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Direct C-H bond arylation of (hetero)arenes is a very convenient approach for the synthesis of a wide variety of molecular targets, 

including compounds of pharmaceutical interest and π-conjugated small molecules and polymers. Compared to traditional 

transition metal-promoted cross-coupling reactions, direct C-H arylations best fit the Green Chemistry criteria, particularly in 

minimization of waste, use of less hazardous chemicals, atom economy, reduction of unnecessary derivatization steps. Despite 

the advantages, these reactions still initially suffered from major limitations in terms of sustainable chemistry, i.e., toxic and 

expensive transition-metal catalysts, toxic and/or hazardous solvents, high temperatures and long reaction times. The increasing 

attention towards environmentally friendly reaction protocols has boosted studies directed towards the development of 

sustainable strategies for direct C-H bond arylation of (hetero)arenes. This review offers a critical overview of the research on 

this topic, focusing on three main aspects: (i) recoverable catalysts; (ii) sustainable solvents; (iii) non-conventional energy 

sources. 

1. Introduction 

Organic molecules and polymers containing conjugated (hetero)aryl 

units have been extensively investigated in recent years. The family 

spams from simple bi(hetero)aryls, which represent important 

structural moieties in numerous natural products and many biologically 

active compounds,1 to photo/electroactive oligo- and poly(hetero)aryls, 

used as active materials in organic light emitting diodes (OLEDs), 

organic field-effect transistors (OFETs), organic photovoltaics (OPVs), 

and in many other applications of plastic electronics.2 

Generation of aryl-aryl bonds is the key synthetic step to produce all 

these compounds, and availability of efficient methods represents a 

milestone towards their technological development and industrial 

scalability. The most common and versatile routes to aryl-aryl bond 

formation are the transition metal-promoted cross-coupling reactions 

of (hetero)aryl halides or pseudohalides with (hetero)aryl metal 

derivatives, including boronic acids, organozinc, organotin, organosilicon 

compounds and Grignard reagents (Scheme 1, path a).3 Despite high 

yields and good selectivities can be obtained with these methods, and 

also environmentally benign protocols have been developed,4 many 

drawbacks still remain: both coupling partners must be preactivated 

(i.e., halides and organometallic reagents have to be synthesized), 

which is wasteful since it requires the installation and the subsequent 

removal (and disposal) of stoichiometric amounts of the activating 

agents. Moreover, the generation of a stoichiometric amount of the 

metal by-products demands for expensive purifications protocols, 

which are particularly inconvenient in the case of the polymerization 

processes.5 

A more recent straightforward approach for the construction of aryl-

aryl bonds is the direct arylation of (hetero)aryl C-H bonds with (hetero) 

aryl halides or pseudohalides (Scheme 1, path b): in this case, the pre-

activated functionalities (the metal-carbon moiety) of one of the 

coupling partners (the organometallic reagent) are replaced by the C-

H bond of a (hetero)arene, thus reducing the metal waste, simplifying 

the purification procedure and the number of steps in the synthetic 

sequence. Although the issue of C-H bond regioselectivity still remains 

unsolved in some (hetero)aryl systems, in the last two decades the 

studies have progressed very rapidly: a large variety of efficient direct 

C-H bond arylations involving five- and six-membered (hetero)arenes 

have been developed.6 

The less common oxidative couplings can also be included In the family 

of direct C-H bond arylation of (hetero)arenes. In this case, the C-H 

bond of hetero(arene)s can be involved in the reaction with either 

stoichiometric amounts of organometallic reagents (Scheme 1, path 

c) or with the C-H bond of another simple (hetero)arene (Scheme 1, 

path d). On one hand, oxidative direct C-H arylations of heteroarenes 

with (hetero)arylmetals suffer the drawback of preliminary synthesis 

of organometallic reagents as (hetero)arylating reagents and the 

subsequent production of metal waste, but they are quite efficient and 

cost-effective, given that (hetero)aryl halides or pseudohalides are not 

required here (i.e., only one of the reaction partners requires to be 

activated).7 On the other, oxidative direct C-H arylations between two 

different (hetero)arenes, also known as dehydrogenative couplings, 

can be included among the reactions with the lowest environmental 

impact. In fact, they allow for superior atom economy transformations, 

since no preactivation of both coupling partners is required. However, 

C-H bond regioselectivity issues significantly limit the broad application 

of these reactions.7 
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Scheme 1. Synthetic methodologies in the (hetero)aryl-(hetero)aryl bond formation: (a) 

traditional transition metal-catalyzed coupling of (hetero)aryl halides or pseudohalides 

with (hetero)aryl metal derivatives; (b) direct C-H bond coupling of (hetero)arenes with 

(hetero)aryl halides or pseudohalides; (c) oxidative direct C-H bond coupling of (hetero)arenes 

with (hetero)aryl metal derivatives; (d) oxidative direct C-H bond coupling of two different 

(hetero)arenes (dehydrogenative coupling). 

Compared to the traditional transition metal-promoted cross-coupling 

reactions, direct C-H arylations best fit the 12 principles of Green 

Chemistry, particularly in prevention of waste, less hazardous chemical 

synthesis, atom economy and reduction of unnecessary derivatization. 

However, there are still aspects of the C-H arylation processes which 

are scarcely compatible with the green chemistry criteria. Among them, 

the use of toxic and expensive transition-metal catalysts (in most cases 

palladium), which eventually contaminate the final coupling product, 

requiring complex purification procedures, the need of toxic and/or 

hazardous solvents, which are not available from sustainable or 

renewable sources. Finally, high temperatures and long reaction times 

are typically required. More recently, increasing attention towards 

environmentally friendly protocols has boosted a wide range of studies 

directed towards the development of green and sustainable protocols 

for direct C-H bond arylation of (hetero)arenes. Significant efforts 

have been recently accomplished to face these aspects, including the 

use of recoverable catalysts, sustainable solvents or non-conventional 

energy sources. 

Several general reviews have been published in the past 15 years on 

the mechanistic aspects and the synthetic applicability of direct C-H 

arylation,8 while only a few and very specific overviews have been 

reported on the more recent sustainable protocols; the topic of these 

reviews are more specific, e.g. on microwave irradiation-assisted 

approaches9 or transition metal-free protocols,10 on environmentally 

benign direct C-H arylation of 5-membered ring heteroarenes11 or 

sustainable direct (hetero)arylation polymerizations.12 In other cases, 

sustainable protocols have been treated as a part of more extended 

reviews focused on C-H activation reactions.13 Therefore, we believe 

that a general, comprehensive and critical overview of the sustainable 

strategies for direct C-H bond arylation of (hetero)arenes would be 

timely and useful to overview the present states at this stage of the 

research in the field. 

The review will be organized in three parts, concerning the methods 

adopted to overcome the three main drawbacks of direct C-H arylation 

of (hetero)arenes still incompatible with the Green Chemistry criteria 

mentioned above (i.e., toxic and expensive catalysts; not sustainable 

and hazardous solvents; high temperatures and long reaction times). 

In the first part we will report an overview of recoverable catalysts used 

in direct C-H bond arylation of (hetero)arenes; most of them are Pd 

catalysts supported onto inorganic or organic matrices, but there are 

also some examples of recoverable catalysts based on other metals. 

The second part of the review will be focused on the development of 

direct C-H arylation protocols involving non-toxic and more sustainable 

solvents: water is definitely the most investigated, but we will also 

overview studies about other less common sustainable solvents and, 

finally, the more convenient solvent-free methods. In the third part the 

application of non-conventional energy sources in direct C-H arylation 

of (hetero)arenes will be presented: we will mainly focus on the more 

common photochemical protocols (both in the presence and in the 

absence of photoredox catalysts) and microwave-assisted protocols, 

but also the few examples of electrochemical methods, as well as of 

ultrasound-, mechanical milling- and infrared irradiation-promoted 

reactions will be considered. Although a complete overview of the 

existing literature is far from trivial, in each section we will mostly follow 

a systematic approach as a function of (hetero)arene structure, based 

on heteroatoms (carbocycles, N-heterocycles, O-heterocycles and S-

heterocycles), ring size (five-membered, six-membered and seven-

membered) and number of cycles (monocyclic, bicyclic and polycyclic 

compounds), and also as a function of molecular size of π-conjugated 

systems, differing between small molecules and oligo/polymers. 

2. Recoverable catalysts in direct C-H bond 
arylation of (hetero)arenes 

In the context of direct C-H bond arylation of (hetero)arenes, a broad 

variety of homogeneous catalytic systems based on transition metal 

complexes have been investigated, often showing high activity and 

broad versatility. However, issues related to relatively high costs, low 

recyclability and contamination of final coupling products are hardly 

compatible with the Green Chemistry criteria. Although many industrial 

productions still prefer well-established homogeneous methods,14 with 

environmental regulations becoming increasingly stringent the need of 

more sustainable approaches for direct C-H bond arylation is central in 

the synthesis of bi(hetero)aryl motifs. 

The use of heterogeneous catalysts is very attractive for this purpose, 

although the inertness of the C-H bond of (hetero)arenes made quite 

difficult their application. However, in some cases heterogeneous 

catalysis allows to achieve a specific C-H bond regioselectivity, or its 

switch with respect to the corresponding homogeneous processes, 

which is highly desirable since the issue of C-H regioselectivity still 

remains unsolved in some (hetero)aryl systems. Therefore, the study 

of recoverable and recyclable heterogeneous catalysts in direct C-H 

bond arylation of (hetero)arenes is highly desirable not only because 

these systems allow for an easy separation from reaction medium by 

simple filtration, but also for the development of new selective 

synthetic protocols. 

However, in some cases the actual nature of the catalytic process 

(heterogeneous vs. homogeneous) remains unclear: supported catalysts 

presented in the literature as merely heterogeneous actually showed 

a significant loss of their catalytic activities when reused, due to metal 

leaching occurring during the reaction.13a,13b The problem of distinguishing 

homogeneous from heterogeneous catalysis is far from trivial: careful 
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kinetic studies, hot filtration tests, selective catalysts poisons are very 

helpful to solve the question of heterogeneity.15  

In this section we will give a critical overview of all the solid supported 

metal catalysts applied in direct C-H bond arylation of (hetero)arenes. 

In particular, in the first part we will consider direct arylation protocols 

based on supported palladium species, which are most commonly 

used; then, we will discuss the application of supported catalysts based 

on the other transition metals. 

2.1. Recoverable palladium-based catalysts for direct C-H bond 

arylation of (hetero)arenes 

Palladium-based species are definitely the first choice as catalysts for 

generating Csp2–Csp2 bonds. Therefore, it is not surprising that most of 

direct C-H bond arylation of (hetero)arene protocols are based on Pd 

catalysts, although not infrequently they are accompanied by a suitable 

co-catalyst (such as copper). 

As we will show below, commercially available Pd/C and Pd(OH)2/C are 

among the oldest and the most common recoverable palladium-based 

catalysts for direct C-H arylations, due to their low cost, high thermal 

and mechanical stability, broad versatility. However, Pd nanoparticles 

deposited on other matrices, including mesoporous silica, magnetite, 

alumina, metal-organic frameworks and also organic polymers, as well 

as Pd(II) complexes covalently anchored onto solid supports, have been 

synthesized and successfully tested. Although these catalytic systems are 

described as reusable and heterogeneous, it is worth emphasizing that 

only for part of them have actually been tested for recycling and 

heterogeneity (including palladium leaching determination, hot filtration 

tests, kinetic studies, etc.). 

