environmental hazards. Furthermore, the by-products are easily separable, the overall yields are
high, and the process remains cost-effective—making SMR a preferred method in sustainable organic

synthesis.
Ligand (PPh3)
®
P. O/ 0 Ph
KN
PPh PdOAc QA A PPh
Pa'oac), ——2= /7 1 o0 AP Ra i patpph, - Pd’(PPhy);
OAc  °© PPh;
Base (NaOEt) ®
L, L. R2B(OH), O° 6 R!
Pd NaOEt 1Pd 2 \B” \PdR1L2 \'Psz
R' X R' OEt HO” \Rz" R2
L= Ligand

transmetallation active species

Figure 4. Role of ligand and base in SMR.

The Suzuki—Miyaura reaction aligns particularly well with the third, fourth, sixth, and ninth principles of
green chemistry, offering significant advantages over other cross-coupling methods and making it highly
attractive for industrial applications. However, it is not an entirely green process. The use of undesirable
solvents such as THF, DMF, and benzene detracts from its environmental compatibility. Another major
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limitation is the reliance on phosphine-based ligands, which are associated with various health hazards,
including respiratory issues, skin irritation, and gastrointestinal disturbances. Additionally, commonly used
organic bases like DIPEA and pyridine also pose safety concerns. To move toward a truly eco-friendly version
of this reaction, recent research has focused on developing solvent-free, base-free, and ligand-free protocols.
These approaches aim to eliminate hazardous components while maintaining the reaction’s efficiency and
selectivity. In this review, we aim to highlight the latest advancements and modern green techniques that
have been explored to improve the sustainability of the Suzuki—Miyaura reaction.

2. SMR under Base Free Conditions

In the Suzuki—Miyaura reaction, the base plays a crucial role by activating boronic acids (or their derivatives)
for the transmetallation step, facilitating the reduction of the metal catalyst from M(ll) to M(0), and helping to
maintain the pH of the reaction medium. However, the use of base also presents a significant limitation: it can
lead to the competitive decomposition of various organoboron substrates, thereby restricting the reaction's
substrate scope.3°732 As a result, there is considerable interest in developing base-free protocols or minimizing
the amount of base required. Recent studies have demonstrated that the Suzuki—Miyaura reaction can
proceed under base-free conditions in certain systems. In this section, we will explore these developments,
along with the underlying mechanistic insights that support them.

2.1 Palladium-Fluoride Key Intermediate

In 2013, Sensuke Ogoshi and colleagues developed a novel strategy for C—C bond formation via C—F bond
activation in fluorinated alkenes and arenes.3® This approach is significant not only for enabling cross-coupling
under base-free conditions but also for achieving the activation of the Csp?>-F bond, which possesses
exceptionally high bond dissociation energy, without the need for external promoters.

THF/ [Dg] THF
Fu,, o 8 —
F’,«—I\“':: — e Cy3PPd> <|= * onPp > {CF +  Pd(PCyy),
_Pd_ FPCys PC V'
CysP” “PCy;
1a 1b 1c
under N, (1 atm,16 h) 45% 29% 26%
under TFE (3.5 atm, 4 h) 68% 32% 0%
Flu wF R F
,»—I—»,' 3 THF/ [Dg]THF
F —— Cy?,P\Ni - c + F,PCy;
CysP” “PCy, 100°C F PCYs
1d 1e
under N, (1 atm, 2 h) 70% 0%
under TFE (1 atm, 4 h) 0% 92%

Scheme 2. Generation of trifluorovinylpalladium(ll) and trifluorovinylnickel(ll) fluorides.

This reaction requires elevated temperature (100 °C) for Pd(0) to undergo oxidative addition into the
C—F bond. The resulting [Pd—F] complexes, 1b and 1e (Scheme 2), serve as the active transmetallating species.
These intermediates were isolated and characterized by F-NMR and X-ray diffraction. Based on these
findings, the proposed mechanism (Figure 5) involves formation of the n2-TFE species 1f, oxidative addition to
form complex 1g, base-free transmetallation, and reductive elimination to yield the product. Although this
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SMR strategy reduces chemical usage, the requirement for THF as solvent and high temperature contradicts
green chemistry principles.

F . R_F
%anw F F
F F Fri,— F
v T
F
Ar\P(?:(F P(’i\
L/ \L L/ L
k 1f )
F F
\‘ \ F F
Fed ¥ LS >_(
7oL Pd_ F

Figure 5. Proposed catalytic cycle.

2.2 Decarbonylative Coupling of Acid Fluorides

In 2018, M. S. Sanford and co-workers developed a novel Ni-catalyzed decarbonylative Suzuki—Miyaura
reaction (SMR) that proceeds without any external base (Scheme 3).3* This method is compatible with a broad
range of base-sensitive boronic acids and biologically active carboxylic acid derivatives. Ni(0) is known to
undergo oxidative addition with carboxylic acid derivatives®*=#° and Ni(ll)-acyl intermediates can
decarbonylate in the presence of suitable ligands.>®~#° Building on these findings, Sanford’s group designed a
two-step SMR starting from carboxylic acids, involving the formation of acid fluoride intermediates followed
by cross-coupling.

HO),B OMe A
(a) o TFFH (1 eq.) ﬂ (HO), C /@’ '
Ar""OH  Proton Sponge (1 eq.) Ar”°F 10 mol % Ni(cod), MeO
THF, rt, 15-30 min 20 mol % PPh,Me
THF, 100 °C, 16 h
o, RCys
) Ni-X PCy
(b) Py, — <—Nix
PCy
2a 2b

Scheme 3. Ni catalyzed decarbonylative SMR.

They also found that in situ generated acid fluorides with the same reagents gave better yields. The
initial oxidative addition forms the benzoyl nickel fluoride intermediate 2a, followed by decarbonylation to
produce the [Ni—F] complex (2b), which then undergoes transmetallation and reductive elimination to yield
the product. Both intermediates 2a and 2b were characterized by X-ray diffraction. Notably, acid chlorides and
bromides did not react under these conditions, likely because the small, highly charged fluoride ion
coordinates with the boronate ester to facilitate transmetallation due to stronger B-F bond strength, unlike
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the bulkier chloride or bromide (Figure 6). Based on these findings and intermediate characterizations, a
catalytic cycle similar to the previous case has been proposed.

o

M

2
CUN [Ni“l
F7 R

Step: Transmetallation

SNL Il R*B(OR Il__-R& OR Il wR?
MNi-F |LnNi(R")F ©OR); ;;","Ni*\F’L‘:B-'L“OR — IIQ_:"’“'NiQE
R1

1l
R™Ni—R? Transmetallation active

/< species
co

Figure 6. Catalytic cycle of decarbonylative SMR.

I
1.NG;—|
R2-B(OR), R Ni—F

2.3 Using Catalytic Amount of Base

In 2019, Tomar et al. developed a fully green Suzuki—Miyaura reaction conducted in water using
Pd(OAc)2(PPhs), supported on a magnesium hydroxide—cerium carbonate hydroxide composite (MgCe-HDC).*'
The composite was prepared via a known method and characterized by XRD and SEM. This catalyst
demonstrated excellent substrate scope with iodo substrates (Table 2) and could be used catalytically with

easy recyclability.

Table 2. SMR using base supported catalyst

@—x . @_B(OH)Z Pd(OAC),(PPhs),/MgCe-HDC // \__/ \\
R= =7 R! H,0, 2 h, 80 °C R= —/"R’

Leaving group Yield
| 90.8 %
Br 55.5 %
OTs 24.6 %
Cl 19.5%

3. SMR in Phosphine Free and Modified Phosphine Conditions

Phosphine-based ligands such as monodentate PPhs, PCys, PEts, and bidentate ligands like dppf, dppe, and
BINAP are commonly used in classical Suzuki—Miyaura reactions. However, these ligands are volatile, posing
health risks and environmental concerns. They are also air- and moisture-sensitive, and expensive.
Consequently, developing phosphine-free SMR has become an important focus in recent years. In this section,
we discuss the use of phosphine-free ligands such as amines, porphyrins, and 8-cyclodextrin.
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3.1 Amine Based Ligands

In 2009-2010, Davis et al. introduced an eco-friendly Suzuki-Miyaura reaction using a Pd-pyrimidine
catalyst.*>~*3 This method was applied to protein modification and other chemical reactions, delivering good
yields under aerobic conditions (Scheme 4).

| R-B(OH), or R-BPin R
37 °C, pH 8 Buffer

NaQ

N
0, .
Ar'X + Ar?-B(OH), 1 mol% cat. Ar'=Ar2 | cat.= 4 D—NH;| Pd(0Ac),
~ H,0, NaHPO, =N
X=Br, | 120 °C, 10 min, MW NaO )
HO,C
=
94% 91% 96% 94%
99% 99% 99% 82%

Scheme 4. SMR on a protein surface and in chemical field.

In 2012, the same group reported a regioselective Suzuki reaction using the Pd-pyrimidine catalyst to
synthesize a carbohydrate mimic.** They optimized the reaction conditions, explored the substrate scope, and
achieved excellent results (Table 3). The findings demonstrate that this modified catalyst is superior to
palladium-phosphine catalysts due to its lower toxicity, greater stability in air, mild conditions, cost-
effectiveness, shorter reaction times, as well as eco-friendliness in synthetic biochemistry.

Table 3. Synthesis of carbohydrate mimetics by SMR

W X BOH):2  py(0Ac),, Na,HPO OBFOB;
BnO B + R_: — CH3CN/H226, m2icrow;ve Bno 2
1 / \<R
Entry R Time GCyield

(min) (%)

1 4-CN 5 95

2 4-OMe 5 95

3 4-F 5 90

4 2-Me 40 90

5 3-pyridyl 40 89

6 1-Naph 5 94

7 3,5 di (CF3)2 5 94
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In 2013, David Morales and his team synthesized three water-soluble pincer ligands designed for
Suzuki—Miyaura reactions in aqueous media (Scheme 5).** They optimized reaction conditions by varying
parameters such as base and temperature, successfully synthesizing a wide range of compounds with
satisfactory results.

Br B(OH), PdCls, ligand O
|: I +
R ©/ Hzo N32003 O

4h, 95 °C

ligand Hl\/j\ } ((j\%

S QL

X=N,C

Scheme 5. SMR using amine-based pincer ligands.

In 2017, Huo et al. reported amine-based (a-diimine)methylpalladium chloride catalysts for Suzuki—
Miyaura reactions in green media like water-ethanol at room temperature.*® While Pd(OAc), gave only 26%
yield, these catalysts boosted yields to 92-98% (Figure 7). They showed broad substrate scope and good
turnover numbers (TON), with bulkier ligands leading to higher conversion and TON. The best catalyst was C3,
where R'and Rz were methyl groups.

R'mMe cI R!

\N 7/
, _Pd_ ,
R NQ N R C1:R'=Me,R%=H  C2:R'= CMe,;, R=H
C3: R'=R%= Me

R R C4: R'= Me, R?= Br
C5:R'=H, R?=CI C6: R'= H, R?= CF,

Figure 7. Some diimine based Pd-catalyst.

3.2 Porphyrin Based Ligands

In 2007, loannis D. Kostas and colleagues introduced a novel Suzuki—-Miyaura reaction under homogeneous
conditions using a water-soluble porphyrin-based Pd-catalyst. Previously, palladium porphyrin systems were
used in applications like luminescent markers, oxygen sensors, and photo-induced protein cross-linking. This
group was the first to perform SMR in pure water using such ligands (Figure 8).*” They synthesized catalyst 3a,
characterized by UV spectroscopy and 'H-NMR, achieving yields of 85-99% depending on the substrate
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(Scheme 6). This catalyst was widely used in aqueous homogeneous cross-coupling as a cost-effective
alternative to expensive palladium-phosphine catalysts.

)E\- o0®
CO,K o
3C0;
Ar Ar Ars o §_©_303
3a 3b
@
Ar Ar —
3c

Figure 8. Porphyrin based Pd-catalyst

o e SO
+
R KyCO3, Ho0 O
R

100 °C, Air

Entry R Time (h) GCyield (%)
1 OMe 4 80
2 H 4 83
3 CN 4 Cycle-1: 100
Cycle-2: 76
Cycle-3: 53
CN 2 99
5 NO> 1 93

Scheme 6. SMR in water using 3a.

In 2010, Leu et al. applied a similar catalyst, 3c, in homogeneous Heck coupling.*® However,
homogeneous reactions face challenges such as catalyst-product separation, catalyst recovery, product loss,
and heavy metal contamination in the isolated products.

To address these issues, Liu et al. introduced a Pd-porphyrin functionalized ionic liquid anchored on
modified SBA-15 (3e) and successfully performed Heck coupling in 2010.*° In 2014, M. Moghadam group
reported palladium-porphyrin catalysts supported on Dowex 50WX8 and Amberlite IR-120 resins (3f and 3g) as
recyclable, heterogeneous catalysts for Suzuki-Miyaura and Heck reactions.*® These catalysts were easily
recovered by filtration and reused multiple times with minimal loss of activity, characterized by UV-VIS, SEM,
and TGA. Both reactions gave good yields (75—97%) in DMF-water (2:1). However, challenges remain, including
Pd leaching, particle agglomeration, and low palladium utilization. Moreover, the use of toxic DMF and harsh
conditions limits their green chemistry appeal, highlighting the need for simpler, more efficient heterogeneous
catalysts.
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=N Ar! Ar® N
Ar2
N\/) Q\’N\ @r
P SO, Ar?
N ) ®
SN ®Ar! Ar® N (g Ar?

Ar?

Figure 9. Some Pd-porphyrin catalyst for heterogeneous SMR.

X BOOH)2  p\F-H,0, K,COs, heat 7\
R : P

Z 2b or, 2¢ R

X= 1, Br, Cl
R= OMe, NO,, Ac

Scheme 7. SMR using resin bound catalyst.

Paul, B. et al.

Finally, in 2016, Mohsen Golestanzadeh and colleagues reported a new methodology using Pd-
porphyrin catalyst 3d (Figure 8).5' The catalyst was characterized by '"H-NMR and FT-IR, with optimal yields

achieved using 0.01 mmol of catalyst, 1.5 mmol of K,CO3, and water as the solvent at 80 °C.