2.1.1. Recoverable palladium catalysts for direct C-H bond arylation 

of arenes. In 2011, Matzger and co-workers reported the application of 

a highly dispersed palladium(II) in a defective metal-organic framework, 

named Pd(II)@MOF-5(Oh), as efficient catalyst in the direct phenylation 

of naphthalene with diphenyliodonium tetrafluoroborate.16 Notably, 

the use of Pd(II)@MOF-5(Oh) 5 mol% in comparison with homogeneous 

Pd(OAc)2 5 mol% resulted in higher yields (i.e., 64% vs. 17%) and better 

stability, although with a lower selectivity for the α isomer over the β 

isomer (α:β = 3:1 for Pd(II)@MOF-5(Oh) vs. 8:1 for Pd(OAc)2). A more 

general and convenient protocol was then demonstrated by Glorius and 

co-workers: direct arylation of naphthalene 1 with aryliodonium salts 

in the presence of Pd/C (2.5 mol%) as catalyst afforded the 

corresponding arylated products 2 in satisfactory yields and very high α-

selectivity (α:β from 95:5 to 97:3) (Scheme 2).17 Interestingly, authors 

demonstrated a merely heterogeneous mechanism for Pd/C thanks to 

a standard Hg-poisoning study, a hot filtration test and several three-

phase tests using polymer-bound naphthalene, although no recycling 

tests have been performed. Despite the use of a supported palladium 

catalyst, it is worth emphasizing that both protocols are actually not of 

particular convenience from the point of view of Green Chemistry: the 

use of an aryliodonium salt is typically characterized by a low atom 

economy, as only half of the molecule is involved in the direct arylation 

process and the other one gives the corresponding aryliodide as a by-

product, thus limiting the overall sustainability. 

The ortho-arylation of substituted benzene cores is a very appealing 

strategy for the synthesis of highly functionalized biaryl units. In 2014, 

Srinivasu et al. reported the first ortho-arylation of benzamides 3 

using a supported Pd catalyst: three-dimensional mesoporous silica with 

highly dispersed palladium nanoparticles composite (named PS-3).18 

Direct C-H arylations were successfully performed between 

functionalized benzamides and aryl iodides with different stereo-

electronic properties, in acetic acid as solvent and silver acetate as base, 

affording the ortho-arylated products 4 in reasonable yields, 36-76% 

(Scheme 3). Recyclability of PS-3 catalyst was also tested over five 

different cycles without significant loss of its activity. 

 

Scheme 2. Direct C-H bond arylation of naphthalene 1 with aryliodonium salts catalysed 

by recoverable Pd/C catalyst, developed by Glorius and co-workers in 2015.17 

More recently, Glorius and co-workers reported the direct C-H ortho-

arylation of anilide derivatives with diaryliodonium salts as arylating 

agents, using Pd nanoparticles supported on magnetite as recoverable 

catalyst.19 Kinetic studies revealed the presence of catalytically active 

soluble species from heterogeneous precursors, also confirmed by a 

low recyclability after the second cycle and a severe metal leaching in 

the coupling product. Moreover, the use of diaryliodonium salts as 

arylating agents with low atom economy further limited the real interest 

from the point of view of the Green Chemistry. 

 

Scheme 3. Direct C-H ortho-arylation of benzamides 3 with aryl iodides catalysed by Pd 

nanoparticles supported on three-dimensional mesoporous silica (PS-3), developed by 

Srinivasu et al. in 2014.18 

Ackermann and Vaccaro’s groups reported in 2016 the first application 

of heterogeneous palladium catalysts for the Catellani reaction, which 

is a direct C-H ortho-arylation of aryl iodides mediated by norbornene, 

allowing for a tandem ipso-vinylation through a Mizoroki-Heck-type 

process.20 Commercial Pd EnCat™ 30 and Pd/Al2O3 were successfully 

applied in the reaction of methyl 2-iodobenzoate 5 with several olefins, 

affording coupling products 6 from good to excellent yields (Scheme 4). 

The protocol looks highly attractive from a Green Chemistry point of 

view, since the supported palladium catalyst was used in combination 

with γ-valerolactone (GVL) as a sustainable and environmentally-benign 

reaction medium (see section 3.3.4). Several mechanistic studies were 

also performed, revealing the heterogeneous nature of Pd/Al2O3 but 

showing that reactions performed with Pd EnCat™ 30 were actually 

catalysed by leached homogeneous palladium species.  
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Scheme 4. First application of heterogeneous palladium catalysts (Pd EnCatTM 30 or Pd/Al2O3) 

for the Catellani reaction of methyl 2-iodobenzoate 5, reported in 2016 by the Ackermann and 

Vaccaro’s groups.20 

In 2019, Doucet et al. showed the potential of Pd/C as catalysts for the 

direct C-H ortho-arylation of (poly)fluorobenzenes with aryl bromides. 

Reactions were performed at 110-150 °C using KOAc as base and DMA 

as solvent, affording high yields of coupling products in the case of tri-, 

tetra- and pentafluorobenzene, whereas mono- and difluorobenzene 

exhibited poor reactivity.21 Unfortunately, hot filtration tests provided 

support for the formation of catalytically active soluble Pd species, thus 

limiting the sustainability of the protocol due to metal contamination of 

the final products. A similar protocol for the direct C-H ortho-arylation 

of (poly)fluoroarenes 7 with aryl iodides and bromides was developed by 

Cao and co-workers, although they used Palladium nanocrystals 

stabilized by cucurbit[6]uril (CB[6]-Pd NPs) as catalyst .22 In particular, 

reactions were carried out in the presence of 2.0 equiv. of Na2CO3 and 

2.0 equiv. of acetic acid, in a DMF/DMA mixture as reaction medium, in 

the presence of 1 mol% of supported palladium catalyst, at 140 °C for 

24 h, affording the corresponding biaryl products 8 from modest to 

good yields (Scheme 5). Although the CB[6]-Pd NPs catalyst showed a 

better recyclability in comparison with other commercial palladium 

systems, the overall sustainability of the process appears quite low: the 

use of harmful solvents (i.e., DMF and DMA), as well as the need of high 

temperatures for long reaction times make the protocol of limited 

interest in the context of the Twelve Principles of Green Chemistry. 

 
Scheme 5. Direct ortho-arylation of (poly)fluoroarenes 7 with aryl iodides and bromides 

catalysed by Palladium nanocrystals stabilized by cucurbit[6]uril (CB[6]-Pd NPs), reported 

by Cao and co-workers in 2015.22 

Intramolecular direct C-H ortho-arylations of benzene derivatives based 

on supported palladium catalysts have also been reported in literature, 

allowing the synthesis of benzofused (hetero)cycles. The first work was 

reported in 2005 by Fagnou et al.: Pd(OH)2/C (known as Pearlman's 

catalyst) was used for the synthesis of 6H-benzo[c]chromenes, 5,6-

dihydrophenanthridines and other tricyclic O- and N-heterocycles via 

intramolecular direct arylation of suitable haloethers and haloamines.23 

Although the reactions occurred in high yields (69-98%), authors 

attributed the catalysis to the formation of homogeneous Pd species 

by leaching from the support. The preparation of 6H-benzo[c]chromenes 

10 through a similar intramolecular direct C-H arylation of haloethers 9 

has been then reported by McGlacken and co-workers: they used 

palladium impregnated on magnetite (PdO-Fe3O4) as easily removable 

catalyst, i.e. by simply using a magnet, although a complete deactivation 

was observed after the first cycle (Scheme 6).24 ICP-AES analysis 

excluded the occurrence of a significant palladium leaching into the 

solution, as further confirmed by hot filtration test, which testified no 

reaction progress after filtration; however, substantial changes of both 

Pd particle distribution and size were observed with the help of TEM 

microscopy. 

 

Scheme 6. Preparation of 6H-benzo[c]chromenes 10 through intramolecular direct C-H bond 

arylation of haloethers 9 catalyzed by the easily removable PdO-Fe3O4 catalyst, studied by 

McGlacken and co-workers.24 

Felpin et al. described the preparation of functionalized phenanthrene 

derivatives via intramolecular direct arylation of cis-2-bromostilbenes. 

Although reactions were first performed under typical homogeneous 

conditions (Pd(OAc)2, K2CO3, DMA, 110 °C), aiming for more sustainable 

heterogeneous catalysis they were also repeated by adding charcoal to 

reaction mixture, which afforded a moderate yields improvement (60-

94%).25 However, the effective benefits of the supported catalyst in the 

context of the Green Chemistry (that is, recyclability and heterogeneity) 

have not been investigated, thus casting serious doubts on the real 

sustainability of this protocol. Domínguez and SanMartin reported 

preliminary studies for the application of heterogeneous Pd catalysts in 

the intramolecular direct C-H arylation of 5-(2-bromophenyl)-1-phenyl-

1H-pyrazole: interestingly, FibreCat 1000-D7 afforded the pyrazolo[1,5-

f]phenanthridine product in 53% yield, with respect to 60% yield of 

the homogeneous Pd(OAc)2.26 Actually, its application appeared quite 

limited, due to the modest thermal stability of the polymer support of 

FibreCat 1000-D7, responsible of a severe palladium leaching into the 

solution, and subsequent metal contamination of the corresponding 

product. More recently, Takagi et al. applied Pd(OH)2/C catalyst for the 

synthesis of amide-bridged ladder poly(p-phenylene) polymer P12 by 

intramolecular direct ortho-arylation of a suitable precursor polymer P11 

(Scheme 7); also in this case it was not possible to evalutate the 

sustainability of the protocol (which was, among other things, limited to 

a single substrate), as no studies of recyclability and heterogeneity were 

perfomed.27 

2.1.2. Recoverable palladium catalysts for direct C-H bond arylation 

of N-heteroarenes. Supported Pd species have found wide application 

as recoverable and reusable catalysts in the direct C-H bond arylation of 

both monocyclic and bicyclic N-heteroarenes. 
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Scheme 7. Synthesis of amide-bridged ladder poly(p-phenylene) P11 by intramolecular 

direct ortho-arylation of polymer precursor P12 catalysed by Pd(OH)2/C, reported in 2015 by 

Takagi et al.27 

To the best of our knowledge, the first example of direct C-H arylation 

of (hetero)arenes catalyzed by a supported Pd catalyst was reported in 

1982 by Nakamura et al. for a monocyclic N-heteroaromatic substrate: 

aiming to synthesize analogues of muscimol, a bioactive product 

extracted from Amanita muscaria fungi, the phenylation of substituted 

isoxazoles with iodoarenes was performed with commercially available 

Pd/C, although low yields (43-47.5%) of the final products were 

obtained.28 It is worth to emphasize that the use of Pd/C was here tested 

simply as one of the commercially available palladium catalyst, rather 

than to a real need of more environmental friendly experimental 

conditions. A preliminary investigation for evaluating the use of Pd/C in 

place of homogeneous Pd(OAc)2 in regioselective direct C-2 arylation of 

azoles 13-15 was performed by Bellina et al.: reactions were performed 

with p-iodoanisole 16, at 140 °C in DMF with 5 mol% of Pd/C (10 wt.%) 

and 2 equiv. of CuI.29 Interestingly, if the reaction of 1-phenyl-1H-

imidazole 13 afforded the corresponding C2-arylated product 17 in high 

yield (90%), products 18-19 were obtained in lower yields (41-62%) 

(Scheme 8). However, the use of homogeneous Cu(I) iodide as co-

catalyst, together with the absence of recyclability tests, reduces the 

potential sustainability of the protocol. 