Under these optimized conditions, excellent results were obtained (Table 4). The reactivity order of aryl
halides followed the trend Cl < Br < I|. Both electron-donating and electron-withdrawing substituted
haloarenes, as well as heterocyclic halides, reacted smoothly under these conditions. In the same year, Luo et
al. designed and synthesized novel picolinamide-modified 6-cyclodextrins—water-soluble ligands for
supramolecular catalysis—and proposed a possible reaction mechanism involving Pd(ll)/Pd(IV) species,

supported by experimental data and quantum chemical calculations.
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Table 4. SMR using heterogeneous Pd-porphyrin catalyst

R@,x . ©/B(0H)z
N

Meo—O—Ph H0—©—Ph 02N—©—Ph

PATMCPP (3 d, 1.05 mol%) 7\
H,0 (3 mL) , 80 °C A=

X=l, 180 min, 95%
X=Br, 200 min, 93%

OHC

X=l, 200 min, 90%
X=Br, 210 min, 87%

X=I, 180 min, 94%
X=Br, 220 min, 91%
X=Cl, 280 min, 89%

HO,C

, 200 min, 94%
r, 220 min, 92%
1, 300 min, 88%

X X X
JI N1}
OCU—

X=Br, 240 min, 89%

HO

OHC,
O

X=Br, 250 min, 91%
X=Cl, 320 min, 89%

@

OHC—@—Ph

X=Br, 260 min, 94%
X=Cl, 300 min, 87%

X=Br, 240 min, 93%

X=Cl. 290 min. 87% X=Br, 230 min, 90%
=Cl, min, o

X=Br, 280 min, 91%

OH
OHC OH

Q_Ph HO Ph

Ph

¢
e

OH
X=Br 270 min, 92%
X=Cl 350 min, 89%

X=Br 240 min, 90% X=I 230 min, 95%

3.3 Cyclodextrin (CD) Based Ligands

Cyclodextrins are cyclic oligosaccharides classified as a-, 8-, or 6-cyclodextrins, depending on whether they
contain 5, 6, or 7 glycopyranose units, respectively. A key feature is their bucket-like structure with a
hydrophilic exterior and a hydrophobic inner cavity. Their partial water solubility, homochirality, and ability to
form inclusion complexes make them valuable in supramolecular chemistry—particularly in drug delivery®?->*
and as phase-transfer catalysts.>>=>” Their dual-affinity structure allows efficient interactions with organic
molecules, often resulting in high reaction yields and easy product extraction.>®

/~7 CIJ
(HO) N
@ ¢ SPd__
( | ~ci
Cl
% § J NANA
’Nu \\N =N, w
P Pd
a” ~
(OH)14

Figure 10. Different cyclodextrin based catalyst.

Based on the self-assembly behavior of adamantyl (Ad)-modified 6-CD and pyrazole-based Pd(ll)
complexes, Young et al. designed a ligand that forms an insoluble complex, Ad-L-PdCl, (4a).>® Through host—
guest complexation with heptakis(2,6-di-O-methyl)-8-CD (dmB-CD), a water-soluble supramolecular catalyst
(4b) was formed, which efficiently catalyzed the SMR (Figure 10). Reaction rate varied with solvent mixtures,
following the order: H,0—-MeCN < H,0—-Acetone < H,O-DMF < H,0—-MeOH, with the most eco-friendly mixture
giving the best results due to improved catalyst solubility. This method involved a two-step catalyst
preparation. In contrast, Kaboudin et al. (2016) developed a simpler approach by directly mixing alkaline 8-CD
and Pd(OAc), at room temperature to form the active [Pd(Il)-8-CD] catalyst, characterized by TGA, XRD, NMR,
and FT-IR (Scheme 8).5° Although yields were satisfactory, the need for reflux limited substrate scope.
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4c¢ (0.001 mol%)

K2C03 (15 qu)
X=1, Br H,0, reflux

Ar'=Ar2

Ar'-X + Ar2B(OH),

Scheme 8. SMR using catalyst Pd(ll)-8-CD.

High catalyst loading and harsh reaction conditions remained challenges in earlier methods. These
issues were partially resolved by F. Jian et al. in 2018, who used a fully water-soluble 8-CD-based ligand in neat
water.®' The active catalyst, 4d [PdCl,(Ln@68-CD)], was synthesized as shown in Scheme 9 and characterized by
ESI-MS.

0 cl
o=§" H/\ Cl~py-
OH 76"OH

!
(OH)e o (OH)g NH (OH)s N

amino propanol chlz»
(OH)44 (OH)14 (OH)q4
Scheme 9. Preparation of the catalyst 4d.
This catalyst was easily recyclable, retaining significant activity through six cycles. It also showed a
broad substrate scope and an exceptionally high turnover number (TON: 1.2-3.1 x 10°), indicating excellent

catalytic efficiency (Table 5).

Table 5. PdCly(Ln@B-CD) catalyzed SMR

B(OH), TN ra W
/,
O/ O/ TTBAB KO, R=/ N\ g

H,0

R! X R? Yield (%)
H Br H 98
4-Me Br H 100
4-OMe Br H 94
2-Me Br H 83
3-OMe Br H 94
4-H Br 4-Me 100
4-Me Br 4-Me 92
4-OMe Br 4-Me 90
3-OMe Br 4-Me 96
4-H Br 4-OMe 100
4-Me Br 4-OMe 95
4-OMe Br 4-OMe 100
2-Me Br 4-OMe 88
3-OMe Br 4-OMe 97
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In the same year, Luo et al. reported another supramolecular catalyst— a picolinamide-based Pd

based-cyclodextrin complex [Pd(I)@PCA-8-CD]—for Suzuki—Miyaura reactions in water,

conditions, lower catalyst loading, and higher TON (Scheme 10).52

n=N
Q o N
R N S X B
@ R‘AN/\\N Nlr\/) (Nj\le‘ @N/\ CN‘/‘\/
T 7t H Ao H

4e

/ (}i
Aco_ / NH
A O/Pd\~0/ ACO\P / @
C!
n=2/3

Figure 11. Some CD based ligands (4e) and Pd catalysts (4f, 4g).

X K,COs5 (1.5 eq.)
Z H,0, air, 60 °C. \

X NNy KF(15eq)
R'— A b2 ep2.cp2
Z H,0, air, 80 °C. S\ R® (sp*-sp)
AcO"Pd

B(OH), // ) \ &RZ (sp?sp?)

XX K,COj; (1.5 eq.)
> H,0-EtOH
air, 80 °C.

TR® (spsp®)

(5%10-6mol%)
X=CI/ Br/ |

R' and (/or) R? = H, F, OMe, COMe, NO,, CN, CF; etc.

Scheme 10. SMR using Pd(ll)@PCA-8-CD catalyst.

offering milder

They proposed a catalytic cycle involving Pd(l1)/Pd(IV) centers, supported by experimental data and quantum
chemical calculations (Figure 12). The highly water-soluble complexes 4f and 4g showed strong catalytic
activity in SMR, with excellent recyclability and high TON, making them practically applicable. Under optimized
conditions, good results were achieved across nearly 25 substrates. The key advantage of this method is its
ability to achieve sp2-sp® (C—C) coupling regardless of whether the groups are electron-donating or
withdrawing (Scheme 10). Yields ranged from 73% to 98%, with TON values between 10° and 107, making it a

highly efficient and practical green protocol for SMR in aqueous media.
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Figure 12. Catalytic cycle using Pd(Il)@PCA-B-CD

3.4 Flow Technique Using Modified Phosphine Ligands

J. D. Sieber and colleagues developed a new Pd-based catalyst for SMR using flow chemistry (Scheme 11).%3
This approach is mainly applied in synthesizing biologically active compounds and active pharmaceutical
ingredients (APIs).6*%8 They also prepared modified ligands for asymmetric SMR (4h) and regular SMR (4i, 4j)
(Figure 13).

O z>'--R O :> O 0>

~tBu “tBu P‘tBU
MeO O OMe MeO O OMe MeO O OMe
4h.dihydrobenzooxaphosphole 4i.dihydrobenzoazaphosphole 4j.BI-DIME

Figure 13. Modified ligands for SMR.

The prepared Pd-loaded precatalyst was tested and compared with an in situ generated catalyst in
batch mode using a green solvent mixture of water, isopropanol (IPA), and DME (5:3:1). In both cases,
unreacted starting materials remained, indicating limitations under standard conditions. However, switching
to a flow technique—allowing heating above the solvent’s boiling point under pressure—dramatically
improved performance. Using 2 equivalents of aryl halide at 120 °C, the yield reached 98% in just 2 minutes.
The process used a catalytic amount of phosphine ligand and offers a sustainable, industry-relevant solution.

e S L oY
RGO "o 2 FLOW : L N OMe
P + N N -
7 "N~ "N” ~Cl (BIDIME)Pd 3rd Gen (0.5 mol%) /,,3 Pd- M;g“‘
=N 2 min, 83% HO O \OMs
(BIDIME)Pd 3rd Gen

Scheme 11. SMR using flow chemistry.
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3.5 Carbene & N-Heterocyclic Carbene (NHC) Based Ligands

Since the early 21st century, nucleophilic carbenes—particularly N-heterocyclic carbenes (NHCs)—have been
widely used as ligands in various cross-coupling reactions, including the Suzuki-Miyaura reaction (SMR).69-7°
Initially, these reactions were conducted in toxic organic solvents such as DMF, THF, DCE, DMA, and toluene at
elevated temperatures. In 2002, the Nolan group first introduced an NHC-based Pd—catalyst (5a) for Kumada
coupling in DME under both aerobic and anaerobic conditions.”” Later, in 2005, Organ et al. applied NHC
ligands (5a—5c) in Suzuki coupling using dioxane.”® This was followed by Herrmann et al. (2006) using ligands
5d-5f in DMA,”® Wass et al. (2007) with 5g in DMA,”* and Tsuji et al. (2008) with 5d in THF and toluene.”®
These reactions showed broad substrate scope, good yields, and strong catalytic activity, with increased
carbene bulkiness and nucleophilicity enhancing the process. The N-1-adamantyl ligand (5b) gave the best
yields by accelerating reductive elimination. Effective Pd-catalysts were confirmed by single crystal XRD.
However, challenges included long reaction times, use of carcinogenic solvents, high temperatures, and
additives.

X X

= oy R

5b (X=F, OMe, H)

=\ — = Ph Ph
R-NUN-R  r-N_N-g NEIN/~PPh; 7
Br— .

(R= Alkyl or, Aryl)
5d 5e 5f 5g

Figure 14. Some carbene ligands are used in SMR.

In 2006, Nolan et al. developed an eco-friendly method using (NHC)Pd(allyl)Cl in isopropanol, effective
at room temperature with low catalyst loading for aryl chlorides and bromides.”®
In 2007, Plenio’s group introduced water-soluble N-heterocyclic imidazolium and imidazolinium ligands for
SMR in green media, giving good yields even for aryl chlorides.”” In 2010, they improved this with palladium
catalysts based on m-sulfonated imidazolinium/imidazolium ligands, using a 1:1 water/n-butanol mixture to
solve solubility issues, achieving excellent yields for aryl carbocyclic and heterocyclic substrates.”®

Na,PdCly, L \ ,
KOH (3 eq.) Ari—Ar (2007)
Ar'—X + Ar?-B(OH), H,0, 100 °C
X=Cl/ Br 0.1 mol% cat. 1 )
<oH ” Ar'=—Ar (2010)
OH (3 equiv.) (better yield)
H,0/ n-BuOH(1:1)
100°C, 12 h
R R R R N/_\
N [\ cat.= © N o
L= o NN o on o NIN o 038 S SO,
0,8 SO, 0,8 SO, T Pd
R R R R L/ Cl
imidazolium salts imidazolinium salts 3

R= Me Or, iPr

Scheme 12. SMR using water soluble NHC ligand.
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In 2009, Cetinkaya et al. developed two water-soluble catalytic systems (5h, 5i) by incorporating
pyridinecarboxylic acid groups instead of water-soluble NHC ligands into the Pd-catalyst (Figure 15).7° These
catalysts demonstrated improved recyclability, successfully reused up to three times, but produced more
homocoupling by-products compared to earlier catalysts. Aryl chlorides with electron-withdrawing groups
gave better yields than those with electron-donating groups, though the overall substrate scope was limited.

R HOG

N Br Br
)—Pld R @: )—Pd—N
Br
R' R' Hozc
R= CH,CH,OMe

Rt i

oo oD Em@ ity

N

""\ f \%3 i@@foi@

SO OS $0;3 0,8 SO; 0,8

A

Figure 15. Some water soluble NHC-Pd-catalysts.

In 2011, Peris et al. developed new catalysts that outperformed earlier versions (Figure 16).%° They
synthesized four water-soluble catalysts: one with two monodentate NHC ligands in cis-configuration (5j), one
with a cis-bidentate NHC (5k), and two tridentate NHCs of different types (51, 5m). Catalyst 5¢ showed the best
activity, achieving TONs of 10*-10°, converting aryl chlorides in 12 hours and bromides in just 2—3 hours with
good yields (75—-85% for chlorides and 80-99% for bromides). The use of a non-toxic water/isopropanol
solvent further enhances the green chemistry appeal of this method.

In 2013, Szilvasi and Veszprémi investigated the mechanistic aspects of SMR using NHC ligands.8!
Through kinetic studies and DFT calculations, they highlighted the importance of bulky substituents on the
NHC-metal complex. The carbene’s strong o-donating ability influences electronic effects, while the bulky
groups provide steric effects that enhance kinetic stability and promote reductive elimination. However, steric
hindrance can impede oxidative addition, especially with ortho-substituted haloarenes, sometimes causing
reaction failure. Their theoretical calculations helped to explain the catalytic activity by comparing energy
requirements for various catalysts. In the same year, Kolychev et al. synthesized and characterized a series of
6-7 membered NHC-Pd complexes (50) (Figure 17).22 They characterized these catalysts (501-50¢) by single-
crystal XRD and applied them in SMR. Notably, they exhibited higher activity toward heterocyclic substrates
than homo-aryl ones under reflux conditions (Table 6). The process uses mild base, very low catalyst loading,
short reaction times, and water as a solvent under aerobic conditions. Its broad substrate scope, cost
efficiency, and absence of homo-coupling byproducts make it highly valuable both synthetically and
environmentally, suggesting a strong potential for industrial applications in coupling heterocyclic compounds.

Page 19 of 62 ©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

/\ o
Ar R/N\/N\/\SO3Na
Mes 50, Q o
Dipp 50, _Nsw_N-_""S0O;Na Br—Pd-Br

—

Mes 504
I\D/Iigs 204 Br—Pd-Br R= Me/ nBu/
05
Y 2 Di
Ar pp 504 5p2 5p;  5p
50 5p, 5p 2 3 4
R

OMe Me 5r4

MY
Pd CH, 5q

ﬂ ,,,,,,,,, '\f & Pd CeHBr,50;

M N Pt CH, 5q3

al .
N Pt 5 N = YO 7 S
e’ B YBr peg ' CoHsBroSd @EN%F."’_N; /> ]
e Q P
R 5

Bu 5ry
CH,CH,OMe 5t

Figure 16. Some NHC based Pd-catalysts.

Table 6. Hetero-aryl coupling using NHC-Pd catalyst

ArlHet
0.5 mol% 5
ArlHet—Cl + —@—B(OH)Z _ 0.5mol% 50,
NaHCO3, H,0
TBAB
Ar/Het—Tol

@Tol NC/>—TOI (; _>—To| (}T _’;Z—Tol

1h, 86% 1h, 77% 1h, 98% Cl
1h, 71%
NO,
— Tol N Tol Tol Tol N=N
z z =
\ /Tl | Y Tol—( )—Tol
NS NQ/N
1h, 77% 3h, 90% 3h, 61%* 3h, 39%

In 2014, Zhong et al. developed SMR methodology using water-soluble PEPPSI-Pd-NHC catalysts (5p),
with 5pa showing the best results. However, it required long reaction times (12—-36 h) and gave lower yields
with bulky substrates, while normal substrates reacted well at room temperature. The catalysts were reusable
up to four times without significant activity loss.

In 2015, Strassner and coworkers introduced oligoether (PEG)-substituted bis-NHC Pd and Pt

complexes (5q). Pd catalysts (5q1, 592) showed moderate SMR yields (60—-65%) at room temperature in water,
improved to 80-90% at 60 °C in methanol-water (1:1), with TON ~800 and reusability for three cycles. Without
methanol, yields dropped significantly, and phase transfer catalysts did not help even at 100 °C.
In 2019, Kaloglu and Ozdemir reported six new PEPPSI-type Pd—NHC complexes (5r) that efficiently catalyze
SMR in agueous phase. Synthesized as per Organ et al., they were characterized by NMR, FT-IR, and elemental
analysis. These catalysts perform well at only 50 °C in water-iPrOH (3:1), converting even less reactive aryl
chlorides with various substituents. All six catalysts showed high efficiency, with 5r; being the best. This
approach stands out for its green solvent use, mild conditions, short reaction times (0.5-2 h), and high yields
(70-95%), making it the most effective PEPPSI-type NHC-Pd catalyzed SMR method reported to date.
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O/CI ©/B(OH)Z s 7\
// K,CO3, 50 TK,C05 50°C R A=

H,0-ProH (3:1)
Entry R Time GC Yields (%)
(h) 5r1 5r 5r3 5ra 5rs 5rg

1 H 2 87 8 90 83 81 88
2 4-Me 2 8 83 92 88 85 90
3 4-OMe 2 78 75 8 79 77 81
4 2-Me 3 69 65 78 71 73 75
5 2-OMe 3 59 55 65 57 58 60
6 4-COMe 2 89 86 95 92 90 94
7 4-NO; 2 91 89 93 87 85 92

Scheme 13. SMRs catalyzed by 5j.

3.6 SMR Using Other Nontoxic Ligands

Besides the protocols mentioned, several other ligands have emerged over the past decade for SMR, effective
in eco-friendly media. In 2011, Zhou et al. developed an ammonium-functionalized, water-soluble bidentate
nitrogen-containing ionic ligand (6b) and its non-ionic analogue (6a) for SMR in water (Figure 18).8¢ They also
synthesized the active catalyst 6¢, which showed lower reactivity compared to the in situ generated catalysts.

Figure 17. Some nontoxic ligands (6a-6e) and catalyst 6f used in SMR.

The involvement of Pd(0) nanoparticles was confirmed by TEM analysis, mercury drop tests, and
poisoning experiments. Aryl bromides with electron-withdrawing groups gave good vyields, while those with
electron-donating groups performed poorly. Adding TBAB, a phase transfer catalyst that forms BusNArB(OH)s,
significantly improved reaction rates and yields, whereas surfactants like SDS and SDBS had no effect. Ligand
6a showed lower catalytic activity compared to 6b in this reaction.

In 2013, Zhou et al. developed a new SMR method using amine-bridged bis(phenol) ligands 6d, 6e, and
6f (Figure 18).%” They synthesized these ligands following a known protocol and confirmed their structures by
single crystal XRD. These ligands showed high efficiency in both homocoupling of aryl boronic acids and cross-
coupling with aryl halides (Scheme 14). Acetone-water was used as the solvent for cross-coupling, while
homocoupling was performed in water; both reactions proceeded well under aerobic and anaerobic
conditions.
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TsCl, Water, rt

K2COg, 15 min &/ 7\ (homocoupling)
B(OH), g —“Rr
X N-HO.
) Q o
AP oH N
R
7\ (cross-coupling)
Ar-X, air =\
acetone-water(1 1) R

Scheme 14. Homo-coupling and cross-coupling using phenolic ligands.

Homocoupling reaction proceeded best with trace Ts-Cl, achieving over 95% vyield at room
temperature. In contrast, cross-coupling required no additives and gave excellent yields for both electron-rich
and electron-deficient substrates at reflux temperature (Table 7).

Table 7. Phenolic ligand based SMR

B(OH), —
_Pd(OAC),/ 7a, K,CO5 7\
X \ K
// // Acetone-Water(1:1) R'\= I R?
reflux,air

X=1,0.5h,99 % X=Br, 3h,99 % X=Br, 3h, 98 % X=Br,3h,99 %
X=Br, 1h,99 %
X=Cl, 24 h, 60 %
OMe
X=Br, 12h, 96 % X=Br,3h,92% X=Br, 1h, 99 % X=Br,3h,95%
F F
X=Br, 1h,98 % X=Br, 1h,98 % X=Br, 1h, 96 %

Around the same time, Zhao et al. developed a novel catalytic system based on a supramolecular
assembly.® They synthesized a self-assembled Pde¢Ls nanoball, a type of metal-organic framework (MOF),
characterized by TEM and DLS (Scheme 15). This catalyst demonstrated excellent Suzuki—Miyaura reaction
performance at very low loadings (10-100 ppm) under ambient conditions, working effectively in both
homogeneous (water-ethanol 1:1) and heterogeneous (o-xylene) media. It catalyzed SMR of electron-rich,
electron-deficient, and bulky aryl halides with high conversion rates (90-99% vyield in 1-10 hours) and a TON

/
HN-N,
cloc cocl N
XN _Py.120°C
+ |
N -~
o
cocl \ ) o
tppriy
N N\
DMSO
L + Pd(NO3); ————— Pdglg(NOy)y,

70°C

Scheme 15. Synthesis of PdsLg nano balls.

of 9800 (at 100 ppm catalyst) at just 60 °C in aerobic conditions. The efficiency of this catalytic system was
further demonstrated by its ability to activate even the least reactive aryl halide, fluorobenzene (PhF),
achieving approximately 41% yield under the same conditions within 30 hours. The main drawback of this
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method was the challenge of catalyst recovery in homogeneous conditions, which was addressed by switching
to o-xylene as the solvent at 130 °C. However, the water—ethanol mixture remained the greener and more
cost-effective medium, making it more attractive for practical applications.

In 2014, the Tsang group introduced a novel Suzuki—-Miyaura reaction protocol using closo-carborane-
based NBN pincer complexes in neat water (Scheme 16).2° They synthesized two ortho-carborane complexes
(6g, 6h) and one meta-carborane complex (6i), characterized them via single crystal X-ray diffraction, and
evaluated their catalytic activity in SMR. The complexes and their structures are presented in Figure 18.

i N e, | 2 cat. (10" mol%) | XANA |
AP A water, K,CO3 P XX
R’ R2

110 °C, 10 h R! R?

n=0/1 cat.= 6g/ 6h/ 6i
Y= B(OH),/ BF3K

R'=H, COMe, OMe, Cl etc.

R?=H, OMe, F etc.

Scheme 16. SMR using NBN-Pincer Complexes.

These closo-carborane-based complexes function as efficient homogeneous catalysts in aqgueous media
owing to their excellent water solubility. The optimal reaction conditions were found to be at 110 °C in water,
without the need for any additives. Interestingly, the addition of phase transfer catalysts like TBAB, organic
solvents, or stronger bases such as KOH significantly reduced the reaction yield. Among the three, complex 6g
demonstrated superior catalytic performance, offering a higher turnover number (TON) in the range of (7.7—
9.9) x 10°, along with excellent yield and selectivity. Notably, it enabled selective activation of the bromo (Br)
functional group over the chloro (Cl) in substrates, achieving up to 97% selectivity, making it a highly valuable
system for selective SMR in water. Besides boronic acids, aryl trifluoroborate salts were also good coupling
partners of the aryl halides under this reaction conditions.

Figure 18. Some NBN pincer complexes.

In 2015, Liu et al. developed a green approach to the Suzuki—Miyaura reaction using an amide-based
ligand 6j (Figure 19).°° The reaction was performed in a 1:1 water—ethanol mixture at 60—90 °C. Aryl bromides
and iodides with electron-withdrawing groups gave excellent yields (up to >95%) within 4-5 hours. In contrast,
electron-rich bromoarenes and aryl chlorides exhibited lower reactivity, providing moderate yields (50—-80%
for bromoarenes and 14-44% for chloroarenes) over a longer reaction time (10-20 hours).

6j

Figure 19. 6j- QADIA, 6k- (DHQD),PHAL.

Page 23 of 62 ©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

Saikia et al. reported a significantly improved Suzuki-Miyaura reaction (SMR) protocol around the
same time using the chiral ligand (DHQD),PHAL (6k).°* This method stands out as one of the most efficient
phosphine-free and water-based SMR systems developed to date. The reaction demonstrated a broad
substrate scope, excellent catalyst recyclability (up to five cycles), and required no external promoter. While
electron-deficient aryl halides reacted efficiently, electron-rich boronic acids gave slightly lower yields. For
heterocyclic substrates, a slightly higher catalyst loading (1 mol%) was necessary to prevent deactivation due
to heteroatom-—catalyst coordination. The green credentials of this protocol are particularly noteworthy:
performed in neat water, room temperature conditions, no phase-transfer catalyst or additives, very low
catalyst loading, minimal homocoupling by-products, efficient recyclability. This method is among the best
examples of truly green SMR without toxic phosphine ligands. While other phosphine-free protocols exist,
many lack either methodological efficiency or environmental appeal. Hence, only the most applicable and eco-
friendly techniques have been highlighted in this section.

4. Ligand Free SMR Using Green Solvents

One of the most impactful advancements in Suzuki—-Miyaura coupling (SMR) is the development of ligand-free
protocols in green solvents such as water, ethanol, acetone, or their mixtures. Traditional SMR typically relied
on toxic organic solvents like DMF, DMSO, THF, glycol, ether, or dioxane, which pose environmental and
health hazards. The shift to greener solvents has significantly advanced sustainable synthetic chemistry.
Historically, SMR also required expensive and toxic phosphine ligands, but over time, these have been
replaced by greener alternatives like amines, N-heterocyclic carbenes (NHCs), and cyclodextrins (CDs). These
ligand systems not only improved substrate scope but also aligned the reaction better with green chemistry
principles, as previously discussed. However, completely eliminating ligands goes a step further—reducing
chemical use, lowering costs, and simplifying the reaction process. This section focuses on such ligand-free
SMR modifications, highlighting methods that are both environmentally and economically superior.

4.1 Use of Aqueous Extracts

Water is the most abundant, safe, cheap, and eco-friendly liquid, which has long attracted the interest of
chemists as a green solvent. Although organic chemistry traditionally favored solvents that form
homogeneous mixtures, it is now well recognized that water can play a key role in many reactions—even
when most organic compounds have low solubility in it.88°° In such cases, water's hydrophobic effect helps to
bring organic molecules closer together, increasing the chance of reaction. For water-soluble (hydrophilic)
compounds, water also helps by lowering the reaction energy through solvation and hydrogen bonding.

4.1.1 Water Extract of Tea (WET). A mild and fully green ligand-free Suzuki coupling protocol was developed
by R.C. Boruah and co-workers in 2014, using aqueous tea extract at room temperature.’® The reaction
exhibited excellent chemoselectivity towards bromo over chloro groups, even at elevated temperatures, and
tolerated base-sensitive functional groups well. After optimizing the conditions, a broad substrate scope and
high selectivity were achieved (Tables 8 and 9). The active species—Pd nanoparticles (Pd NPs)—were formed
in situ by the reduction of Pd(ll) using polyphenols present in the tea extract. Their formation was confirmed
via powder XRD and HR-TEM. This method is notable for being highly selective, eco-friendly, and cost-
effective.
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Table 8. SMR using aqueous tea extract

: = | Br ) z | B(OH). aq. tea extract — —
Rz + 1 —
N R Pd(OAC),, base I/ W

6n,93% 4h, 91% 5h, 89% 6h, 88% an.oa%
6h, 87% 4h, 95% 4h, 90% 6h, 89%
0 Oﬁ
MeCOMe MeOC—@—@ Meoo
5h, 87% 6h, 75% 5h, 92%

MeO Oﬁ MeQ MeQ

o MeOF MeOMe
MeO 5y 949, MeO sp, 829% MeO 5h, 91%

In 2016, H. Veisi and his team explored the detailed mechanism of the Suzuki—Miyaura reaction (SMR)
using water extract of tea (WET) and expanded their study to other reactions as well.”? According to their
findings, flavanols and gallic acid derivatives such as (+)-catechin, epicatechin, gallocatechin, epicatechin
gallate, (-)-epigallocatechin, and (-)-epigallocatechin gallate—naturally present in green tea extract—
effectively reduced Pd(ll) to Pd(0) nanoparticles without the need for any hazardous reducing agents. The
resulting active Pd catalyst was thoroughly characterized using UV-VIS spectroscopy, XRD, FTIR, FE-SEM, TEM,
and EDX analysis.