 
Scheme 8. Preliminary studies for the use of recoverable Pd/C catalyst in regioselective direct 

C2 arylation of azoles 13-15 reported by Bellina et al.29 

In 2016, Ackermann and Vaccaro reported an appealing application of 

Pd/C as reusable heterogeneous catalyst for the direct C-H arylation of 

1,2,3-triazoles in biomass-derived γ-valerolactone as environmentally-

benign reaction medium: their procedure was successfully applied to a 

wide range of triazoles and aryl bromides, and Palladium catalyst could 

be recycled and reused without loss of activity and with very low leaching 

(3.6-5.5 ppm).30 The same protocol was efficiently performed in 

continuous flow conditions, which allowed for an optimal reuse and 

durability of the Pd/C catalyst.31 The possibility of combining highly 

sustainable experimental conditions with the typical facilities of flow 

chemistry make this study very appealing for synthetic organic chemists 

working in the field of the Green Chemistry: it enabled an optimal reuse 

and durability of the catalyst, which combined with the simple 

purification of the products and the recovery of the solvent made such 

protocol operationally simple and very efficient in terms of waste 

minimization and a low E-factor. 

Very recently, our research group described a solvent-free protocol for 

direct C-H bond arylation of 1,2,3-triazoles based on commercial Pd/C, 

performed at 110 °C for 24 h in the presence of Bu4NOAc as base: 1,4-

disubstituted 1,2,3-triazoles 20 were treated with several functionalized 

aryl iodides, affording 1,4,5-trisubstituted triazoles 21 with yields ranging 

from 45 to 81% (Scheme 9).32 Recycling tests on Pd/C catalyst showed an 

unchanged catalytic activity until the third run, while halving of activity 

was detected at the fourth cycle. 

 

Scheme 9. Direct C-H arylation of 1,2,3-triazoles 20 with aryl iodides based on commercial 

Pd/C catalyst, developed very recently by our research group.32 

Doucet et al. reported in 2018 a very extended work, where 1 mol% 

of heterogeneous catalyst Pd/C promoted very efficiently the direct 

C-H arylations of many monocyclic N-heteroaromatic substrates, i.e., 

pyrroles, thiazoles, imidazoles, isoxazoles.33 Reactions were performed 

using (hetero)aryl bromides as coupling partners, proceeding with high 

regioselectivity and in moderate to very high yields. However, although 

authors developed this protocol in combination with the use of green 

solvents, neither heterogeneity tests nor recyclability studies on the 

Pd/C were performed. Very recently, the same group applied Pd/C as 

recoverable catalyst for the C2 regioselective direct C-H arylation of N-

substituted pyrroles with functionalized benzenesulfonyl chlorides as 

non-conventional arylating agents. Although their use in direct C-H 

bond arylation reactions is still quite limited, benzenesulfonyl chlorides 

showed many advantages, such as broad availability and easy handling; 

moreover, the generation of SO2 as by-product does not represent a 

severe issue for industrial processes, as it is typically used as additive for 

some foods.34 

The Pearlman's catalyst (i.e., Pd(OH)2/C) was also used for direct C-H 

arylation of five-membered N-heteroarenes. Fagnou et al. reported its 

application in few examples of the coupling between thiazole and aryl 

iodides or bromides,23 but high metal loading (10 mol%) were required 

for obtaining the corresponding 5-arylthiazoles in satisfactory yields 

(71-82%); moreover, the use of harmful DMA as the solvent and high 

temperature (140 °C) for long reaction times (typically 24 h) made the 

protocol unattractive from the point of view of the Green Chemistry. A 

more extensive work was instead reported in 2010 by Jafarpour and co-

workers, which described the efficiency of Pearlman's catalyst in 

regioselective C-2 direct arylation of free NH-pyrroles 22 with aryl 

iodides.35 Also in this case, reactions were carried out with 10 mol% of 

Pd(OH)2/C, in triethanolamine as the solvent, for 24 h at 100 °C, giving 

the corresponding α-arylated pyrroles 23 in good yields (Scheme 10); in 

addition to the high metal loading adopted by the authors, which 

suggested a only moderate catalytic activity of Pd(OH)2/C under these 

conditions, no studies about its potential recyclability were carried out. 
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Scheme 10. C2 Regioselective direct C-H arylation of free NH-pyrroles 22 with aryl iodides 

catalysed by Pd(OH)2/C, developed in 2010 by Jafarpour and co-workers.35 

Other supported Pd catalysts have only occasionally been used for the 

direct arylation of this class of N-heteroarenes. Hierso et al. reported 

the application of palladium-polypyrrole nanocomposites Pd@PPy for 

the reaction of pyrroles and imidazoles with bromoarenes, working with 

a “leaching and re-deposition” mechanism: in other words, the 

formation of homogeneous palladium species leached into solution 

occurred during the direct C-H bond arylation process, but at the end of 

the reaction the polypyrrole support worked as a metal scavenger, thus 

allowing for their re-deposition.36 If on one hand this phenomenon was 

definitely responsible for a severe metal contamination of the coupling 

products, on the other it also allowed for moderate recycle of Pd@PPy 

catalyst. 

Commercial silica-supported catalyst SiliaCat® DPP-Pd was used in the 

direct arylation of thiazole with a brominated indoloquinoxaline, as an 

intermediate step for the synthesis of extended π-conjugated squaraine 

dyes for optoelectronic applications.37 This work was only focused on the 

synthesis and characterization of the π-conjugated dyes, so no studies 

were carried out in order to evaluate the sustainability of the method in 

terms of recyclability and/or heterogeneity of SiliaCat® DPP-Pd catalyst. 

In 2013, Shaabani and co-worker reported the synthesis of bimetallic 

copper(I) and palladium nanoparticles supported on ethylenediamine-

functionalized cellulose, used as recoverable and reusable catalyst (up 

to five cycles) for the preparation of 1,4,5-trisubstituted 1,2,3-triazoles 

through tandem 1,3-dipolar cycloaddition/direct arylation sequence.38 In 

particular, reactions were carried out by treatment of benzyl bromide 24 

with sodium azide and phenylacetylene 25 in the presence of the 

Cu(I)/PdNPs@EDAC catalyst (1.50 mol% of Cu, 3.66 mol% of Pd) and 

Et3N as base (0.5 equiv.), in DMF at 100 °C; after 2 h, the corresponding 

1,4-disubstituted 1,2,3-1H-triazole 26 was treated in situ with the aryl 

halides for further 6 h at 100 °C, affording the final 1,4,5-trisubstituted 

products 27 in high yields (80-91%) (Scheme 11). Cu(I)/PdNPs@EDAC 

showed a good recyclability, with four consecutive runs with no loss of 

activity, although its mechanism (homogeneous vs. heterogeneous) has 

not been investigated. 

Very recently Li et al. described a diimine Pd complex anchored on 

graphene oxide (named Pd-DI@GO), which acts as an efficient and 

reusable catalyst for direct C-H arylation of 2,4-dimethylthiazole with a 

large family of (hetero)aryl bromides, carried out with 0.094 mol% of Pd 

loading, in the presence of pivalic acid (2.0 equiv.) as additive and in 

DMA as the solvent, at 120 °C for 12 h, allowing in most cases for high 

yields (> 85%) of the coupling products.39 

 

Scheme 11. Tandem 1,3-dipolar cycloaddition/direct C-H arylation sequence for the synthesis 

of 1,4,5-trisubstituted 1,2,3-1H-triazoles 27 catalysed by Cu(I)/PdNPs@EDAC, developed in 

2013 by Shaabani and co-worker.38 

Moving to bicyclic N-heteroarenes, indole is definitely the most 

investigated substrate in the direct C-H arylation with supported Pd 

catalysts. The first study was reported in 2006 by Djakovitch et al.: two 

different palladium catalysts, i.e., microporous [Pd(NH3)4]/NaY and 

mesoporous Pd/SBA-15, were used in the synthesis of 2-substituted free 

NH-indoles and their following regioselective C3 arylation with aryl 

bromides.40 Although recycling and leaching tests of both Pd catalysts 

were evaluated only for the step of indole synthesis, results suggested a 

dissolution-redeposition equilibrium for microporous [Pd(NH3)4]/NaY 

and a merely heterogeneous mechanism for mesoporous Pd/SBA-15. 

Despite its lower performance in process sustainability due to significant 

metal leaching, [Pd(NH3)4]/NaY was then used by the same group in 

direct C3 arylation of 2-substituted free NH-indoles with a larger number 

of aryl bromides.41 

Cao et al. carried out detailed studies on the application of Palladium 

supported on metal-organic frameworks as efficient catalysts for the 

direct C2 arylation of indoles. In 2011, they prepared highly dispersed 

Pd nanoparticles encapsulated in the mesoporous cages of the metal-

organic framework MIL-101(Cr), named Pd/MIL-101(Cr), that exhibited 

extremely high catalytic activity in the C2 regioselective direct arylation 

of substituted indoles 28 with aryl iodides, carried out in the presence 

of CsOAc, in DMF at 120 °C to give the corresponding 2-arylated 

products 29 in 49-91% yields (Scheme 12, path a).42 More 

interestingly, the same catalytic system was used in another work for a 

similar C2 direct arylation of free NH and substituted indoles 28 with aryl 

boronic acids, performed under mild conditions (acetic acid, CH2Cl2, 60 

°C, 4 h) and in the presence of O2 as oxidant, affording 2-arylindoles 30 

with yields up to 92% (Scheme 12, path b).43 In both these studies, 

Pd/MIL-101(Cr) catalyst showed low metal leaching (0.4 ppm and 0.9 

ppm in the reactions with aryl iodides and boronic acids, respectively), 

probably because Pd nanoparticles hardly escape from the mesoporous 

cages of MIL-101 support, having dimension of 2.9 and 3.4 nm, through 

microporous windows (with 1.2 and 1.4 nm of diameter). Moreover, 

Pd/MIL-101(Cr) exhibited good recyclability in the direct arylation 

reactions of N-methylindole: up to five runs with iodobenzene and up to 

six runs with phenyl boronic acid. 
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Scheme 12. Application of recoverable Pd/MIL-101(Cr) catalyst to the C2 regioselective direct C-H arylation of substituted indoles 28: (a) synthesis of 2-arylindoles 29 by reaction with aryl 

iodides as arylating agents; (b) synthesis of 2-arylindoles 30 by reaction with aryl boronic acids as arylating agents. 