Table 9. Selectivity of reaction using WET

Entry Aryl Aryl Product Yield (%)
halide boronic acid

4 g Br CI—@—B(OH)Z CICI 9%
NO,
s oo m Ovom, ol LS

O,N

4.1.2 Water Extract of Banana (WEB). In 2015, Saikia et al. reported a Suzuki—Miyaura reaction (SMR) protocol
using water extract of banana without the need for any added base, ligand, or activator.®® They prepared the
extract by drying banana peels, burning them to ash, then mixing with water and filtering. This eco-friendly
extract proved highly effective for a wide range of substrates, including heterocyclic compounds (Table 10).
The water extract of banana (WEB) containing various bases like phosphates and carbonates likely boosted the
reaction significantly. Notably, the extract could be recovered and reused multiple times. Since bananas are
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widely available, and the extract can also be made from the trunk and rhizome of the banana plant, this
method is a highly efficient, low-cost, and fully green approach for forming C—C bonds.

Table 10. SMR with WEB

WEB, rt, 5 - 20 min

B B(OH
N ' B (OF)2 Pd(OAC), 7 N\ \
O~ + 4 -|-1 — R2
R R

Entry R? R? Time Yield

(min) (%)
1 4-OMe H 5 99
2 3-OMe H 10 98
3 4-Me H 10 99
4 4-Me  4-OMe 10 99
5 4-Me 4-CF3 15 97
6 4-NO; H 10 99
7 4-CN H 10 98
8 H 4-OMe 10 99
9 4-CHO H 15 96
10 3-CHO H 15 95
11 2-CHO H 20 92

Heterocyclic Substrates:

time (min) 60 920 60
yield (%) 88 86 90

4.1.3 Water Extract of Rice Straw Ash (WERSA). Saikia et al. developed another SMR protocol using an
aqueous extract of rice straw ash (WERSA) at room temperature, which proceeded smoothly without any
external base, ligand, or additives.®* They optimized the reaction conditions and tested a range of substrates.
Although both electron-rich and electron-deficient substrates participated, the yields were moderate, ranging
from 45% to 85%, with an average of about 65%, which is lower compared to other methods. Chemical
analysis of rice straw showed it contains metal oxides such as Fe,03, TiO,, CaO, SiO,, MgO, K,O0, Al,0s, and
Na,O. In water, these convert to metal hydroxides that act as internal bases, facilitating the reaction. The
catalyst could be recycled and reused up to 6-7 times.

4.1.4 Water Extract of Plant (Pulicaria glutinosa Extract = PGE). In 2017, M. Khan and colleagues reported a
green Suzuki—Miyaura reaction (SMR) method using an aqueous extract of the flowering plant Pulicaria
glutinosa.®> The active catalyst, Pd@graphene nanocatalyst (PG-HRG-Pd), was prepared by simultaneous
reduction of graphene oxide (GO) and PdCl, under mild conditions with the help of the plant extract (PGE).
The antioxidants in PGE, such as terpenoids and flavonoids, facilitated the reduction process and stabilized the
nanocatalyst by adhering to its surface, significantly improving its dispersibility in water. The catalyst was
characterized using HRTEM, XRD, UV-visible spectroscopy, FTIR, and Raman spectroscopy. The reaction was
carried out at 100 °C in pure water, with SDS as a surfactant phase transfer catalyst and KsPO4 as the base. The
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method worked well for normal aryl substrates, but substrates like 4-chlorobenzophenone showed low yields,
around 38%.

N X N BOH):  pg.HRG-Pd/ 100 °C 7 N\
P SDS, K3POy, H,0 R(—
X= Br, Cl
R4=H, COMe, COPh etc

Scheme 17. SMR using PGE extract in water.

4.1.5 Extract of Mussel Shell Particle. In 2018, S. Wacharasindhu and his team developed a palladium
nanoparticle catalyst supported on CaCOs plates (Pd/ICCP) derived from mussel shells for use as a
heterogeneous catalyst in the Suzuki-Miyaura reaction.’® The catalyst was prepared from the shells of the
Asian green mussel (Perna viridis) and characterized using SEM, TEM, and EDX techniques. Notably, this
catalyst can operate in both homogeneous and heterogeneous phases by using an ethanol-water mixture or
water as the solvent, respectively. Their optimized conditions, tested with 4-iodoanisole and phenyl boronic
acid, showed that the ethanol-water (3:2) solvent mixture with organic base DIPA or inorganic bases like
Cs,C0s, Na,COs, and K,CO3 gave nearly 100% yields. Similarly, in the heterogeneous system using water with
CTAB and K,CQOs, comparable high yields were also achieved. Another advantage of this method is the mild
reaction temperature (40 °C) which allowed huge substrate scope; having both electron donating,
withdrawing groups. In all the cases yields were very good (>90%).

Pd/ICCP (2 mol%), K,CO3
EtOH-H,0(3:2), 40 °C

@/I ©/B(OH)2
R + — — ¢ \
= XX—.

R=H, OMe, NO, etc Pd/ICCP (2 mol%), K,CO3
H,0, CTAB 40 °C

Scheme 18. SMR using Pd/ICCP.

4.2 ‘On Water SMR’ Using Aryl Fluorosulfate Substrate

In 2015, Liang et al. developed a novel Suzuki-Miyaura reaction protocol carried out in pure water without any
co-solvents such as methanol, THF, or DMF, and without additives like phase transfer catalysts (Scheme 19).%”
The reaction proceeded under heterogeneous conditions at room temperature in the presence of air. They
prepared aryl fluorosulfate substrates from commercially available phenols. Aryl fluorosulfates, bromides,
iodides, and triflates bearing electron-withdrawing groups (such as CN) gave good yields, with fluorosulfates
providing the best results. Interestingly, organic bases like triethylamine and 4-methylmorpholine
outperformed inorganic bases in this reaction. The reaction was very fast, and the catalyst is reusable. So it
was both time and cost effective and highly applicable as a sustainable protocol.

F

o= s o
B(OH)2  py0Ac), _POACk NEts N/

O/ O/ HQO air, rt R1/_ \ /\IRZ

= H, SO,Me, CO,Et, NO,, CN, OMe, etc.
R2= H, OMe, F, CF3, Me, etc.

Scheme 19. SMR using fluorosulfates.
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4.3 SMR in Green Solvents Using Surfactant

Performing organic reactions in water without water-soluble ligands or co-solvents creates heterogeneous
conditions, which makes catalyst recycling easier but often results in lower yields and can cause metal
catalysts to aggregate. A better approach is to run the reaction under homogeneous conditions in water,
where the organic product can be more easily separated. This can be achieved by using surfactants that form
micelles, allowing reactions to occur inside the lipophilic core of these micelles. Here, water acts as the bulk
medium, promoting surfactant and particle organization through entropic effects. This method offers an
excellent way to carry out Suzuki—Miyaura reactions in water under homogeneous conditions, without relying
on any organic co-solvents.

In 2011, Lipshutz et al. introduced several important reactions—including Heck, Suzuki, Negishi,
Sonogashira, Buchwald coupling, olefin metathesis with the 2nd generation Grubbs catalyst, and C-H
activation—carried out in water under homogeneous conditions using surfactants.’® Here, we will focus on the
Suzuki—Miyaura reaction (SMR) specifically. They tested two different surfactants, PTS (7a) and TPGS-750-M
(7b), for the SMR and made key observations. At room temperature, surfactant 7b outperformed 7a,
delivering higher yields, faster reaction rates, and better catalyst recyclability—successfully reused up to seven

times.
o o
(o} ° o °
3 3

7a: PTS 7b: TPGS-750-M

8°

@/ PPh,
N
©0 sy~ PP

NaO;S

® e
NaO,S

Tc
Figure 20. Surfactants for SMR in water.

Micellization plays a crucial role in organic reactions carried out in water with surfactants, as the
reaction occurs within the lipophilic core of the micelle. Therefore, a surfactant with a lower critical micelle
concentration (CMC) is more efficient. Building on this principle, Qiu et al. developed a reaction system in
aqueous medium using a bidentate phosphine-type zwitterionic surfactant (7c), which functions both as a
ligand and a surfactant, featuring a low CMC and reduced surface energy.?® As expected, it demonstrated
superior catalytic activity compared to ionic surfactants such as CTAB and SDS. The substrate scope (Table 11)
was notably broad, including bulky heterocyclic and electron-rich, water-insoluble compounds. Moreover, this
method was successfully applied in a one-pot gram-scale synthesis with excellent regioselectivity.

In 2017, K. Ebitani and colleagues reported the synthesis of biphenyl from the less-reactive
chlorobenzene using a hydrotalcite-supported palladium chloride (PdCl>/HT) catalyst in ethanol with
surfactants.’® Without surfactants, the reaction showed poor reactivity, even at 100 °C and with high
concentrations of base, substrate, and catalyst. However, the addition of surfactants significantly improved
the yields, with Triton-X-100 and ICO-520 giving the best results at 96% and 87%, respectively.

In 2018, Sanzone et al. reported the synthesis of symmetrical and unsymmetrical 4,7-diaryl-5,6-
difluoro-2,1,3-benzothiadiazole (DTBT) using surfactants in water.%! They optimized the reaction conditions
with various surfactants and found that a Kolliphor EL/Span-80 mixture (7:3) gave the best results at room
temperature under aerobic conditions (Scheme 20).
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Table 11. SMR using a Zwitterionic surfactant

Paul, B. et al.

PdCl,, 7c
Na,COj3 H,0, rt

Ar'—Br + Ar’—B(OH),

carbocyclic coupling products

91% 94% 80% 96%
NH, Me HO,C
M
029 " 87% 91% 78%

heterocyclic coupling products

o)
/4 OHC
Ph s —N
/c\> o Q O | Q MeOZC—</_’})—< >—F Br /_'} \ /) —OMe
o MeO,C O
91% 90% 93% 86% 79%

4
\S
2T\
N\
4
e
g
T
N
z
ZTX
I/

87% 88% 92% 81% 89%
Br NS
F ’N‘s . [S)_B/OH Pd(dtbpf)Cl,, NEt; F ’N‘s
~ / / \ 0, >~ 7/
N surfactant 2 wt %, H,0 N
F OH rt, 2 h, air F
Br s
Surfactant Yield —
Kolliphor EL 68 %

Kolliphor EL/Tween 80 (7:3) 75 %
Kolliphor EL/Span 80 (7:3) 97 %

Scheme 20. Synthesis of DTBT by SMR.

This reaction was also adapted to synthesize unsymmetrical compounds by adjusting the reaction conditions,
demonstrating its selectivity. Additionally, the catalyst could be reused up to four times without significant

loss in yield, maintaining an excellent 95% vyield.

4.4 SMR in Green Solvents Using Metal Nanoparticles (NPs)

Nanocatalysts are far more efficient than traditional catalysts because of their tiny particle size and large
surface area. These nanoparticles disperse well in solvents, often forming colloidal mixtures known as semi-
heterogeneous systems, which significantly boost catalytic activity. Nanoparticles combine the best features of
both homogeneous catalysts (such as low catalyst loading, high turnover numbers, and fast reaction rates) and
heterogeneous catalysts (like good recyclability). Because of these advantages, nanocatalysts have attracted
great interest from researchers over the past two decades. Many efforts have been made to replace

conventional metal complexes with metal nanoparticles in cross-coupling reactions and C-H
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Recently, various effective nanocatalysts—both supported and unsupported—have been developed and
successfully applied in cross-coupling. In this section, we will focus on metal nanoparticle-catalyzed Suzuki—
Miyaura reactions carried out in eco-friendly media.

4.4.1 Palladium Nanoparticles (Pd-NPs). Palladium has been the most widely used metal in cross-coupling
reactions since their discovery, making Pd nanoparticles (Pd NPs) a natural focus for researchers. In 1996,
Reetz et al. were the first to use Pd nanoparticles in DMA solvent, demonstrating high efficiency for both
Suzuki and Heck couplings, though this method was not environmentally friendly.1%? Later, in 2000, Li et al.
introduced a greener approach by using Pd nanoparticles stabilized with poly(N-vinyl-2-pyrrolidone) (PVP) in
aqueous ethanol.!®3 They prepared a colloidal catalytic system, characterized it by TEM, and carried out SMR
under reflux for extended periods (12-48 hours) with a limited substrate scope. Although this process was not
ideal methodologically, it marked an important milestone in the development of green chemistry approaches
involving metal nanoparticles.

In 2007, B. J. Gallon and his co-workers reported an improved method using Pd nanoparticles
supported on polyaniline (PANI) nanofibers.!%* This catalytic system proved highly efficient, enabling the
Suzuki-Miyaura reaction of less reactive aryl chlorides bearing electron-donating groups as well as heterocyclic
substrates (Scheme 21).

Br B(OH),
O/ O/ 0.05mol%Pd/PANL ¢ N— \\
2 NaOH (4 equiv.), H,O RIN= R2
80°C, 2-6 hr
X= CI, Br

R'=H, CO,H, OH, OEt, OMe, COMe, Me, CN, etc.
R?= H, CF3, Me, OMe, etc.

Scheme 21. SMR using PANI supported Pd NPs.

Typically, even unreactive aryl fluorides could undergo the SMR using this catalyst, although the
reaction required a longer time (24 hours at 100°C) (Scheme 22). The catalyst loading was very low, and it
could be recycled up to 10 times without any significant loss in activity. Another major advantage of this
method is the suppression of unwanted homocoupling by-products, likely due to the mild reaction conditions
and the strong reducing nature of PANI, which stabilizes the Pd nanoparticles without involving the boronic
acid. Overall, this strategy represents a fully green technique with high yields, minimal by-products, excellent
catalyst recyclability, and mild, eco-friendly reaction conditions.

F_@_F + Ph-B(OH), —0.05moI%Pd/ PANI Ph_@_Ph
NaOH(4 equiv.), H;0

2 equiv. 100°C,24h 60%

Scheme 22. SMR of aryl fluoride.

In 2008, Wei et al. reported a Suzuki—Miyaura reaction carried out in water using a nanoreactor
composed of poly(N-isopropylacrylamide)-grafted Pd nanoparticles (Pd@PNIPAM).1%> Here, the Pd
nanoparticle core was surrounded by a corona of poly(N-isopropylacrylamide) brushes, creating a nano-
environment that could accommodate guest molecules. This setup allowed aryl halides and boronic acids to
penetrate into the core, where the Pd nanoparticles catalyzed the reaction. This effective supramolecular
catalytic system delivered good yields in water at room temperature. Additionally, the catalyst could be easily

Page 30 of 62 ©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

recycled thanks to the formation of a stable colloidal solution in water. Kinetic studies revealed that both
hydrophilic and hydrophobic substrates reacted efficiently under nearly identical conditions.

In 2012, Cacchi and his team developed a Pd nanoparticle-based catalytic system stabilized by natural
polysaccharides—alginate (8a) or gellan (8b) (Figure 21).1° Unlike traditional Suzuki—-Miyaura reactions using
aryl halides and aryl boronic acids, this method employed aryl diazonium salts and potassium aryl
trifluoroborates as coupling partners. The reaction took place under mild conditions (40 °C in water) with
extremely low catalyst loadings (0.01-0.002 mol%) in aerobic atmosphere, achieving high yields and a broad
substrate scope. The main limitation was the relatively long reaction time (12—48 hours). The best results were
obtained using either 8a or 8b in a water-ethanol mixture or a 1:1 mixture of both in neat water. Overall, this
represented a valuable advancement in SMR by introducing alternative coupling partners and eco-friendly
reaction conditions.

In 2013, Deraedt et al. reported a modified Suzuki—Miyaura reaction using Pd nanoparticles stabilized
by dendritic nanoreactors 8c and 8d, which feature 1,2,3-triazole ligands with hydrophilic triethylene glycol
(TEG) end groups.t%’ This catalytic system enabled the reaction to proceed efficiently at 28 °C, delivering high
turnover numbers (TON) and satisfactory yields in an ethanol-water solvent mixture.

OH MeOZC
"o, MO MeO,C.
/?Q/ 8b: gellan (G)
MeO,C HO

MeO,C o
OFQ or
oL

r’(_ O\L\’ )3\

RR RR |
R R o 1=
)\?X K(?)( " &%SIVNNN
1
RRR /

R1R

R'= s’-g:H’o"Si—\ R
7o O)R
8c: G0-27 TEG 8d: G1-TEG R

Figure 21. Polysaccharides (8a, 8b) and dendrimers (8c, 8d) for the stabilization of Pd NPs.

Interestingly, lower catalyst loadings (around 10™* mol%) resulted in higher turnover numbers (TONs on
the order of 10°) but slower reaction rates. In contrast, higher catalyst loadings (0.01 mol%) produced better
yields (over 90% in most cases) within shorter reaction times, although the TONs were lower (around 10%).
This approach was effective across a wide range of substrates and is significant from a green chemistry
perspective. In the same year, P. K. Mandal and D. K. Chand introduced another novel method using
unsupported Pd nanoparticles—without any stabilizing agents like polysaccharides, dendrimers, or
biopolymers. They conducted the reaction in a methanol-acetonitrile solvent mixture at room temperature
(Scheme 23).1%% Both electron-rich and electron-deficient aryl halides(including chlorides), as well as bulky
heterocyclic substrates, underwent coupling in 2—-3 hours with high vyields. Polyarylation also proceeded
efficiently with excellent selectivity. For heterocyclic substrates, the reaction was slower and yields were
somewhat lower (70%—85%), but still satisfactory.

Page 31 of 62 ©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

X B(OH),
B A
R1_: + | 2 mol% Pd-np 7 N 7\ Mono-arylation
Z £ MeOH-MeCN (1:1) o \= — R2
R K,COs, rt, 2-2.5 h
X=1, Br
R'= H, COMe, NO,, Me, OMe, CHO, etc.
R2= H, COMe, Me, CHO, etc.
Ph-B(OH), «
X
Br—( \H—BI’ 2 mol% Pd-np Ph—:( iph Poly-arylation
A MeOH-MeCN (1:1) N

K2003, rt , 2-5h
X=C/N

Scheme 23. SMR using unsupported Pd NPs.

In 2015, Sun et al. reported a Suzuki—Miyaura coupling reaction catalyzed by a novel system: Pd
nanoparticles supported on graphitic carbon nitride (Pd/g-CsN4).1%° This nanocomposite showed excellent
catalytic activity at room temperature in a water-ethanol solvent mixture under aerobic conditions. Using a
model reaction, they achieved complete conversion (Scheme 24).

Pd/g-C3N4
Br
PhB(OH
S O
KOH, EtOH-H,0, rt

Scheme 24. SMR using Pd NPs supported on graphitic carbon nitride (Pd/g-CsNa).

They attributed the excellent results to the abundant nitrogen-containing anchor sites in the graphitic
carbon nitride composite, which promoted the dispersion and stabilization of the Pd nanoparticles.
Additionally, the m—mt stacking interactions between the aryl halide molecules and g-CsN4 facilitated easier
access of the halides to the Pd nanoparticles, making the reaction more efficient.

In 2018, Masing et al. reported a Light-Emitting Diode (LED)-assisted method for preparing Pd
nanoparticles and their application in the Suzuki—Miyaura reaction.!'° They synthesized the nanoparticles by
irradiating Pd(OAc), with visible LED light, stabilizing them with commercially available polyvinylpyrrolidone
(PVP). This catalytic system was highly efficient, requiring very short reaction times—just 1.5 hours for four
consecutive cycles in the coupling of phenyl boronic acid and iodobenzene—with consistently good yields for
both electron-rich and electron-deficient substrates. Around the same time, Li et al. introduced a water-
soluble fullerene-supported PdCl, nanocatalyst [Ceo-TEGS/PdCI,].11? This catalyst was prepared by coordinating
water-soluble fullerene nanoparticles with palladium chloride, and its distribution in water was analyzed using
dynamic light scattering (DLS). After optimizing reaction conditions and screening various substrates, they
achieved excellent yields under very mild conditions (see Table 12). An added advantage of this system was its
excellent recyclability.
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Table 12. SMR using a fullerene supported PdCl, nanocatalyst

(HO) l/\ / \//\0/5
R“ 2 _CorTEGSPACL] /Ny /™ Ko ¥ d Cl,Pd--~du
4/ \\/ IS@S\ ?
20 KoCOg, 1t | | =)
R! 2 \\O /
R [Ceo-TEGS/PACI,]

4h, 96% 4h, 95% 4h, 98% 4h, 97% 4h, 95%
4h, 98% 6h, 87% h, 91% 6h, 76% h 90%

MeOC Me MeOC—H— MeOCCF3
MeO,C
6h, 92% 97% 4h, 96% K

weos—{ ) Q A A A

4h, 97% 4h, 99%

They demonstrated that the reaction could be successfully carried out for five consecutive catalytic
cycles, with the catalyst easily recovered by simple extraction and without any significant loss in activity.
Overall, the high vyields, excellent selectivity, and fully green reaction conditions make this approach highly
efficient and one of the most notable recent advances in Suzuki-Miyaura reactions.

Most recently, Campisciano and his team introduced a catalytic system using Pd nanoparticles supported on
multi-walled carbon nanoforms (CNFs), including carbon nanotubes (MWCNTs) and carbon nanohorns
(CNHs).**2 The Pd nanoparticles were stabilized by CNFs-polyimidazolium, and the system was thoroughly
characterized using TGA, XPS, HRTEM, and NMR techniques. This catalyst proved highly efficient for both
Suzuki—Miyaura and Heck coupling reactions; here, we focus on its performance in SMR. The reaction worked
best in water with the organic base DIPA, or in a water-ethanol mixture using the inorganic base K,COs.
However, a drawback of this method is the relatively high reaction temperature (100°C), which somewhat
limits the substrate scope. Despite this, the catalyst is easily recyclable, and yields are satisfactory across a
range of substrates, regardless of whether they bear electron-donating or electron-withdrawing groups.

4.4.2 Hybrid Palladium Nanoparticles (Pd-Cu, Pd-Ag, Pd-Fe etc.). Besides Pd nanoparticles, nanocatalysts
made from mixed metals—such as Pd combined with Au, Ag, Ni, Fe—or Pd nanoparticles supported on metal
oxides like Fe,03 have also become common in coupling reactions. In these systems, the additional metals or
metal compounds often play an active role in the reaction. Sometimes, these composites form magnetically
active nanocatalysts that can be easily separated from the reaction mixture using magnetic separation. This
makes the isolation process more efficient, reduces the need for extra chemicals, and improves overall yields.
As a result, these mixed-metal or supported nanocatalysts are generally more powerful than simple Pd
nanoparticles alone.

In 2010, Zhou et al. introduced a novel catalyst for Suzuki-Miyaura reactions: iron/iron oxide core—shell
nanoparticles (Fe@FexOy) supporting palladium.'3 This catalyst system helped generate the active Pd(0)
species by reducing Pd(Il). The composite catalyst was synthesized and characterized using XPS, TEM, and EDX
(Scheme 25). It efficiently catalyzed SMR at room temperature under aerobic conditions in a water-ethanol
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solvent system, using only 0.5 mol% catalyst. The yields were excellent (>90%) for both electron-rich and
electron-deficient substrates, though slightly lower (>80%) for sterically bulky substrates. The catalyst could be
easily separated by simple centrifugation and reused without the need for extra solvents to extract the
product, making it a fully green and sustainable method for C—C cross-coupling.

(OH

O/ O/ )2 _Fe@FexOy/Pd 7N/ \
TEtOH-H,0 A— X
K,COg, rt, air R R?

X =Cl, Br, |

R' = H, COMe, NO,, Me, OMe, etc.

R? = H, OMe etc.
Scheme 25. SMR by Fe@FexOyNPs supported Pd.

In 2013, Smith et al. introduced Cu-Pd bimetallic nanoparticles as a novel catalyst for the Suzuki—

Miyaura reaction.''* Copper, being a redox-active metal, facilitates the reduction of Pd(ll) to Pd(0) under
ligand-free conditions. This bimetallic catalyst had previously been used in oxidation reactions of formic acid
and menthol, but this was its first application in cross-coupling reactions such as Heck, Suzuki, and
Sonogashira couplings. The Suzuki reaction was performed under microwave-assisted conditions at 120 °Cin a
water-ethanol mixture and completed in just 10 minutes. The catalyst showed good yields across a wide range
of substrates, including both electron-rich and electron-deficient, as well as bulky compounds.
In 2014, Xiao et al. reported a photocatalytic Suzuki coupling reaction using Au—Pd nanoparticles supported on
Zr0,.1*> The ZrO, support provided stability to the system, while the Au—Pd nanoalloy absorbed light to
catalyze the reaction. The best results, with excellent yield and selectivity, were achieved in a DMF-water (3:1)
mixture at 30°C within 2—6 hours. Using an LED light source proved more effective than halogen lamps. They
also attempted to eliminate DMF by employing a phase transfer agent (CTAB), but the yields were lower.
Overall, while not the most efficient or green method, this photocatalytic approach is notable for its
innovative use of light-driven catalysis.

In 2016, Gholinejad and his team developed a magnetically active catalyst: Pd nanoparticles supported
on Fe;0, functionalized with carbon dots (Pd@C-dots@Fe304).11® This was a modification of Zhou et al.'s
catalyst.!'3 The catalyst, containing carboxylic acid and hydroxyl groups, was water-soluble, eliminating the
need for a phase transfer catalyst. It was thoroughly characterized by SEM, TEM, EDS, solid-state UV
spectroscopy, vibrating sample magnetometry, XRD, and XPS. This catalyst efficiently promoted the Suzuki—
Miyaura reaction in water under mild conditions. Bulky substrates gave good yields after 18—24 hours, while
simpler substrates converted almost completely within 5-12 hours. The catalyst was magnetically recoverable
and reusable up to eight cycles. In the same year, Handa et al. reported another SMR method using Pd(OAc),
at ppm levels combined with an excess of a cheaper Cu(OTf), (10 mol%).'” While Cu(ll) salts alone could
catalyze the reaction, the times were long (40-72 hours). Adding Pd(Il) salt in trace amounts significantly sped
up the process. This mixed catalyst system enabled bulky substrates to undergo SMR, which wasn’t possible
with only Cu(ll). Here, Pd served as the active catalyst, and Cu(ll) helped regenerate Pd(0) after each cycle,
reducing the amount of expensive Pd needed.

In 2017, R. Bayan and N. Karak developed a novel methodology employing bimetallic Pd-Ag hybrid
nanoparticles supported on carbon quantum dots (Pd-Ag@CQD).'*® They synthesized this bimetallic
nanohybrid via an in situ UV-assisted reduction of Pd(ll) and Ag(l) ions using carbon quantum dots (CQDs) as
both the reducing and stabilizing agent. The structural and physicochemical properties of the resulting
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nanocatalyst were thoroughly characterized using UV-VIS spectroscopy, XRD, FTIR, TEM, and energy-
dispersive X-ray spectroscopy (EDX) (Scheme 26).

UV Light
365 nm
HO
//o OH
~N,
OH o=
Of
<G HO, “oH
 — //0
HO.
o \=0
@ =Pd-Ag Nanohybrid
Pd-Ag@CQD
X B(OH),
S S
R + Pd-Ag@CQD 7 N \
= N - 1/_ _\Rz
R EtOH-H,0 R
KoCOg, rt

X=Cl, Br
R'= H, COMe, NO,, Me, OMe, etc.
R2= H, Et, NO,, CF3, OMe, Naphthyl etc.

Scheme 26. UV-irradiated synthesis of bimetallic nanocomposite and SMR catalyzed by it.

This catalytic system proved to be highly effective, facilitating the reaction at room temperature in a
water-ethanol solvent under mild basic conditions. It serves as a prime example of Suzuki—Miyaura reactions
carried out under heterogeneous conditions. The synergistic interaction between the Pd and Ag components
in the nanohybrid significantly enhanced catalytic performance, reducing reaction times to 1-3 hours and
boosting yields to 75%—95%. Moreover, thanks to the heterogeneous nature of the system, the catalyst could
be easily recovered and reused effectively for up to five consecutive cycles.