Recently, the same group chose the perfluoroalkane-functionalized 

mesoporous metal-organic framework NU-1000 as a hydrophobic 

platform to encapsulate ultrafine palladium nanoparticles for direct C-H 

arylation of indoles with aryl iodides in water: reactions seems to occur 

in heterogeneous phase, although the authors could not completely 

exclude the possibility of leached active palladium species redeposited 

on the support after the coupling reaction.44 

Although commercial Pd/C catalyst has found several applications in 

the direct C-H arylation of indoles, it was first examined in some 

comparative studies with other homogeneous and heterogeneous Pd 

catalysts. Unfortunately, these works did not investigate its recyclability 

and heterogeneity: Schmidt et al. focused on the different regioselectivity 

(C2 vs. C3) depending on the type of Pd precursor (i.e., soluble vs. 

supported),45 while Fairlamb et al. compared their catalytic activity in 

the model reaction of N-methylindole with diphenyliodonium 

tetrafluoroborate.46 It is evident that both protocols were not carried out 

from the Green Chemistry point of view: on one hand, the study of 

Schmidt et al., involving the use of homogeneous catalytic species, 

undoubtedly involved a metal contamination of the coupling products; 

on the other, the investigation of Fairlamb et al. was based on the use 

of an aryliodonium salt as arylating agent, which is far from the typical 

features required by the atom economy. 

A more consistent investigation was reported only in 2020, when Bora 

and co-workers described the use of palladium-on-carbon in the C2 

regioselective direct C-H arylation of functionalized N-methylindoles 31 

with various aryl boronic acids: reactions were performed in MeOH at 

50 °C for 7 h, using 5 mol% of Pd/C catalyst and 40 mol% of silver 

trifluoroacetate as oxidant, affording the corresponding 2-aryl N-

methylindoles 32 in yields ranging between 65 and 88% (Scheme 13).47 

Hot filtration test revealed residual Pd level (<0.01 ppm)in the filtrate, 

suggesting the heterogeneous nature of active catalyst species; 

moreover, Pd/C catalyst was recycled four times with only a little loss in 

reactivity, probably due to the physical loss of the catalyst rather than 

to metal leaching. Despite these invaluable advantages, it is worth to 

emphasize that the use of boronic acids as arylating agents involved here 

the production of boron salts as by-products, which could still 

contaminate the coupling products, although their removal is generally 

easier with respect to palladium. 

Very recently, Pd/C was successfully applied by Vaccaro et al. in the C2 

direct arylation of free NH indoles with diaryliodonium salts as arylating 

agents: reactions worked well for 5-substituted indoles (30-93% yields), 

but it failed with 3-methyl indole.48 Despite diaryliodonium salts are 

typically characterized by a low atom economy, such protocol exhibited 

a great attention to sustainability, corroborated by the use of 

Polarclean/water as safe and recoverable reaction medium, and by the 

good recyclability of Pd/C (up to six runs) without lowering the yield and 

low Pd leaching (≤ 1.0 ppm). 

 
Scheme 13. Pd/C catalysed, C2 regioselective oxidative direct C-H arylation of functionalized N-

methylindoles 31 with various aryl boronic acids, developed in 2020 by Bora and co-

workers.47 

Veisi and co-workers reported the use of Pd nanoparticles supported on 

biguanide(metformin)-functionalized single-walled carbon nanotubes 

(Pd/Met-SWCNT) in the C3 regioselective direct C-H arylation of indole 

33 with aryl bromides/chlorides to give β-arylindoles 34; interestingly, 

working under the same conditions with aryl iodides, the corresponding 

C-N coupling occurred to give the N-arylated indoles 35 (Scheme 14).49 

Reactions were carried out with a low metal loading (0.2 mol%), but at 

the same time they required DMF as harmful and toxic solvent, and a 

prolonged thermal heating (120 °C for 6 h), which represented a severe 

limit to the sustainability of the protocol. Although heterogeneity tests 

were only performed on a model C-N coupling, ICP-AAS analysis of the 

filtrate obtained by hot filtration test showed very low Pd leaching (150 

ppb). 

 

Scheme 14. Regioselective direct C-H arylation of indole 33 catalysed by Pd/Met-SWCNT, 

developed in 2015 by Veisi and co-workers:49 with aryl bromides/chlorides as arylating agents, 

3-arylindoles 34 were obtained; with aryl iodides, N-arylated indoles 35 were isolated. 

Recoverable palladium catalysts supported on silica-based materials 

were also applied in the direct C-H arylation of indoles. In 2011, Cai et 

al. reported the preparation of fluorous silica gel-supported palladium 
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nanoparticles (named Pd/FSG) and their application in C2 arylation of 

N-substituted indoles with aryl iodides and bromides.50 Hot filtration 

test suggested that reactions may proceed over the catalyst surface in 

heterogeneous fashion, although they did not exclude the possibility that 

redeposition of leached active Pd species could occur at the end of 

reactions (i.e., according to a “leaching and re-deposition” mechanism). 

A C2 regioselective direct C-H arylation of N-methyl and free-NH indoles 

36 with aryl boronic acids promoted by triazole-Pd complex anchored on 

SiO2-coated magnetic nanoparticles (named Fe3O4@SiO2-triazole-Pd) 

was described in 2014 by Wang and co-workers: a considerable 

palladium loading was required (2.0 mol%), but the catalyst showed 

good sustainability due to its high recyclability (up to 8 runs) and very 

low leaching (< 0.20 ppm), limiting the possibility of a Pd contamination 

of the arylated products, although the formation of boron salts as by-

products still represented a major issue for the sustainability of the 

protocol.51 Reactions were carried out under acid conditions (H2SO4, 0.5 

equiv.) in the presence of K2S2O8 as oxidant, at room temperature in 

methanol as the solvent, affording the corresponding 2-arylindoles 37 in 

good yields (Scheme 15). 

 

Scheme 15. C2 regioselective oxidative direct C-H arylation of N-methyl and free-NH indoles 36 

with aryl boronic acids catalysed by Fe3O4@SiO2-triazole-Pd, developed in 2014 by Wang and 

co-workers.51 

In the same year, Yamada et al. developed a silicon nanowire array-

stabilized palladium nanoparticle catalyst (also called SiNA-Pd), which 

was successfully applied on several Pd-catalyzed reactions, including 

direct C-H bond arylation of N-methyl indoles, performed with a low 

palladium loading (0.3 mol%); moreover, SiNA-Pd seems to show very 

high recyclability (10 runs with no loss of activity), although it was only 

performed on a Mizoroki-Heck coupling as model reaction.52 In fact, the 

present study was focused on the synthesis and characterization of the 

supported material, rather than to the development of a sustainable and 

green synthetic protocol. Among other Pd catalysts supported on 

inorganic matrices in the direct C-H arylation of indole, McGlacken et 

al. used PdO-Fe3O4: it was easily removable but not recyclable, since 

it resulted totally deactivated after the first run, due to a substantial 

changes in both Pd particle distribution and size (observed by TEM 

microscopy), rather than of a metal leaching into the solution.24 

Few examples of direct arylation of indoles catalyzed by recoverable Pd 

catalysts on organic supports have been also reported. Wan et al. 

described the use of palladium nanoparticles supported on ordered 

mesoporous hybrid polymer-based materials (called Pd/ODDMA-MP) 

in a sustainable direct arylation protocol of functionalized N-methyl and 

free-NH indoles 38 with aryliodonium salts: reactions were performed 

in water as solvent, at 60 °C for 12 h, affording the corresponding 2-

arylated indoles 39 almost in all cases with high yields (Scheme 16).53 

Pd/ODDMA-MP was recycled eight times without notable activity loss, 

particle aggregation or structural destruction; moreover, hot filtration 

and mercapto-functionalized silica poison tests provided evidence of 

the negligible palladium leaching in the solution.  

 

Scheme 16. C2 regioselective direct C-H bond arylation of N-methyl and free-NH indoles 38 

with aryliodonium salts using palladium nanoparticles supported on ordered mesoporous 

hybrid polymer-based materials (Pd/ODDMA-MP).  

In 2017, Somorjai et al. reported the preparation of PolyAMido AMine 

(PAMAM) dendrimer-stabilized palladium nanoparticles, which were 

used as excellent catalyst in several synthetic transformations, including 

preliminary C2 regioselective direct C-H bond arylation of indole with 

diphenyliodonium tetrafluoroborate.54 The catalyst was used with 0.75 

mol% in water as the solvent at 60 °C, although in our opinion the need 

of 2.0 equiv. of the iodonium salt (an arylating agent with low atom 

economy) represents a major drawback for the sustainability of this 

protocol. Very recently, low cost palladium nanoparticles stabilized by 

black pepper extract were used by Dateer and co-workers in the direct 

arylation of indole with aryl iodides, which unfortunately showed low 

recyclability attributable to severe metal leaching.55 

Supported Pd species have found successful application as recoverable 

catalysts also in the direct arylation of other bicyclic N-heteroarenes, 

i.e., imidazopyridines, imidazopyrimidines, adenines and quinolines. In 

2013, Lee et al. investigated the direct C-H arylation of imidazo[1,2-

a]pyridine with aryl bromides of different stereo-electronic properties 

in the presence of bimetallic Pd-Fe3O4 heterodimer nanocrystals (1 

mol%), affording the corresponding arylated products with complete C3 

selectivity: in this case no heterogeneity tests were performed, but Pd-

Fe3O4 catalyst exhibited high recyclability (10 runs by keeping almost 

the same product yield).56 However, the use of very high temperatures 

(166 °C) for a prolonged time (12 h) could represent a not negligible 

limitation for the sustainability of this protocol. Gryko and co-workers 

reported instead the use of Pd(OH)2/C as supported catalyst for the first 

case of double head-to-tail direct arylation of aromatic compounds: the 

bis-imidazo[1,2-a] pyridine 41 was obtained in 57% yield by reaction of 5-

bromoimidazo [1,2-a]pyridine 40 (Scheme 17);57 however, since the 

study was mainly focused on the synthesis and characterization of this 

material, no studies about recyclability and heterogeneity have been 

performed.  

 

Scheme 17. Synthesis of bis-imidazo[1,2-a]pyridine 41 by dimerization of 5-bromoimidazo[1,2-

a]pyridine 40 via direct C-H bond arylation reaction promoted by the Pearlman's catalyst 

Pd(OH)2/C.  
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More recently, Metin et al. described the direct C-H bond arylation of 

imidazo[1,2-a]pyridine 42 with aryl iodides and bromides using Ni@Pd 

core-shell nanoparticles on reduced graphene oxide (rGO-Ni@Pd) to 

give the corresponding 3-arylated products 43 in satisfactory yields 

(77-96%).58 Reactions were carried out in DMA at 130 °C for 24, in the 

presence of KOAc as base (Scheme 18); however, although the catalyst 

has been described as reusable and heterogeneous, it actually showed a 

moderate loss of activity in recyclability tests. Since authors did not 

perform hot filtration tests and/or metal leaching analysis, we are not 

able to to establish whether this moderate loss of catalytic activity was 

really due to a leaching of the metal into the solution, rather than to the 

aggregation of the metal nanoparticles or to a partial deactivation due 

to the adsorption of the substrates on the nanoparticles surface. 

 

Scheme 18. Direct C-H bond arylation of imidazo[1,2-a]pyridine 42 with aryl iodides and 

bromides using rGO-Ni@Pd catalyst, reported in 2018 by Metin et al.58  

A highly sustainable protocol for direct C-H arylation of heteroarenes, 

including imidazo[1,2-a]pyridines and imidazo[1,2-b]pyridazines, with 

para-substituted aryl bromides has been developed by Doucet and co-

workers in 2018: the use of commercial Pd/C catalyst (at 1 mol% or 10 

mol% loading) has been associated to 3-methylbutan-1-ol as a green 

solvent, affording the corresponding C3 arylated products in excellent 

yields (90-96%).33 Fagnou et al. reported instead the use of Pearlman's 

catalyst Pd(OH)2/C in few examples of direct C-H bond arylation of 

imidazo[1,2-a]pyrimidines with aryl bromides, performed with KOAc as 

base and DMA as a solvent, at 140 °C for 12-24 h.23 

The same catalyst (i.e., Pd(OH)2/C) was chosen by Alami and co-workers 

for the of direct C-H arylation of free-(NH2) adenines. In the first work, 

aryl iodides were used as arylating agents: in the presence of Pd(OH)2/C 

(5 mol%), CuI (3.0 equiv.) as co-catalyst, Cs2CO3 (2.5 equiv.) as base, NMP 

as solvent and under microwave irradiation, 8-aryladenines have been 

obtained in good yields (42-90%) and short reaction times (0.25-1 h).59 

In a following paper, the same authors extended their protocol to aryl 

chlorides: working under similar conditions but under thermal heating at 

160 °C instead of microwave irradiation, the desired 8-aryladenines were 

synthesized in 54-94% yields.60 Unfortunately, in both cases no studies 

on the potential recyclability and heterogeneity of palladium catalyst 

were performed, casting shadows on the real sustainability of the 

process. 

Finally, in 2020 Yadav et al. developed an interesting method for the 

synthesis of 3-arylquinolines 45 by C3 regioselective direct C-H bond 

arylation of different quinolines 44 with diaryliodonium salts having 

electron donating and electron withdrawing groups (1.2 equiv.), in the 

presence of palladium nanoparticles (named Palladium nanocatalyst, Pd 

NC) as recoverable catalyst, in DMF at 120 °C for 8 h (Scheme 19).61 The 

recyclability of Pd NC was shown up to five runs, while hot filtration test 

revealed a negligible metal leaching (3.389 ppb of Pd by ICP-MS 

analysis). If the protocol appeared quite sustainable from the point of 

view of the catalyst, the same is not true for both the reaction medium 

(due the use of toxic DMF) and the arylating agent (due to the typical 

low atom economy of aryliodonium salts, affording a large amount of 

by-products); moreover, the need of 1.5 equiv. of Cu(OAc)2 as oxidant 

represents definitely a further issue of the procedure, as homogeneous 

copper species could contaminate the coupling products. 

 

Scheme 19. C3 regioselective direct C-H bond arylation of quinolines 44 with diaryliodonium 

salts using Palladium nanocatalyst, reported in 2020 Yadav et al.61 

2.1.3. Recoverable palladium catalysts for direct C-H bond arylation 

of O-heteroarenes. The first application of a recoverable Pd catalyst in 

direct C-H bond arylation of O-heteroarenes was reported in 2011 by 

Hierso et al.: palladium-polypyrrole nanocomposites Pd@PPy were 

successfully applied in the direct arylation reactions of 2-n-butylfuran 46 

with bromoarenes, affording the α-arylated products 47 in 58-97% yields 

(Scheme 20).62 Recycling tests and post-catalysis characterization of 

Pd@PPy in the reaction of 2-n-butylfuran with 4-bromobenzonitrile 

supported the hypothesis of a “leaching and re-deposition” mechanism, 

which unfortunately does not exclude a potential metal contamination 

in the coupling products. 

 

Scheme 20. Direct C-H arylation of 2-n-butylfuran 46 with bromoarenes using palladium-

polypyrrole nanocomposites Pd@PPy, reported in 2011 by Hierso et al.62 

More recently, Koizumi and co-workers used commercial Pd/C as solid-

supported catalyst for the direct C-H arylation polycondensation of furan 

48 with 2,7-dibromo-9,9-dioctylfluorene 49 under ligand-free 

conditions: working in DMA at 100°C, in the presence of K2CO3 as base 

and pivalic acid as additive, alternating co-polymers P50 were obtained 

in 12-42% yields and molecular weight Mn of 4800-9600 (Scheme 21).63 

Although a comparison between homogeneous Pd(OAc)2 and supported 

Pd/C reactivity has been explored, no studies of recyclability and/or 

heterogeneity have been taken into account. This represent a very 

critical point from the point of view of the method sustainability, since 

the purification procedures of polymers from metal traces are typically 

more complicated than those of small molecules. 
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Scheme 21. Application of recoverable Pd/C catalysts to the direct C-H arylation polymerization of furan 48 with 2,7-dibromo-9,9-dioctylfluorene 49 under ligand-free conditions for the synthesis 

of alternating co-polymers P50. 

Commercial Pd/C was also applied in few other examples of direct C-H 

arylation of furans and benzofurans in the framework of more extensive 

works: Fairlamb et al. compared its performance with those of other 

palladium catalysts (i.e., Pd2(dba)3, Pd(OAc)2 and PVP-Pd) in the reaction 

with diphenyliodonium tetrafluoroborate;46 Doucet et al. studied the 

reaction with selected aryl bromides in different solvents,33 and very 

recently also with benzenesulfonyl chlorides as alternative arylating 

agents.34 Therefore, commercial Pd/C proved to be a robust and very 

versatile catalyst, with successful application to arylating agents having 

different features and chemical reactivity: from the poorly sustainable 

iodonium salts to the highly environmental benign sulfonyl chlorides. 

In 2016, McGlacken and co-workers described a C2 regioselective direct 

C-H arylation of benzofurans with diaryliodonium salts catalyzed by Pd 

impregnated on magnetite (PdO-Fe3O4), which was found to be an 

efficient, cheap and easily accessible system.24 Although reactions 

required high palladium loading (10 mol%), 2-arylbenzofurans were 

obtained in good yields (55-84%); unfortunately, PdO-Fe3O4 was easily 

removable (by simply using a magnet) but not recyclable, since it was 

totally deactivated after the first run. This phenomenon was due to a 
substantial changes in both Pd particle distribution and size (observed by 

TEM microscopy), rather than of a metal leaching into the solution. 

However, a major drawback in the present protocol was the use of 

diaryliodonium salts as arylating agents, characterized by a low atom 

economy and thus producing a large amount of co-products, requiring 

tedious purification procedures. 

Recently, a comparison between N-heterocyclic carbene-palladium 

magnetic nanoparticles (NHC-Pd@MNPs) and black pepper extract-

stabilized palladium nanoparticles in the C2 regioselective direct C-H 

bond arylation of benzofuran 51 with aryl iodides was reported by 

Dateer et al.55 In both cases, reactions were carried out with 2 mol% of 

the palladium catalyst, with 1.1 equiv. of sodium acetate as base, in 

DMSO at 120 °C for 24 h, affording the corresponding 2-arylbenzofuran 

52 in good yields: 66-87% with NHC-Pd@MNPs; 71-90% with black 

pepper extract-stabilized Pd nanoparticles (Scheme 22). On one hand, 

NHC-Pd@MNPs catalyst could not be recycled due to its high solubility 

in the reaction medium; on the other, the pepper extract-stabilized Pd 

nanoparticles are definitely more interesting from the point of view of 

Green Chemistry as based on economically cheap and environmental 

friendly materials, but actually they showed only modest recyclability 

attributable to a severe metal leaching. However, a severe issue of both 

protocols is the need of a large excess (i.e., 4.0 equiv.) of the aryl iodide, 

thus producing also a significant amount of organic waste. 

 

Scheme 22. Direct C-H bond arylation of benzofuran 51 with aryl iodides promoted by NHC-

Pd@MNPs and black pepper extract-stabilized palladium nanoparticles.  

2.1.4. Recoverable palladium catalysts for direct C-H bond arylation 

of S-heteroarenes. Among S-heteroarenes, thiophene ring is definitely 

one of the most investigated substrates in direct C-H arylation with 

supported palladium catalysts, not only for the synthesis of π-conjugated 

small molecules, but also to obtain polythiophenes and thiophene-based 

co-polymers. 

Pd/C catalyst has been widely used for this purpose. The first work was 

reported by Glorius et al. in 2014: a wide range of monofunctionalized 

thiophenes 53 were treated in EtOH at 60 °C with diaryliodonium salts 

(1.4 equiv.) as arylating agent and Pd/C(5 mol%) as catalyst, affording β-

arylthiophenes 54 through C3 regioselective direct arylation reaction 

(Scheme 23).64 Interestingly, authors performed several studies (three-

phase test, hot filtration test, Hg-poisoning test) in order to identify the 

active species: although Pd/C is often reported to act as a reservoir for 

Pd species in solution, all the experiments suggested a heterogeneous 

mechanism, showing a marked sustainability of the protocol. The same 

protocol was used by Fairlamb et al. in the model reaction of 2-n-

butylthiophene with diphenyliodonium tetrafluoroborate, in order to 

compare its performance with those of Pd2(dba)3 and Pd(OAc)2.46  

 
Scheme 23. C3 regioselective direct C-H bond arylation of functionalized thiophenes 53 with 

aryliodonium salts catalysed by Pd/C, developed by Glorius et al. in 2014.64 
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Scheme 24. Palladium immobilized on thiol-modified silica gel chloride counter anion (PITS-Cl) as efficient and recoverable catalyst for the direct C-H bond arylation polymerization 

of 2-bromo-3-hexylthiophene 55 with unsymmetrical monothienoisoindigo units. 

Doucet et al. reported the reaction of 2-functionalized thiophenes with 

aryl bromides, which were carried out in DMA at 150 °C using 1 mol% of 

Pd/C and KOAc (2 equiv.) as the base: in this case, C2 regioselective 

arylation occurred, giving the corresponding α-arylthiophene as the 

only product.33 Some representative reactions were also repeated in 

green solvents (e.g., alcohols, diethylcarbonate, cyclopentyl methyl 

ether) in order to improve the process sustainability, but recyclability 

and/or heterogeneity of the catalytic system were not investigated. In 

2020 the same research group used Pd/C catalyst in the reaction of 2-

methylthiophene with benzenesulfonyl chlorides as non-conventional 

arylating agents: interestingly, in this case a C3 selective direct arylation 

was observed, with the formation of β-arylthiophenes in modest to 

good yields (21-79%).34 As already mentioned above, the use of 

benzenesulfonyl chlorides as arylating agents showed many advantages 

in the context of the Green Chemistry, in particular broad availability and 

easy handling; moreover, the generation of SO2 as by-product does not 

represent an issue, as it is typically used as additive for some foods. 

Koizumi and co-workers showed the use of Pd/C for the synthesis of 

thiophene-based polymers via direct C-H arylation reactions. In 2015, 

they reported the homo-polymerization of 2-bromo-3-hexylthiophene 

using Pd/C (2.5 mol%), in the presence of K2CO3 (3.0 equiv.) and pivalic 

acid (1.0 equiv.), at 100 °C in DMA or NMP as the solvent: the resulting 

poly(3-hexylthiophene)s were obtained in good yields (34-91%), good 

head-to-tail regioregularity (94-97%) and high molecular weights (Mn 

= 5000-16300).65 In the same work preliminary direct C-H arylation co-

polymerization of thiophene with 2,7-dibromo-9,9-dioctylfluorene was 

also described, but a more detailed investigation was performed in a 

following paper: yields up to 72% and molecular weights Mn up to 8600 

were obtained.63 The same authors also reported the direct C-H 

arylation polymerization of 2-bromo-3-hexylthiophene catalyzed by the 

Pearlman's catalyst (Pd(OH)2/C): the resulting polymers showed 

properties similar to those obtained with Pd/C, but polymerization was 

faster (i.e., 8-18 h for Pd(OH)2/C vs. 48 h for Pd/C).65 Although these 

studies emphasized the benefits of using a supported catalyst, authors 

did not investigate its reusability and heterogeneity, which leaves open 

the question of the real sustainability of these protocols. Moreover, 

such direct C-H bond arylation polymerizations were typically carried 

out in DMA as reaction medium and at high temperatures for long 

reaction times, i.e., experimental conditions which hardly fit with the 

Twelve Principles of the Green Chemistry. 