Around the same time, Asadi et al. reported a novel method for SMR using Pd nanoparticles
immobilized on graphene oxide (GO) that was modified with poly(2-acrylamido-2-methyl-1-propansulfonic
acid) (PAMPS) and decorated with magnetic FesO4 (Scheme 27).1'° The incorporation of PAMPS into GO
significantly improved the water solubility and overall homogeneity of the catalytic system, which in turn
enhanced its catalytic activity. Additionally, PAMPS acted as an intrinsic ligand, eliminating the need for any
external ligands to stabilize the Pd(0) species.

5 PhB(OH),
" GOIFe,04/ PAMPS/Pd (0.4 mol%) _
K,COj, EtOH-H,0,60°C
Me

Me’

Scheme 27. PAMP modified GO-Fe,03 supported Pd NPs catalyzed SMR.

The Fe304 supporting system helps the catalyst to be magnetically active that favored the separation of
the catalyst. Both the yield and TON are very high with a lower reaction time in case of both electron rich and
deficient aryl bromides and iodides but to some extent higher in case of chlorides. The catalyst can be
resolved magnetically and recycled up to 7 times without significant loss of catalytic activity (Scheme 27). The
Fes0a support imparts magnetic properties to the catalyst, facilitating its easy separation from the reaction
mixture. This system demonstrates high yields and turnover numbers (TON) with relatively short reaction
times for both electron-rich and electron-deficient aryl bromides and iodides, though the efficiency is
somewhat lower with aryl chlorides. The catalyst can be magnetically recovered and reused up to seven cycles
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without significant loss of activity (Scheme 27). More recently, in 2019, Mohazzab et al. reported the use of
stainless-steel mesh-supported GO/Pd nanoparticles as catalysts for both Stille and Suzuki reactions in eco-

Table 13.SMR catalyzed by Stainless steel mesh-GO/Pd NPs

Y X B(OH), Mesh- GO/Pd —
L +
RG& K,COa, HoO/ EtOH, 90 °C  RX_7/

Entry R X Time Yields

(min) (%)

1 H I 90 97
2 4-OMe I 90 93
3 2-OMe I 90 91
4 4-Me [ 90 91
5 3-NO2 I 90 85
6 4-COMe I 90 94
7 H Br 150 95
8 4-OMe Br 150 90
9 4-Me Br 150 90
10 3-NO; Br 150 81
11 4-OMe Br 150 89
12 4-CN Br 150 84

friendly media (Table 13).2° They have developed a stainless-steel mesh-supported graphene
oxide/palladium nanoparticles (mesh-GO/Pd-NPs) catalyst through a three-step process: deposition of GO
onto the stainless-steel mesh via electrophoresis, synthesis of Pd nanoparticles by laser ablation in liquids, and
immobilization of these Pd nanoparticles onto the mesh-GO support. The catalyst was characterized using UV-
Vis spectroscopy, SEM, EDS, and FTIR techniques. Focusing on the Suzuki—Miyaura reaction (SMR), the
catalytic system demonstrated efficient performance at 90 °C in a water-ethanol solvent mixture, achieving
satisfactory yields within 1.5-2.5 hours (see Table 13). Additionally, the catalyst exhibited high recyclability,
maintaining activity over multiple cycles (Figure 22). This methodology is significant from a green chemistry
perspective because it uses inexpensive, non-toxic ligands, eliminates the need for homogeneous catalysts
and harmful organic solvents, and provides high yields, short reaction times, and excellent catalyst stability
and reusability.

B(OH)2+ ' Yield
15t run
97 %

1t recycle

97 %

nd
2" recycle 97 %
Stainless steel mesh-GO/Pd-np d
3" recycle
97 %

4 recycle

96 %
5 recycle
O P 95 %

Figure 22. Recyclability of stainless-steel mesh-GO/Pd NPs.
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A similar approach was recently reported by A.N. Chinchole and coworkers, who developed a slightly
different catalyst system: Pd nanoparticles supported on humic acid-coated nano ferrites (HA@Pd/Fe304) as a
magnetically recoverable catalyst for Suzuki and Heck coupling reactions.'?! This catalyst was prepared from
inexpensive, naturally abundant soil-derived precursors such as humic acid, fulvic acid, and humin. It was
thoroughly characterized by XPS, EDX, FT-IR, XRD, SEM, TEM, and ICP-AES. This system represents one of the
best-modified catalysts discussed in this section, showing high efficiency under very mild reaction conditions
(30-50 °C) in a water-ethanol solvent mixture. Both electron-rich and electron-deficient substrates, including
bulky and heterocyclic compounds, underwent Suzuki—Miyaura reactions smoothly. Notably, not only aryl
halides but also aryl diazonium fluoroborate salts served as effective coupling partners with aryl boronic acids
under these conditions (Scheme 28). The catalyst demonstrated excellent conversion rates, high yields, and
remarkable recyclability. Additionally, this method is cost-effective due to the use of readily available soil-
derived materials and mild reaction conditions, making it an environmentally friendly and practical option for
cross-coupling reactions.

Reaction W|th aryl halides

A
S _p2
B(OH) _HA@PdIFe;0, S | R
EtOH-H,0 rill
o

K,CO3, 50 °C, N,
X=Cl, Br, |

Reaction with diazonium fluoroborates

® o N
Ay BOH2  HA@PdIFe:0; _ | R
1L

RT T EOHH,0 g

AN
K,COs, rt, air Z
Scheme 28. HA@Pd/Fe304 catalyzed SMR.

4.4.3 Nickel Nanoparticles (Ni-NPs). In the periodic table, nickel (Ni) belongs to the same group as palladium
(Pd) and exhibits similar reactivity. However, due to its smaller d-orbitals, Ni possesses some unique
properties. For instance, Ni complexes undergo oxidative addition more readily than Pd, but their higher
reactivity often leads to lower selectivity. Nevertheless, Ni complexes are significantly cheaper than Pd and are
frequently used as alternative catalysts, especially in cross-coupling reactions.'?2-123 Although Ni catalysts have
been employed in Suzuki—-Miyaura reactions (SMR) since the early 2000s, earlier methods lacked green
chemistry relevance due to harsh conditions—such as high temperatures, long reaction times, toxic reducing
agents, and difficulties in storage and handling.1?42> Recent advancements, however, involving nickel
nanoparticles in water or alcohol-based solvents—particularly under heterogeneous conditions—have opened
up new avenues in green synthetic chemistry.

In 2011, Kalbasi and Mosaddegh developed a new nickel-based catalyst for the Suzuki—Miyaura
reaction (SMR), using nickel nanoparticles supported on a poly(N-vinyl-2-pyrrolidone)/TiO,-ZrO, composite
(Ni—PVP/TiO,-Zr0,).126 The reaction was carried out in a methanol-water solvent mixture at 60 °C. The catalyst
was prepared by reducing NiCl, with hydrazine hydrate (N,H4-H,0) in the presence of the PVP/TiO,-ZrO,
support. Interestingly, a higher concentration of NiCl, during catalyst preparation led to better yields, while
changes in the amount of PVP/TiO,-ZrO, had little effect. Without the TiO,-ZrO, support, the catalyst still
worked, but both the reaction rate and yield dropped significantly. Overall, this solid Ni-based catalyst offers
several advantages over traditional Pd catalysts: a) high catalytic activity under mild conditions; b) easy
separation after the reaction; c) good reusability over multiple cycles. It represents a promising, cost-effective,
and greener alternative to Pd-based systems for SMR.
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In 2014, Zhong et al. reported a nickel nanoparticle (Ni NPs)—catalyzed carbonylative Suzuki reaction
for the synthesis of biaryl ketones.'?” The reaction was carried out under a carbon monoxide (CO) atmosphere
at a relatively low temperature of 80 °C, using polyethylene glycol (PEG) as a green, non-toxic, and inexpensive
solvent. The Ni catalyst was generated in situ from commercially available NiCl,, making the procedure both
simple and cost-effective. The reaction conditions were mild and showed a broad substrate scope, tolerating
both electron-rich and electron-deficient aryl halides, as well as bulky and heterocyclic substrates. This
method provides a novel and efficient approach for synthesizing biaryl ketones, which are valuable
intermediates in pharmaceuticals and advanced organic materials.

In 2015, Handa et al. developed a green Suzuki—Miyaura reaction (SMR) method using a nickel

nanocatalyst in water.? The reaction was carried out at a mild temperature (40—45 °C) using the surfactant
TPGS-750-M, which enabled micellar catalysis, and only a small amount (3 mol%) of MeMgBr (Grignard
reagent) as a reducing agent. Among various Ni-based catalysts tested, Ni(dppf)Cl, was found to be the most
effective. Under these conditions, it generated Ni(0) nanoparticles, which acted as the active catalyst. Cryo-
TEM and SEM images showed that the nanoparticles were located either inside the micelles or on the surface
of aggregated nanomicelles, likely enhancing the transport of organic substrates from the micelle's lipophilic
core to the catalyst surface. This method showed excellent efficiency with a broad substrate scope, including
both homo- and heteroaryl systems, offering high yields and good catalyst recyclability. It stands out as a
highly sustainable and effective approach for cross-coupling reactions in water.
4.4.4 Gold Nanoparticles (Au-NPs). Gold(l) shares the same electronic configuration as Pd(0) and Ni(0), which
explains its similar reactivity in various catalytic transformations. Since the early 21t century, gold complexes
have been explored as catalysts in reactions involving redox processes and cross-coupling.1>®>=31 However,
their application has remained limited, primarily due to gold’s high cost. In recent years, gold nanoparticles
(AuNPs) have emerged as promising heterogeneous catalysts for cross-coupling reactions in environmentally
friendly media. Unlike traditional gold complexes, AuNPs do not require toxic ligands or harmful organic
solvents, aligning well with green chemistry principles. Moreover, gold is less toxic compared to palladium,
copper, and other transition metals commonly used in such reactions. Thus, despite its expense, gold
nanoparticles offer a valuable and sustainable alternative—particularly for the Suzuki—Miyaura reaction
(SMR)—due to their low toxicity, ligand-free operation, and eco-friendly nature.

In 2009, Han et al. first reported the Suzuki—-Miyaura reaction (SMR) catalyzed by polymer-stabilized
gold nanoparticles (Au NPs).32 They employed poly(2-aminothiophenol) (PATP) as a stabilizing agent,
leveraging its unique structure—rm-electrons from the benzene ring and thiol groups—to effectively cap and
stabilize the Au nanoparticles. The catalyst was thoroughly characterized using TEM, XRD, XPS, UV-Vis, and
FTIR spectroscopy. This catalytic system demonstrated remarkable activity under mild conditions, even for less
reactive chloroarenes, which are typically challenging for palladium- and nickel-based catalysts. Yields
exceeded 90% for substrates bearing electron-withdrawing groups and were above 80% for others. Notably,
the catalyst exhibited excellent recyclability, retaining full activity over six consecutive runs, making it an
efficient and sustainable alternative for cross-coupling reactions (Scheme 29).

Au-NP@PAPT

cl B(OH). (0.05 mol%) 7/ \ 7/ \
NaOH (4 equiv.), 80 °C Rﬂ’— — R2

H,0,4 h

=H, CO,H, OMe, CHO etc.
RZ—H OMe, NO,, Cl etc.

Scheme 29. SMR using gold-NPs.
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In 2014, Fakhri et al. developed a ligand-free SMR method using gold nanoparticles supported on
graphene oxide (GO).1*3 GO, already known as an effective support for metallic NPs, enhanced the catalyst's
performance. Characterized by XRD, BET, FTIR, Raman, SEM, and EDS, the catalyst showed excellent yield
(>90%) in short time and was recyclable up to five runs. Later, in 2019, Haldar and coworkers reported a urea-
modified tryptophan-based reducing and stabilizing system for synthesizing Au NPs in water.'3* Using HAuCl,
as the gold source, tryptophan's side chain NH reduced Au3* to Au®, while the carboxylic group stabilized the
nanoparticles. The catalyst, characterized by UV-Vis, FTIR, FE-SEM, and TEM, enabled efficient SMR in water at
40 °C within 40—-60 minutes under aerobic conditions. It was highly stable and reusable up to five times, easily
separable by centrifugation, and stands out as one of the most eco-friendly and efficient Au-based SMR
catalysts to date (Table 14).

Table 14. SMR using urea modified tryptophan-stabilized gold nanoparticles in water

X B(OH NH
7N (OF). catalyst / N\ 0 =
Rg J + K,COs3,H,0 < Ph A 0
2 H;é 2 R HoN H o’~*AuO

Catalyst: urea modified
tryptophan stabilized Au-np

OH

X=Cl, 40 °C, 45 min, 98% X= Cl, 40 °C, 45 min, 89% X= ClI, 50 °C, 50 min, 88% X=Cl, 40 °C, 50 min, 76%
X= Br, 40 °C, 50 min, 78%

Ph Ph Ph

Ph
g ) @ jel
Meo)\\NJ\OMe Ph)\\NJ\Ph Ph)\\N)\OMe O,N CHO

X=Cl, 50 °C, 50 min, 97% X=Cl, 80 °C, 50 min, 94% X= ClI, 60 °C, 45 min, 95% X=Br, 50 °C, 50 min, 81%

4.5 SMR Using Solid/Polymer Supported Catalysts

Besides aqueous extractions and surfactant-assisted systems, solid-supported or polymer-bound metal
catalysts—both ligand-free and ligand-bound—are now widely used. Their key advantage lies in easy
separation via filtration or centrifugation, as they exist in a quasi-heterogeneous phase in aqueous solvents.
Another notable advancement is the use of ionic liquid-bound catalysts, which form a separate phase from
both aqueous and organic layers, allowing for simple recovery and improved product purity. While polymer-
supported catalysis has been known for decades, its application in non-organic (green) solvents is a
breakthrough of this century.'3> In this section, we focus on these advanced catalytic systems.