Palladium species deposited on other inorganic matrices were 

synthesized and tested as catalysts in different reactions, including a 

few representative examples of direct arylation of thiophenes. Xi and 

Jia’s groups developed a Pd(II) salt on the surface of functional reduced 

graphene oxide (named Pd(II)-FRGO), which was applied to the direct 

α-arylation of 2-ethylthiophene with aryl bromides bearing different 

stereo-electronic properties, carried out in DMF at 140 °C and in the 

presence of cesium acetate as the base, affording 2-arylthiophenes in 

67-85% yields.66 Yamada and co-workers reported the α-arylation of 

2-methyl- and 2-ethylthiophene with iodobenzene catalyzed by 

SiNA-Pd, i.e., silicon nanowire array-stabilized palladium nanoparticle 

catalyst; reactions were carried out with a low palladium loading (0.3 

mol%); SiNA-Pd showed here a very high recyclability (10 runs with no 

loss of activity), although it was only performed on a Mizoroki-Heck 

coupling as model reaction.52 In fact, the study was mainly focused on 

the synthesis and characterization of the material, rather than to the 

development of a sustainable and green synthetic protocol. 

McGlacken et al. described few examples of regioselective β-arylation of 

thiophenes promoted by Palladium impregnated on magnetite (PdO-

Fe3O4).24 It was found to be an easily removable catalyst, i.e. by simply 

using a magnet, but not recyclable, with a complete deactivation was 

observed after the first cycle , due to a substantial changes in both Pd 

particle distribution and size observed by TEM analysis. Hayashi and co-

workers used PITS-Cl, that is, Pd immobilized on thiol-modified silica gel 

chloride counter anion for the polymerization via direct arylation of 2-

bromo-3-hexylthiophene 55 with monothienoisoindigo units, to 

synthesize the donor-acceptor regioregular random copolymers P56 

(Scheme 24).67 As with most direct C-H bond arylation polymerization 

investigations, here authors were primarily interested in the synthesis 

and characterization of the material, rather than in a real and concrete 

interest in the development of a green and sustainable polymerization 

protocol. 

However, one of the most important supported palladium catalyst used 

in the last few years for the direct C-H arylation of thiophene systems 

is commercial SiliaCat® DPP-Pd, i.e., a diphenylphosphine palladium(II) 

complex covalently anchored to silica through a linear alkyl spacer. It 

was applied for the first time in 2015 by the Welch’s research group for 

the synthesis of a thiophene-phthalimide molecular semiconductor 59: 

bithiophene 57 was treated with 4-bromo-N-hexylphthalimide 58 at 

100 °C under microwave irradiation, using K2CO3 as the base, pivalic 

acid as additive and DMF as the solvent (Scheme 25).68 Interestingly, 59 

was obtained after 30 min in 87% yield, significantly higher than that 

observed using homogeneous Pd(OAc)2 under the same conditions 

(67%). 
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Scheme 25. Synthesis of thiophene-phthalimide molecular semiconductor 59 via direct C-H 

bond arylation catalysed by commercial SiliaCat® DPP-Pd catalyst, reported in 2015 by Welch 

and co-workers.68 

The authors successfully used the same catalytic system for the 

preparation of diketopyrrolo[3,4-c]pyrrole69 (DPP)-based small molecules 

64-66 for organic electronics, by direct C-H arylation of the thiophene 

rings of bis-thienylDPP derivatives 60 with brominated phthalimides 

61,70 benzothioxanthenes 6271 and perylene diimides 63 (Scheme 

26).72 More recently, SiliaCat® DPP-Pd was also used by Welch et al. in 

the direct C-H arylation polymerization of a bis-thienylDPP derivative 

with 2,7-dibromo-9,9’-spirobifluorene, affording the corresponding co-

polymer in good yield (88%) and molecular weight (Mn = 10900),73 as 

well as in the synthesis of a borane-containing non-fullerene acceptor 

by direct arylation of the thiophene rings of a bisthienylborane with a 

brominated perylene diimide derivative.74 It is worth emphasizing that 

also in this case the works focused on the synthesis of π-conjugated 

materials, rather than on the development of a general direct arylation 

protocol: therefore, a complete evaluation of the recyclability and 

heterogeneity of SiliaCat® DPP-Pd in these reaction is missing, although 

authors have repeatedly highlighted all the advantages of its use 

compared to other homogeneous Pd catalysts. 

Palladium catalysts supported on organic matrices were hardly used in 

direct C-H bond arylation of thiophenes. In 2011 Hierso et al. described 

the application of palladium-polypyrrole nanocomposites (Pd@PPy), 

in representative reactions of 2-n-butylthiophene with bromoarenes.62 

The catalyst worked through a “leaching and re-deposition” mechanism: 

the formation of homogeneous palladium species leached into solution 

occurred during the direct C-H bond arylation process, but at the end of 

the reaction the polypyrrole support worked as a metal scavenger, thus 

allowing for their re-deposition. 

 

Scheme 26. Synthesis of several DPP-based small molecules 64-66 for organic electronics by direct C-H arylation of the thiophene rings of bis-thienylDPP derivatives 60 with brominated 

phthalimides 61, benzothioxanthenes 62 and perylene diimides 63 catalysed by commercial SiliaCat® DPP-Pd catalyst. 
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Recently, Patil and co-workers reported the preparation of palladium 

nanoparticles dispersed in cellulose, isolated from agriculture residue 

(sugarcane bagasse), as dip catalyst for the α-arylation of 2-substituted 

thiophenes with aryl iodides and bromides as arylating agents.75 The 

catalytic system showed a moderate recyclability (3 runs without loss 

of activity), although Pd content of the dip catalyst was found to be 

3.86% w/w after the 3rd cycle, with respect to the starting 4.12% w/w 

loading. However, the use of cellulose from agriculture waste as a 

catalyst support is definitely very attractive from the point of view of the 

global sustainability of the process. 

Few examples of recoverable palladium catalysts have been reported 

also for the direct C-H arylation of bicyclic S-heteroarenes, including 

3,4-ethylenedioxythiophene (EDOT), thieno[3,4-c]pyrrole-4,6-dione and 

benzothiophene. Hayashi et al. studied in detail the EDOT scaffold: in 

2016, they designed a Pd catalyst immobilized on thiol-modified silica 

gel (named PITS), which was successfully applied in the direct arylation 

of EDOT with bromo- and dibromo-(hetero)arenes for the synthesis of 

small molecules and polymers;76 in 2017, they focused on commercial 

Pd/C for the preparation of alternating co-polymers by direct arylation 

polycondensation of EDOT with various dibromoarenes.77 Very recently, 

Vellayan et al. instead proposed the use of a Pd catalyst supported on 

montmorillonite clay, which was found to be effective for the synthesis 

of EDOT-based small molecules by direct arylation of EDOT with aryl 

bromides.78 Interestingly, this catalytic system (named MPd500 by the 

authors) worked through a substantially heterogeneous mechanism, as 

confirmed by hot filtration (no Pd leaching was found) and recyclability 

tests (3 cycles without loss of yields). In our opinion, such system seems 

quite convenient from the point of view of the Green Chemistry, but the 

synthetic protocol still needs of further investigations, since it was carried 

out on a quite limited family of aryl bromides.  

Concerning thieno[3,4-c]pyrrole-4,6-dione (TPD), the only example was 

reported in 2018 by Welch and co-workers: symmetric perylene 

diimide-TPD-perylene diimide 68 non-fullerene acceptors for organic 

solar cells were synthesized by direct C-H arylation of TPD derivatives 

67.79 In particular, if the reaction of N-(2-ethylhexyl)-TPD worked only 

by using homogeneous Herrmann-Beller Pd catalyst, with N-n-octyl-TPD 

they successfully used SiliaCat® DPP-Pd supported catalyst, which 

allowed for easy metal separation from the reaction media and its 

possible reuse, although no recycling tests were performed there. 

(Scheme 27). 

Glorius et al. reported in 2013 the first application of a heterogeneous 

palladium catalyst, i.e., commercial Pd/C, on direct C-H bond arylation of 

benzo[b]thiophenes 69: working with aryl chlorides as arylating agents, 

in the presence of 9.4 mol% of Pd/C and 10 mol% of CuCl as a dual 

catalytic system, Cs2CO3 as the base, at 150 °C in 1,4-dioxane as the 

solvent, a completely regioselective C3-arylation was observed, with the 

formation of 3-arylbenzo[b]thiophenes 70, in most cases in good yields 

(Scheme 28).80 If the protocol scalability was demonstrated by repeating 

representative reactions on a 3 mmol scale, unfortunately efficient 

recycling of Pd/C was not established. A similar β-regioselectivity was also 

observed by McGlacken et al., using PdO-Fe3O4 as an easily removable 

catalyst in direct C-H bond arylation of benzothiophenes with 

diaryliodonium salts.24 However, compared to the study of Glorius et al., 

this method for C3 regioselective arylation of benzo[b]thiophene is in our 

opinion less convenient in the frame of the Green Chemistry, due to the 

low atom economy of the diaryliodonium salts, as well as to the 

complete deactivation of PdO-Fe3O4 after its first use, making no possible 

its recycling. 

 

Scheme 27. Symmetric perylene diimide-TPD-perylene diimide 68 non-fullerene acceptor for 

organic solar cells synthesized by direct C-H bond arylation of TPD derivative 67. 

C2 arylation of benzo[b]thiophenes with aryl iodides was described by 

Dateer et al.: they compared the performance of black pepper extract-

stabilized palladium nanoparticles, showing a modest recyclability due to 

a severe metal leaching, and N-heterocyclic carbene-Pd magnetic 

nanoparticles (NHC-Pd@MNPs), which could not be recycled due to 

their high solubility in the reaction medium.55 However, the pepper 

extract-stabilized Pd nanoparticles can be considered more interesting 

from the point of view of Green Chemistry, since they were based on 

economically cheap and environmental friendly materials. 

 

Scheme 28. First application of a heterogeneous palladium catalyst, i.e., commercial Pd/C, 

on direct C-H arylation of benzo[b]thiophenes 69: efficient protocol for the synthesis of 

3-arylbenzo[b]thiophenes 70 developed by Glorius et al. in 2013.80 
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In 2020, Doucet and co-workers reported a C3 regioselective direct C-H 

bond arylation of benzo[b]thiophenes with benzenesulfonyl chlorides as 

arylating agents.34 As already mentioned above, benzenesulfonyl 

chlorides are definitely interesting starting substrates for direct C-H bond 

arylation of heteroarenes, due to their broad availability and easy 

handling; however, in the present protocol their attempts of catalyst 

recycling failed, with a significant decrease in the product yield after 

the second run. 