4.5.1 Solid Bound Catalyst. In 2012, Guan et al. reported a novel solid-bound catalyst, PdCly(py).@SHS, for
Suzuki—-Miyaura reactions (SMR) in eco-friendly media.’3® They encapsulated PdCly(py). within non-toxic
silicalite-1 hollow spheres (SHS) and characterized it via SEM, TEM, XRD, N,-sorption, FTIR, and XPS. The
hydrophilic microporous silica facilitated reactions in water, while alcohol adsorption improved reactant
solubility—making water-ethanol the ideal solvent. The reaction proceeded efficiently at 60 °C, with high
conversion rates (TOF ~10° h™, yield 83—99%). The catalyst was reusable up to 10 cycles with an average TON
of 25,800, attributed to the anti-leaching effect of the zeolite shell. Overall, this is a highly efficient and stable
catalytic system for SMR in green media.
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In 2019, Chowdhury and his team developed a solid-bound catalyst: palladium-impregnated amine co-

condensed hexagonal mesoporous silica for SMR and Heck coupling in water.’3” The system delivered >90%
yield and >99% selectivity at just 80 °C, regardless of substrate electronics. The catalyst is easily reusable via
filtration. However, the main drawback is the use of DMF as a co-solvent, which limits its alignment with green
chemistry principles.
4.5.2 Polymer and Bio-polymer Supported Catalyst. Recently, biopolymers like cellulose, pectin, and peptides
have gained popularity as eco-friendly supports for metal catalysts, including in SMR. Section 4.4 covered
some nanoparticle-supported polymers; here, we discuss other highly active polymer-supported catalysts. In
2001, Buchwald and Parrish introduced a polymer-bound phosphine palladium catalyst for SMR.*38 This ligand
is nonvolatile, non-toxic, air-stable, and eco-friendly due to its polymer support. It works well at mild
conditions (65 °C) in THF with Cs,CO;, offers a broad substrate scope, good yields, and can be reused up to
four times by simple filtration. Following their work, many polymer-bound catalysts were developed but often
required harsh conditions or toxic solvents like dioxane or DMF, limiting their green credentials. In 2011,
Suzuka et al. reported a novel PS-PEG-supported terpyridine-Pd(ll) catalyst effective for SMR in water (Scheme
30).13° This heterogeneous catalyst performs well at 100 °C under aerobic conditions, tolerates bulky boronic
acids, and is easily recovered and reused without reactivation.

PS= Polystyrene

o)
X B(OH), —
R A + i A catalyst 72\ A o o NH,
i (P K,CO3, 100 °C, air 1A= XR2 038(9_/_\0

R H,0, 6 h

X=ClI, Br, |
R'= H, Me, OMe, CF3, naph etc.
R2= H, F, CI, Me, naph etc.

catalyst

Scheme 30. PS-PEG polymer supported catalyst in SMR.

In the following years, polymer-supported catalysts, especially those using biopolymers, advanced
significantly, enabling SMR in fully eco-friendly media. In 2012, the Ma group reported SMR in pure water
using a metal-biopolymer complex (Scheme 31).14° They employed animal fibers (wool) as the catalyst
support. The ordered amino acid chains in wool acted both as solid-phase ligands and helped evenly distribute
palladium on the fiber surface. This resulted in an effective, fully heterogeneous catalyst system requiring no
phase transfer agents or activators. Remarkably, even water-insoluble aryl halides reacted successfully when
added as solids. Yields were excellent (>90% for electron-deficient substrates and 75-80% for others) with
easy catalyst recycling by simple filtration, making the process highly attractive.

X B(OH) Q
R N + N 2 catalyst 7 \_/ \ S o HN
= X K,COs, 100 °C, air  \= =|= S °

- O,
R? HO 6h ,|;1 R2 QHo,s HS
2 NH, Q
- H,;N
X=Cl, Br, | catalyst 2

R'= H, Me, OMe, CFj, naph etc.
R2=H, F, CI, Me, naph etc.

Scheme 31. SMR using animal-fiber supported catalyst.
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R X N @/B(OH)Z Cell-Sb-Pd(l) 7 N\_/ \
= N 2 K,CO3, 70 °C =|= =|=
R Ethanol-H,0 R R2
X=Cl, Br, |
R'= H, COMe, CN, Me, OMe, etc.

R2= H, OMe, Me, CF3, CHO etc.

Cell-Sb-Pd(ll)

Scheme 32. SMR using cellulose-supported Pd-catalyst.

In 2014, Ebitani and co-workers developed a palladium catalyst grafted on amino-functionalized
organozinc coordination polymer (Pd/AZC) for SMR in eco-friendly media.'*! Prepared from readily available
materials like zinc nitrate, benzyl alcohol, and aniline, the catalyst was characterized by SEM, TEM, XPS, and
XRD. It showed strong activity in ethanol at 80 °C under aerobic conditions, achieving 80-99% conversion
within 0.3-3 hours and a high TON (2.1x10°) without additives.

More recently, in June 2019, Dong et al. reported a cellulose-supported Pd(Il)-Schiff base catalyst [Cell-

Sb-Pd(Il)] (Scheme 32).142 Characterized by FTIR, TGA, XRD, SEM, TEM, XPS, and NMR techniques, this catalyst
efficiently promoted SMR in a water-ethanol system under mild conditions within 1-3 hours. It showed
excellent yields, high TON, and could be recycled five times by simple centrifugation.
4.5.3. Microwave (MW) Assisted SMR. Microwaves are electromagnetic waves with lower frequency and
longer wavelength than visible light, initially used for household purposes. In 1986, Gedye et al. first
demonstrated their utility in organic synthesis'*® and reported microwave-assisted reactions the same year.14
Since then, microwaves have become valuable tools in synthetic chemistry. The first microwave-mediated
Suzuki reactions appeared in 1996, using Pd(PPhs)s as catalyst for both homogeneous!4> and solid-phase!4®
biaryl synthesis. The main advantage of microwaves is their strong radiation, which efficiently activates
substrates. This technique aligns well with green chemistry principles, as it shortens reaction time, reduces
cost, and often allows reactions in eco-friendly solvents like water or even solvent-free conditions. In this
section, we discuss SMR facilitated by microwave irradiation in the presence of solvents.

In 1999, Blettner and co-workers first reported microwave-assisted SMR using a water-PEG solvent
mixture.’*” However, their method required substrates with carboxylic acid groups esterified to PEG, adding
extra steps and limiting substrate scope, which reduced its attractiveness. In 2002, Leadbeater and Marco
developed a microwave-assisted SMR in neat water using Pd(OAc), without any ligand, though TBAB additive
was needed in some cases.'*® Reactions completed in just 5 minutes with a broad substrate scope including
electron-rich, electron-deficient, and heteroaryl halides. Yields were good for aryl substrates but moderate for
heteroaryl ones. This was the first report of microwave-assisted SMR in fully eco-friendly conditions, making it
historically significant.

In 2010, Martins et al. reported a microwave-assisted Suzuki reaction catalyzed by Pd(0) nanoparticles
supported on PVP polymer (Pd-PVP).}*° The polymer acted as a stabilizer, eliminating the need for ligands.
Prepared by a known method,'*° the catalyst showed high efficiency under microwave heating, delivering
excellent yields (75%-95%) in just 12 minutes using ethanol as solvent, with TON values in the range of 10%—
10°.
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In 2011, a new microwave-assisted SMR method®?! using ionic liquid N-butylpyridinium salts was
reported. Although its exact role is unclear, the reaction didn’t proceed well without it. Using 3 mol% Pd(OAc).
and NEts, the reaction completed in just 5 minutes with high yield. The ionic liquid enabled a clean reaction
and easy product separation, making it an efficient C—C cross-coupling method.

TG

N
Br o
9a 9b

v S e &y,
(AT~ Q= T~ S =l

10a, 70% 10b, 88% 10c, 93%
H H
94 94
10d,80% 10e, 70%

Figure 23. 9a, 9b: Aryl halides synthesized by Zukauskaité et al. 10a-10e: Microwave assisted SMR product in
ligand-free conditions.

In 2013, Shen et al. reported a pyridine-pyrazole/Pd(ll) complex as a catalyst for MW-assisted SMR in
an eco-friendly water-ethanol mixture.’>? The catalyst was characterized by NMR, IR, HRMS, and single-crystal
XRD. Under optimized conditions, the reaction completed in just 2 minutes using only 0.1 mol% catalyst, which
remained recyclable up to four runs. In 2016, Zukauskaité and colleagues synthesized fluorescent arylindoline
derivatives via MW-assisted SMR of bulky aryl halides and boronic acids in ligand-free ethanol-water,
achieving satisfactory yields between 70% and 93%.°3

In 2017, Sharma and co-workers reported a microwave-assisted SMR using a nano-Pd/gCsN4 composite
catalyst in neat water.’>* Prepared as per Fageria et al. (2015)%*> and characterized by powder XRD, this
catalyst delivered 85%-99% vyields in just 15 minutes with only 0.009 mol% catalyst under MW irradiation.
Notably, even bulky substrates gave excellent yields (Table 15).

In 2018, Elazab et al. employed Pd nanoparticles supported on copper oxide for Suzuki coupling under
microwave irradiation in a water-ethanol solvent.’®® This nanocatalyst efficiently produced 82%-90% vyields in
just 10 minutes without needing additional activation or phase transfer catalysts. Both electron-rich and
deficient, bulky, and heterocyclic halides gave satisfactory results, and the catalyst was reusable up to four
cycles.

In 2019, Kumar and team reported a novel MW-assisted Csp—Csp? coupling via Csp—Br activation using
a cost-effective Cul catalyst (cheaper than Pd) (Scheme 33).1>” The reaction completes within 15 minutes in
ethanol solvent.
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Table 15. MW assisted SMR catalyzed by Pd/gCsN4 nanocomposite

Paul, B. et al.
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Rz@B(OH)Z + K;PO,

Scheme 33. Cul catalyzed activation of alkynyl bromide.

A series of compounds were synthesized with excellent yields (>85%). Based on the substrate scope
and products, a catalytic cycle was proposed. This protocol presents a novel strategy for activating alkynyl
halides and is highly valuable both methodologically and from a green chemistry perspective. It uses an eco-
friendly solvent (ethanol), offers good yields, fast reaction rates, mild conditions, and replaces expensive Pd

with affordable Cu.

5. SMR under Solvent Free Conditions

Solid-state organic reactions are highly valuable in synthetic chemistry due to their green credentials—
eliminating harmful solvents and toxic ligands—while offering shorter reaction times and cost efficiency.

Page 43 of 62

©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

Although solvent-free reactions have gained recent popularity, the concept dates back to the 1950s—60s with
R. B. Merrifield’s peptide synthesis work, which earned him the Nobel Prize in 1984.1% Two popular modern
approaches include microwave (MW)-assisted solvent-free reactions and ball-mill solid-phase reactions. Solid-
state Suzuki—Miyaura reactions (SMR) emerged in the late 20th century by simply heating catalyst-reactant
mixtures, despite some drawbacks. This section will explore these methods in detail.

5.1 SMR in Thermal Mediate Solvent Free Conditions

In 1999, Kabalka et al. reported a solvent-free SMR using potassium fluoride/y-alumina (KF/Al,O3) with a
ligand-free Pd(0) catalyst.!>® The KF-impregnated alumina performed better than bases. The reaction was
done at 100 °C for 4 hours. However, the substrate scope was limited—only aryl iodides reacted well (>90%
yield), while aryl bromides and chlorides were mostly unreactive. Thus, the method had limited synthetic
utility.

After extensive research, in 2011 Khruscheva and colleagues developed an improved solvent-free SMR
method using ferrocene palladium cycle catalysts at 20-100 °C, depending on the substrate and catalyst.®°
Although the substrate scope was broader, yields were generally low. Around the same time, Monguchi et al.
reported a solid-state SMR using Pd-C catalyst with aryl bromides and Cs>COs3 as a strong base.®! This method
gave good yields and a wide substrate scope but required a high temperature (100 °C) and long reaction time
(24 hours), limiting its practicality.

In 2019, Pentsak and Ananikov reported a solid-phase SMR using palladium nanoparticles supported on
multi-walled carbon nanotubes (Pd-NPs/MWCNT) with K,COs; as base.'®? This method, operated simply by
heating, showed excellent substrate scope and high conversion rates (>90%). Notably, aryl bromides were
more reactive than iodides, likely due to bond energies and lack of solvation effects. The catalyst was
recyclable up to seven times without loss of activity, making it a highly efficient solid-state SMR protocol.
Solid-phase SMR under heating has notable drawbacks: the high temperatures needed can reduce substrate
scope due to catalyst instability and long reaction times. Additionally, many haloarenes are gummy liquids,
causing the reaction to proceed in a semi-liquid rather than solid phase, which lowers yields and complicates
product separation.

5.2 Microwave (MW) Assisted SMR under Solvent-Free Conditions

In 2000, Kabalka et al. developed a microwave-assisted solid-phase SMR using Pd-doped KF-impregnated
alumina (Pd-KF/Al,03).163 Previously, their catalyst showed poor results under conventional heating, but with
microwave assistance, the reaction completed in just 2 minutes with yields over 80% and an improved
substrate scope—marking a significant improvement in solvent-free SMR.

In 2012, Chang et al. reported a novel solvent-free SMR method using Pd/MCM-41 and Pd/SBA-15 catalysts
under microwave irradiation with mild base K,C0s.1%* Pd/MCM-41 proved more effective, delivering excellent
results within 10 minutes and a broad substrate scope, though aryl chlorides gave low yields. This represents a
promising green technique with potential for commercial use.

In 2018, Baran’s group introduced an agar-supported palladium catalyst (AG-Pd) for solid-phase
SMR.1%> The reaction proceeded solvent-free at 50 °C, offering excellent yields across a wide range of
substrates in only 6 minutes. Usually, even the less reactive aryl chlorides gave satisfactory results with this
method. Additionally, the catalyst was recyclable up to 10 runs, which is significantly higher than most other
techniques. Most recently, in 2019, the same group developed another immobilized catalyst: a Schiff base-
functionalized pectin-supported Pd catalyst (Pct-Pd).’®® A comparison of the yields from these two catalytic
systems is presented in Table 16.
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Table 16. SMR in solid phase using AG-Pd and Pct-Pd catalyst

a4 7

] 7

N X B(OH), catalyst —\ | ClLPd— 7 Cl,pd—=

S IG 3 Q Q

catalyst: a. AG-Pd Si si

b. Pec-Pd O/ (;3\0 O/ (;3\0

a b
Entry X R Yield Yield
(@) (b)
1 | 4-OMe 99 99
2 | 3-NO; 95 95
3 I 4-NH; 91 85
4 | 2-Me 76 71
5 | 3-Me 81 77
6 I 4-Me 85 83
7 Br 2-OMe 89 83
8 Br 3-OMe 94 90
9 Br 4-OMe 97 95
10 Br 4-CN 97 92
11 Br 3-NO; 94 88
12 Br 4-NO; 98 96
13 Br 3-NH; 80 73
14 Br 4-NH, 85 82
15 Br 3-Me 62 69
16 Br 4-Me 70 76
17 Cl 2-OMe 68 58
18 Cl 3-OMe 74 70
19 Cl 4-OMe 79 75
20 Cl 3-NO; 81 74
21 Cl 4-CN 79 80

5.3 Mechanochemical Induced SMR under Solvent Free Conditions
A ball mill is a grinder that uses mechanical energy from rapidly revolving metal balls (600-700 rpm) to grind

Paul, B. et al.

solids and drive reactions. Originally developed in the 1870s for pottery, it has become a popular method in
the 21st century for solvent-free organic and inorganic synthesis.'6”-16° Advantages include avoiding toxic

ligands and solvents, lower temperatures, shorter reaction times, and minimal by-products, making product

isolation easier and yields higher. This makes ball milling a highly efficient green chemistry technique.

In 2008, Schneider and Ondruschka first reported solid-phase SMR using a ball mill.}’° They employed
KF-impregnated alumina (KF@AI,03) as both reactant support and base, with six balls at 800 rpm, without
added heat or radiation. This method produced a series of compounds within 10 minutes with excellent yields.
Aryl chlorides were unreactive, but bromides and iodides reacted with an unusual order of reactivity: Br > I.

Page 45 of 62

©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

Although the reason is unclear, it is likely due to bond energy and the lack of solvent cage effects in the solid
state. Both simple and bulky substrates gave very satisfactory yields.

In 2012, Cravotto et al. used a chitosan-based Pd catalyst (CS-Pd) for solid-phase SMR (Scheme 34).17%
The previous year (2011), they had applied the same catalyst in a water-dioxane (8:1) mixture, but the
substrate scope and yields were quite limited.'’> However, using the ball mill significantly improved yields
(74%-99%) and reduced reaction times, with minimal formation of homo-coupling byproducts. This method
works well for haloarenes with both electron-donating and withdrawing groups, as well as heteroaryl
substrates, making it a notable advancement over their earlier solvent-based study.

X B(OH
R_
N~ K,COj K
Ball mill (600 rpm)
X=Cl, Br, | Homoaryl substrate

R=H, OH, OMe, Ac etc

B(OH
N cl KoCOq =N
Ball mill (600 rpm) Heteroaryl substrate

Scheme 34. SMR using mechanochemistry.

In 2019, Seo et al. reported a new solid-state SMR method using mechanochemistry.'’ They employed
palladium acetate with bulky ligands such as DavePhos, RuPhos, and BrettPhos, alongside olefin additives like
1,5-COD, cyclohexene, and cyclopentene. The best results were achieved using DavePhos with 1,5-COD. SEM
analysis confirmed the formation of Pd nanoparticles, which drive the reaction, while the olefin additives likely
act as dispersants to prevent nanoparticle aggregation. The key success of this method is its effective coupling
of chloride substrates—something not achieved before with ball-milling. Beyond simple substrates, it excels in
large-scale synthesis of bulky cross-coupled products with high yields (Table 17). This promising approach has
strong potential for future commercialization as a fully green industrial process.

Ball milling offers an excellent eco-friendly reaction method, though it is still an emerging technique rather
than a conventional one. In the future, it has great potential to become a key approach for completely
pollution-free, green synthesis.
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Table 17.SMR using mechanochemical process®®

PCy,

Pd(OAc),/ CsF
wix + atoom, Dmermosises oo O ()

under air, water Me,N

Ball-Mill (25 Hz), 99 min DavePhos  1,5-COD

NMe, O OMe O OMe O
Jeadl sendies (o rom
o ) W
91% 93% 96% 94%

6. Suzuki-Type Coupling under Metal-Free Conditions

The Suzuki—Miyaura reaction (SMR) is a prime example of metal-catalyzed C—C coupling, typically using metals
like Pd, Cu, or Ni. However, these inorganic metals can be toxic at certain levels, posing safety concerns for
pharmaceutical applications where drug molecules must be free of metal impurities. Complete removal of
these metals from the reaction mixture is practically difficult, limiting the reaction's use in drug synthesis.
Beyond eliminating toxic ligands and solvents, a major challenge is reducing or replacing metal catalysts in
SMR. This has led to the rise of organocatalysis, which employs non-toxic organic molecules as catalysts
instead of metals. The earliest example dates back to Justus von Liebig’s synthesis of oxamide from dicyan and
water, catalyzed by acetaldehyde. Yet, organocatalysis in Suzuki-type couplings remains rare, with only a few
reports available. This section will explore those examples and their mechanisms.

In 2003, Leadbeater and Marco reported a transition metal-free Suzuki-type coupling in water using
the phase transfer catalyst TBAB under microwave irradiation.’# They also tested conventional heating at 150
°C with the same conditions, but the yields for non-activated aryl halides were poor even after 16 hours,
whereas the microwave method completed the reaction in just 4-5 minutes with much better results.
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Table 18. MW assisted metal free Suzuki type coupling

@ Br BOH):2 5B, Na,CO, =
— _—— N,
R H,0, MW RA /

90% 99% 98% 82% 73%

Ph Ph Ph Ph N
o »
H,N OHC MeO,C HO,C N~ “Ph

82% 96% 71% 99% 76%

Among the haloarenes, the reaction rate followed the order Br > | >> Cl. The substrate scope was
broad, although no mechanism was proposed by the authors (Table 18). In the same year, Chao-Jun Li
suggested a probable mechanism for this metal-free coupling (Figure 24),'’> proposing that the reaction may
proceed via two possible pathways: a radical pathway and a metathesis pathway.

(I?(OH)Z single & Br——B(OH),

transfer
— _— PR——

4 — o

B(OH),
©/ gro---BlOH); Br—B(OH)
! 1 r= 2

Figure 24. Mechanism of metal-free Suzuki-type coupling.

®
Br

According to the radical concept, either an internal electron transfer generates a diradical species, or
an external diradical forms within the substrate "cage," both leading to product formation. Another possibility
involves o-bond metathesis of a borate complex, which also results in the product.

At the same time, Leadbeater and his group extended their previous work by focusing on substrate
scope and the impact of various reaction parameters.’® They found that the highest yield was achieved at 150
°C under microwave irradiation, while both lower and higher temperatures reduced yields—especially at
higher temperatures due to proto-deboronation of the boronic acid, which produced substituted benzene. A
base was essential, with Na,COs proving most effective in aqgueous media. The phase transfer catalyst played a
key role by activating the boronic acid through formation of the [ArB(OH)s] [RaN]* complex. They thus
provided a comprehensive explanation of the reaction’s scope and limitations. Later in 2005 the author
critically reevaluate a previously reported transition-metal-free Suzuki-type coupling of aryl halides and
boronic acids, showing that trace palladium contaminants (as low as ~50 ppb from sodium carbonate) — not a
truly metal-free mechanism — are responsible for the observed biaryl formation.'”” They provide evidence
that ultralow levels of palladium catalysis account for the coupling, and present a revised protocol using
controlled, ultralow palladium concentrations. The study also explores how the purity of boronic acids affects
reaction outcomes, challenging claims of alternative “metal-free” pathways .

Page 48 of 62 ©AUTHOR(S)



Arkivoc 2026 (1) 202512379 Paul, B. et al.

In the same year, Kabalka et al. developed a Suzuki-type alkenylation of allylic alcohols using
alkenylboron dihalides as coupling partners instead of the usual aryl halides and boronic acids.'’® The reaction
was carried out in DCM at room temperature with the strong base n-BulLi. While the substrate scope and
yields were satisfactory, the method wasn’t fully eco-friendly due to the use of DCM and n-Buli. Nevertheless,
this work was significant for introducing new types of coupling partners in cross-coupling chemistry.

In 2013, Ueda et al. reported a Suzuki-type coupling between propargylic carbon and sp?-hybridized

aryl carbon in a biphasic (water-CHBrs) solvent system.” However, the yields were moderate, substrate scope
limited, and the reaction time was long—about 18 hours.
Later, in 2017, Jadhav et al. developed a metal-free Suzuki-type coupling of acid chlorides and boronic acids to
synthesize dissymmetric ketones (Scheme 35).18 Previously, this transformation was carried out using Pd
catalysts or Lewis acid-mediated Friedel-Crafts acylation, both requiring sensitive conditions and often giving
lower yields. This new metal-free method is a significant improvement, as it avoids air- and moisture-sensitive
reagents and catalysts. The reaction offers broad functional group tolerance, excellent regioselectivity, shorter
reaction times, and high yields (85%-95%). Thus, it represents not just a cross-coupling reaction but a truly
green and efficient approach to ketone synthesis.

o
B(OH),
= Cl =z X X
R1_<))J\ . | Toluene R1—: | 1 R2
S A NaOH, 100 °C G G
R2
R

'=H, NO,, Me, F etc.
R?=H, F, ClI, Br, Me, Et, CN, Naph, Het etc.

Scheme 35. Metal-free Suzuki-type coupling of acyl chlorides with boronic acids.

In 2018, Huang et al. reported a Suzuki-type coupling in acetonitrile using a sulfur-containing
organocatalyst.'8! This efficient metal-free method enables Csp3-Csp? coupling in eco-friendly conditions
without any transition metals. They designed and synthesized 20 different sulfur-containing catalysts (Table
19), showing good reactivity even with chloride substrates. K4sP,07 was the best base for simple substrates,
while K,COs worked better for electron-rich ones. Mechanistic studies and intermediate isolation revealed
that the organocatalyst first undergoes an Sn? reaction with the halides, followed by base-promoted sulfur
ylide formation and boron-centered “ complexation. A 1,2-methyl shift then occurs, ending with
protodeboronation to give the final product (Figure 25).

4

ate
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Table 19. Optimization of reaction conditions with various organocatalysts.

Paul, B. et al.

@\/ . /©/B(OH)2 Catalyst K,P,07 OMe
D AR N

B o

r MeO MeCN, 110 °C, 24 h

List of catalyst

0T O oo A

22% 24% 13% 5% 7%

h
.Ph

v_
/

zZ
Y=o
\

w=

S

A s s
B oy 0O COO
N= ¢ S S
o]
5% 6% 10% 21% 28%
H H ?OC
OO0 Lo o LD Lo
S S ©iS]©/ Se S
% 41% o <1% 19%
47% 40% OMe o
Ph Me Ph | |
N N N OMe N OoMe _N s: : N
Bz
19% 52% 62% 67% 68%
H,0
%) 2
& B(OH)
& Lo
1 2 N\pi
R" °R _S X~ "R
R1’\R2 %
R1 R1
\(SD)\I?,RZ Sf
| HO' OH o
R' P
R2B(OH), or &

/é\

Figure 25. Catalytic cycle using an organocatalyst.

Recently, Yu et al. developed a metal-free carbonylative Suzuki-type cross-coupling.'®? Traditionally,
such reactions required Pd catalysts under CO atmosphere or used acid chlorides as substrates. Following this,
several CO surrogates like molybdenum hexacarbonyl, acetic formic anhydride, and 9-methylfluorene-9-
carbonyl chloride were introduced to replace gaseous CO.18318 |n 2013, Ueda et al. first reported N-
formylsaccharin as a CO surrogate,®” which was later used by the Bhanage group for SMR in 2017 using a Pd
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Table 20. Carbonylative Suzuki type coupling without any metal-catalyst

1
0
BN O A
Rl . N—< PhB(OH), R Ph
= s 4 NaxCO;(2eq.) KsPO, (0.5 eq.) Z
oo

77 DIPEA (3 eq.), PEG-400, 120°C
o) o) o) o) o
/©)kPh [ )’ “Ph F\E)/ “Ph [)’ “Ph [)’ “Ph
cl F FsC MeO,C
24 h, 84% 24 h, 84% 24 h, 93% 48 h, 75% 48h,51%
o
o)
Ph o 0 9
Ph
= \©)kph Ph Ph
/
O~y
48 h, 49% 24 h, 92% 241, 77% 48 h, 87% 48 h, 67%
o)
QWi i i
o /©)Lph /©)Lph /(:Hkph
F MeO'
48 h, 75% 24 h, 85% 24 h, 82% 24 h, 84%

catalyst.’®® Finally, in 2019, Yu and co-workers modified the reaction to metal-free conditions.'® They
optimized the reaction parameters and explored a broad substrate scope, achieving very good vyields with
electron-rich, electron-deficient, and sterically bulky substrates (Table 20). They also proposed a radical
mechanism based on experimental evidence, illustrated in Figure 26. Besides its eco-friendly nature, this
reaction is highly valuable for synthesizing pharmaceutically important molecules such as fenofibrate and
naphthylphenstatin. Thus, it represents a significant method for producing both symmetrical and
unsymmetrical ketones.

Ar'—|
(o]
ArtT A2 l.D 0
AN DIPEA, Na,COj N—4
s, H
77N
o o
Ar'l—l
(X
{ ArVA\Arz] N

~—

Ar?B(OH),, base

Figure 26. Radical cycle of carbonylative Suzuki type coupling in metal-free conditions.

7. Conclusions

In conclusion, it is clear that SMR has become increasingly important and appealing in green chemistry over
the past two decades. Various improved catalytic systems have been developed to boost reaction vyields,
increase TON, enhance catalyst recyclability, and reduce chemical usage and costs—marking significant
progress in sustainable chemistry. Notably, performing reactions in fully aqueous media, solid-phase synthesis
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via ball milling and microwave technology, and the shift towards organocatalysis over traditional metal
catalysts are key advancements. These new catalytic approaches have also expanded the substrate scope and
diversity. Moving forward, research will likely focus on designing more cost-effective, high-performance
catalysts for large-scale, sustainable, and pollution-free industrial applications.
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