Finally, for completeness we also need to mention very briefly the use of 

commercial SiliaCat® DPP-Pd by Welch et al. as supported catalyst in 

the direct C-H bond arylation reactions of other more complex S-

heteroarenes: indacenodithienothiophene,81-82 dithienophosphole,83 

and cyclooctatetrathiophene84 derivatives. It is worth pointing out that, 

despite the use of supported SiliaCat® DPP-Pd catalyst, all these works 

were actually performed under experimental conditions far from 

sustainability, with the use of toxic and harmful solvents (DMA or DMF) 

and a prolonged thermal heating; in fact, the studies were only focused 

on the development of π-conjugated materials for optoelectronic 

applications. In this context, it is clear that the potential heterogeneity 

and recyclability of the SiliaCat® DPP-Pd catalyst were not specifically 

investigated here. 

2.2. Other recoverable catalysts for direct C-H bond arylation of 

(hetero)arenes 

If palladium-based species represent the first choice as supported and 

recoverable catalysts for direct C-H arylation of (hetero)arenes, the use 

of other metal catalysts is not unusual: they generally operate through 

different mechanistic pathways, often resulting in alternative 

regioselectivity of the coupling products. Supported copper species are 

definitely the most common, due to their lower cost and good 

compatibility with environmentally friendly conditions, but few examples 

of iron, nickel, ruthenium, zirconium, aluminium, cerium and titanium-

based recoverable catalytic systems have been also reported.  

It is worth emphasizing that in this case, besides the classic metal species 

deposited on inorganic or organic matrices, a further possibility is the use 

of metal oxides or metal-organic frameworks (MOFs) acting 

themselves as catalysts, which have lower chances of metal leaching and 

therefore they could be considered as purely heterogeneous 

catalysts. 

Finally, there are also very few examples of direct C-H arylation of 

(hetero)arenes promoted by recoverable non-metal catalysts, such as 

graphitic carbon nitride, fullerene or black phosphorus, most of them 

working by photocatalytic processes. 

2.2.1. Recoverable copper catalysts for direct C-H bond arylation of 

(hetero)arenes. Interestingly, supported copper catalysts have found 

appealing application in direct meta-arylation of substituted benzene 

cores, a synthetic process which is far from trivial. In 2011, Park and Lee 

reported the first report of a direct meta-arylation of anilides 71 with 

diaryliodonium salts catalyzed by a recoverable copper catalyst, that is, 

Cu/AlO(OH): working with 0.5-4.0 equiv. of diaryliodonium salt, 1 mol% 

of copper loading, at 70 °C in dichloroethane, the corresponding meta-

arylated products 72 were obtained in most cases with yields higher 

than 60% (Scheme 29).85 A recycling test of Cu/AlO(OH) showed good 

reusability for 3 runs, after that a slow decrease in product yield was 

observed. The authors did not investigate the cause of this drawback 

(probably attributable to metal leaching or issues in the catalyst 

recovery), but they rather emphasized that the reaction mechanism 

was different from that of homogeneous copper species. 

 

Scheme 29. Direct C-H bond meta-arylation of anilides 71 with diaryliodonium salts catalyzed 

by recoverable copper catalyst Cu/AlO(OH) developed in 2011 by Park and Lee.85 

More recently, other supported copper catalysts were tested for similar 

direct meta-arylation reactions. In 2016, Hong et al. described the use 

of inside Cu-exchanged zeolites (with mid- or large-pore framework, i.e., 

β-type, Y-type and mordenite) in the direct C-H arylation of pivanilides 

with diphenyliodonium salts: a combination of computational studies, 

showing well-fitted copper-aryl complexes inside zeolite frameworks, 

and experimental analyses, testifying no leaching of catalytically active 

Cu species during reactions, proved their behaviour as heterogeneous 

catalysts.86 In a following paper, authors extended the use of Cu(II)/β-

type zeolite system to a wider family of substrates, improving the 

previous protocol with the assistance of microwave irradiation (see 

section 4.2.1).87 

Glorius et al. proposed copper oxide on magnetite (CuO/Fe3O4) as easily 

removable catalyst, by simply using a magnet, for the direct meta-

arylation of anilide derivatives 73: very interestingly, if the Pd/Fe3O4 

used in the same work for ortho-arylation showed a low recyclability 

after the second cycle (see section 2.1.1), CuO/Fe3O4-promoted meta-

arylation reactions proceeded successfully to give the corresponding 

meta-arylated products 74 in five consecutive cycles without loss of 

activity, although a lower degree of leaching was still observed (Scheme 

30).19 

 

Scheme 30. Direct C-H meta-arylation of anilide derivatives 73 promoted by CuO/Fe3O4 

catalyst, reported in 2017 by Glorius et al.19 

All the above mentioned copper-catalyzed  meta-regioselective direct C-

H bond arylation reactions of benzene cores represent definitely very 

appealing synthetic strategies in Organic Chemistry, but there are still 

some severe issues which limit their concrete interest In the field of the 

Green Chemistry: the use of diaryliodonium salts as arylating agents with 

low atom economy and of dichloroethane (DCE) as a toxic reaction 

medium, that in our opinion need to be addressed in order to improve 

such protocols towards a better sustainability. 
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Moving to N-heteroarenes, Vidavalur et al. described the use of copper 

powder as heterogeneous catalyst for the direct C-H arylation of 3,4-

diaryl-1,2,4-triazoles and 2-aryl-1,3,4-oxadiazoles 75 with aryl iodides in 

PEG-400 as sustainable reaction medium: the corresponding products 76 

were obtained in high yields (80-89%), but no tests of reusability and/or 

hot filtration were performed (Scheme 31).88 The procedure is 

experimentally simple and free from addition of external chelating 

ligands or co-catalysts, but no studies of Cu leaching into the solution at 

the end of the reaction, in order to rule out the occurrence of a possible 

solubilization of copper species during the direct C-H arylation reaction, 

were performed. 

 

Scheme 31. Direct C-H arylation of 3,4-diaryl-1,2,4-triazoles and 2-aryl-1,3,4-oxadiazoles 75 

with aryl iodides catalysed by copper powder, reported in 2015 by Vidavalur et al.88 

In 2016, Wang and co-workers used a three-dimensional porous Cu2-xS-

MoS2 framework as recoverable and efficient photocatalyst for the C2 

regioselective direct C-H bond arylation of pyridine with aryldiazonium 

salts as arylating agents, performed for 1 h at room temperature under 

irradiation with a Xenon lamp (see also section 4.1.1).89 However, it 

is worth to emphasize that the use of aryldiazonium salts as arylating 

agents in direct C-H arylation reactions is highly desirable in the context 

of the Green Chemistry, in particular in terms of waste prevention, since 

they generate N2 as by-product, which moves away from the reaction 

mixture as a gas. 

Direct C-H bond arylation reactions promoted by supported Cu species 

are more common on benzo-fused N-heterocycles. Wang et al. focused 

their attention on copper oxide as efficient catalyst for direct C-H bond 

arylation of benzimidazoles, benzoxazoles and benzothiazoles. In a first 

study, they reported the use of CuO nanospindles: working in diglyme as 

reaction medium and K2CO3 as a more environmentally friendly base, the 

direct arylation of benzo-fused azoles 77 with iodoarenes afforded the 

corresponding 2-arylated products 78 in good yields (51-93%) after 3-16 

h (Scheme 32).90 The recyclability of CuO nanospindles was also tested 

in the reaction of benzoxazole with iodobenzene, showing no significant 

decrease in the catalytic activity after 3 runs; moreover, XRD and SEM 

of CuO nanospindles after reaction demonstrated that the catalysts did 

not change during the coupling process. In a following paper, they also 

studied the application of CuO nanoparticles (having average size of 6.5 

nm) in the direct C-H arylation of the same azoles 77 with 

bromo(hetero)arenes, under similar conditions although in the presence 

of PPh3 as ligand. Recyclability (3 runs without loss of catalytic activity) 

and hot filtration tests (< 1 ppm Cu leaching) proved that they worked 

through a merely heterogeneous mechanism.91 The good performance 

of CuO nanospindles, in combination with the quite mild and sustainable 

experimental conditions required, makes in our opinion these protocols 

highly appealing for scientists working in the field of the Green Chemistry, 

and their extension to other classes of heteroarenes would be highly 

desirable  

 

Scheme 32. CuO nanospindles-catalyzed C2-regioselective direct C-H bond arylation of azoles 

77 with aryl iodides reported by Wang et al.90 

In the same year, Nageswar et al. reported instead the use of copper 

ferrite nanoparticles (named CuFe2O4 NPs) as magnetically separable 

catalyst for the direct arylation of benzothiazole with aryl iodides under 

sustainable conditions (K3PO4, PPh3, DMSO, 10 h, 110 °C).92 The Cu 

catalyst was perfectly recyclable for 4 runs: TEM and SEM studies 

showed that CuFe2O4 nanoparticles were intact in size and shape, as 

well as in morphology, after the 4th cycle. 

Phan and co-workers studied two Cu-based crystalline porous metal-

organic framework, Cu2(BPDC)2(BPY)93 and Cu2(OBA)2(BPY),94 in the 

direct C-H arylation of benzoxazoles with aryl halides: they exhibited 

significantly higher activity than that of common copper salts, as well 

as good reusability; moreover, leaching tests indicated no contribution 

from homogeneous catalysis of active species leaching into reaction 

solution, thus avoiding the tedious metal contamination of the final 

coupling products. In 2015, Wu et al. developed a redox-active Cu-

based metal-organic framework working through single-crystal-to-

single-crystal (SCSC) structural transformations, which produced a redox 

switchable catalyst for selective direct C-H bond arylation reactions of 

benzimidazoles, benzoxazoles and benzothiazoles with (hetero)aryl 

iodides and bromides.95 It is worth to emphasize that the reactions 

(carried out in the presence of 2.5 mol% of Cu catalyst, 2.0 equiv. of 

K2CO3, in DMF at 140 °C for 10 h) were only tested on a quite limited 

family of iodides and bromides: more than the development of a 

sustainable synthetic protocol on a wide range of substrates, the 

authors presented this work as a proof-of-concept. 

More recently, Glorius et al. have reported the use of copper oxide 

impregnated on magnetite (CuO/Fe3O4) as reusable catalyst for the 

direct arylation of electron-rich heteroarenes, including free NH and 

substituted indoles 79 with diaryliodonium salts: reactions generally 

occurred with C3 selectivity affording β-aryl indoles 80 in good yields, 

although the formation of α-arylated products was also observed in 

the presence of 3-substituted indoles (Scheme 33).96 An extended 

mechanistic study was carried out, including kinetic measurements, 

mass spectrometry analysis, heterogeneity tests, poisoning experiments 

and also several catalyst characterizations, in order to elucidate the 

active catalytic species: indicating the generation of soluble copper 

nanoparticles leached from the amorphous heterogeneous precursor, 

acting as catalytic species in solution. 

In the context of O- and S-heteroarenes, few examples of supported 

Cu catalysts have been reported to date: the above mentioned three-

dimensional porous Cu2-xS-MoS2 framework of Wang et al.89 and the 

CuO/Fe3O4 developed by the Glorius’ research group,96 have been also 

applied in the reaction of furans and thiophenes. 
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Scheme 33. Direct arylation of free NH and substituted indoles 79 with diaryliodonium salts 

catalysed by CuO/Fe3O4, reported in 2016 by Glorius et al.96 

2.2.2. Other recoverable metal catalysts for direct C-H bond arylation 

of (hetero)arenes. Iron grafted over mesoporous silica (i.e., Fe/SBA-15) 

was used by Satishkumar et al. as an efficient supported catalyst for the 

oxidative direct C-H arylation of benzene 81 with aryl boronic acids as 

arylating agents, performed in the presence of di-tert-butyl peroxide 

(DTBP) as the oxidant, affording the corresponding biaryl products 82 

in good yields (Scheme 34).97 One of the most fascinating point of this 

protocol is that aryl halides did not react under these conditions: by using 

chloro-, bromo- and iodo-functionalized aryl boronic acids, the direct C-

H arylation of benzene occurred selectively on the carbon atom bound 

to the boronic group. The recyclability of Fe/SBA-15 was tested in the 

reaction of benzene with 4-bromophenylboronic acid: the iron catalyst 

was used five times without loss of activity, with a slight decrease of 

Fe loading from 8 wt.% to 7.8 wt.% (ICP-OES analysis). Such procedure is 

not without criticisms: the formation of boron salts as by-product of the 

oxidative direct arylation coupling, and above all the need of a large 

excess (100 equivalents) of benzene (used as both solvent and reagent) 

represent strong limitations to the real sustainability of this synthetic 

method. 

 
Scheme 34. Direct C-H bond arylation of benzene 81 with aryl boronic acids as arylating 

agents catalysed by Fe/SBA-15, reported in 2017 by Satishkumar et al.97 

Phan et al. reported the use of an Fe-based metal organic framework 

(named Fe3O(BDC)3) for the C2 regioselective direct C-H bond arylation 

of benzothiazoles with benzaldehydes as arylating agents, carried out in 

N-methyl-2-pyrrolidone as a solvent and DTBP as oxidant.98 One of the 

most intriguing aspect of this catalyst is its recyclability: it was used for 

9 runs without loss of activity; moreover, hot filtration test excluded the 

presence of homogeneous iron species able to catalyse the direct C-H 

bond arylation reaction. Interestingly, the Fe3O(BDC)3 system is one of 

the most efficiently recyclable supported catalysts reported to date in 

the field of direct C-H bond arylation of (hetero)arenes.  

Sun and co-workers reported in 2012 a bimetallic iron-nickel nanoalloy 

as catalyst for the direct arylation of benzene with iodoarenes: working 

with an excess of benzene (acting as both reagent and solvent) in the 

presence of N,N’-dimethylethane-1,2-diamine (DMEDA) and potassium 

tert-butoxide as base, the corresponding biaryl products were obtained 

in good yields (in most cases, ≥ 90%).99 The sustainability of Fe-Ni alloy 

catalyst is related to its recoverability (by simply using a magnet) and its 

good recyclability (up to 8 runs with no loss of catalytic activity), although 

the large excess of benzene is a major drawback of the procedure. 

Truong et al. developed nickel-base metal organic frameworks, i.e., 

Ni2(BDC)2(DABCO)100 and Ni-MOF-74.101 The first one was used in the 

oxidative direct arylation of benzoxazoles with aryl boronic acids; 

unfortunately, hot filtration test demonstrated that the reaction still 

proceeded to higher conversion after removing Ni2(BDC)2(DABCO) from 

the reaction mixture, thus demonstrating a contribution from leached 

active Ni species to the catalysis process. The second catalyst was used 

in the direct arylation of thiazoles with aryl iodides; in this case, the hot 

filtration test performed on a representative reaction indicated that 

homogeneous catalysis via leached active nickel species in solution is 

unlikely.  

A few other examples of direct C-H arylation catalysed by metal organic 

frameworks based on other metals have also been reported. On the one 

hand, the aluminium-based MOF-253, i.e., Al(OH)(bpydc), used in the 

reaction of benzene with (hetero)aryl iodides/bromides, which showed 

a good reusability, although no studies of metal leaching were 

performed, in order to clarify the reaction mechanism (homogeneous vs. 

heterogeneous) and possibly rule out the occurrence of leaching in the 

solution.102 On the other, the zirconium-based UiO-66, applied in the C2 

regioselective direct arylation of furan and thiophene with aryl 

diazonium salts.103 The use of diazonium salts as arylating agents is here 

highly desirable in terms of Green Chemistry, in particular in the context 

of waste prevention, with the generation of N2 as by-product, which 

easily moves away from the reaction mixture as a gas. 

A very interesting work was reported by Wada et al.: a PPh3-modified 

ruthenium catalyst supported on ceria (PPh3-Ru/CeO2) was successfully 

applied in the C10 regioselective direct arylation of benzo[h]quinoline 83 

with (hetero)aryl chlorides, performed at 140 °C in the presence of 

potassium carbonate as the base and N-methyl-2-pyrrolidone as the 

solvent, giving the corresponding 10-(hetero)arylbenzo[h]quinoline 84 

in very good yields (Scheme 35).104 The sustainability of PPh3-Ru/CeO2 

catalyst was fully confirmed by recycling and hot filtration tests, which 

supported the hypothesis of an heterogeneous mechanism. Moreover, 

the use of (hetero)aryl chlorides in organic synthesis is more favourable 

than other typical arylating agents, because they are less expensive and 

readily available compared to the corresponding aryl bromides and 

iodides. 

 

Scheme 35. C10 regioselective direct C-H arylation of benzo[h]quinoline 83 with (hetero)aryl 

chlorides, catalysed by recoverable PPh3-Ru/CeO2 catalyst. 

Finally, recoverable metal oxide-based catalysts were occasionally used 

in direct C-H arylation reactions: in 2015, Nagarkar et al. reported the 
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application of nano-ceria supported on Fe3O4 (CeO2-Fe3O4) in the direct 

arylation of benzoxazoles or benzothiazoles with aryl iodides, bromides 

and diazonium salts, carried out in dimethyl sulfoxide or water as the 

solvent;105 in the same year Rueping et al. described a C2 regioselective, 

photocatalytic direct arylation of pyridine, furan and thiophene with 

aryldiazonium salts, catalysed by easily accessible and recyclable TiO2 

used as catalyst.106 

2.2.3. Recoverable metal-free catalysts for direct C-H bond arylation 

of (hetero)arenes. The use of recoverable non-metal catalysts in direct 

C-H bond arylation of (hetero)arenes has only been reported in the last 

five years. These systems are starting to attract significant interest: in 

fact, one of their main advantages in terms of sustainability is the total 

absence of metal contamination in the coupling products, thus making 

their purification procedures easier and cheaper. This class also includes 

some examples of organocatalysts, which in recent years are playing an 

increasingly central role in the Green Chemistry. 

A salen-porphyrin-based conjugated microporous polymer (named SP-

CMP-L) was proposed by Qiaolin and co-workers to serve as metal-free 

organocatalyst for direct C-H arylation of unactivated arenes 85 with 

aryl halides under base-mediated conditions: in particular, the reaction 

of benzene (used as both solvent and reagent) with functionalized aryl 

iodides, in the presence of SP-CMP-L (0.8 mol%) and potassium tert-

butoxide (3.0 equiv.), after 120 °C at 24 h afforded the corresponding 

biaryl products 86 in good to excellent yields, 79-97% (Scheme 36).107 

This catalytic system is very appealing from a Green Chemistry perspect: 

in addition to the lack of tedious metal leaching, it showed a very good 

recyclability, working for 6 cycles with no loss of activity. However, on the 

other hand the need of a large excess of benzene is a major drawback of 

the procedure. 

 

Scheme 36. Direct C-H bond arylation of unactivated arenes 85 catalysed by the SP-CMP-L 

organocatalyst. 

However, recoverable non-metal catalysts were most commonly used 

in the direct C-H arylation of furan and thiophene, in combination with 

photochemical processes (see section 4.1.1). In 2017, Wang and co-

workers reported two very interesting works based on the use of 

graphitic C3N4 (g-C3N4): in one case, a g-C3N4 catalyst supported onto 

reduced graphene oxide was prepared by impregnation-chemical 

reduction strategy and applied up to five runs in the direct arylation 

of furan and thiophene with para-functionalized aryl diazonium salts 

under visible light irradiation;108 in the other, a 3D aligned heterojuction 

aerogel of g-C3N4 with polypyrrole was applied as robust and highly 

recyclable (up to eight cycles) photocatalyst for the direct arylation of 

furan with aryl diazonium salts.109 Very recently, Yadav et al. proposed a 

graphitic carbon nitride-based fluorescein isothiocyanate (called g-C3N4–

FITC) thin film as excellent photocatalyst for the direct arylation of furan 

and thiophene, which was used up to four times with no significant loss 

of activity.110 These three protocols are in our opinion very appealing in 

the frame of the Green Chemistry: in fact, the use of a recoverable and 

recyclable catalytic system was here coupled with the use of a 

photocatalytic method as non conventional energy source, aryl 

diazonium salts as highly environmental friendly arylating agents (due to 

the formation of N2 as by-product), and in some cases also a quite 

sustainable reaction medium.  

A different appealing approach was used in 2020 by Metin et al.: black 

phosphorus was used for the first time as heterogeneous and recoverable 

photoredox catalyst for the C2 regioselective direct C-H bond arylation 

of furan 87 and thiophene 88 with aryl diazonium salts, performed in 

DMSO as a solvent under white light, at 25 °C for 2 h (Scheme 37): the 

corresponding 2-arylfurans 89 and 2-arylthiophenes 90 were obtained in 

fair to satisfactory yields (55-84% and 40-80%, respectively).111 The 

sustainability of this protocol is limited by the moderate recyclability of 

the non-metal catalyst: the decrease in the product yield after each run 

was attributed to the loss of a certain amount of thin black phosphorous 

nanosheets, that are highly dispersed in DMSO solvent and cannot be 

precipitated by simple centrifugation. 

 

Scheme 37. Black phosphorus as heterogeneous and recoverable photoredox catalyst for 

C2 regioselective direct arylation of furan 87 and thiophene 88 with aryl diazonium salts. 

3. Sustainable solvents for direct C-H bond 
arylation of (hetero)arenes 

Direct C-H bond arylation of (hetero)arenes typically requires high 

temperatures: this is due to the inertness of the (hetero)aryl C-H bonds, 

which often need a significant amount of thermal energy to be activated. 

Therefore, for a long time these reactions were carried out in most 

cases in high boiling point polar aprotic solvents, such as 1,4-dioxane, 

N-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF) and 

especially N,N-dimethylacetamide (DMA). However, all these solvents 

are classified as undesirable for green chemistry,112 since they are 

corrosive, flammable, explosive, irritant, toxic, harmful and/or (suspected) 

carcinogen.113 Furthermore, it is well established that most of the 

waste generated in organic synthesis derives from organic solvents 

used as reaction media:114 solvents undoubtedly represent the main 

element for environmental concerns in industrial synthetic processes.115 

It is not surprising that Principle 5 of Green Chemistry (“Safer Solvents 

and Auxiliaries”) has challenged fundamental studies in synthetic organic 

chemistry. Recently, this topic has acquired large interest also in the 

direct C-H bond arylation of (hetero)arenes: new protocols based on 

the use of more sustainable and environmental friendly reaction media 

have been developed. Water is definitely the most accessible and 

investigated solvent, given its immediate availability at almost zero cost. 

Unfortunately, organic compounds used as coupling partners of direct C-

H bond arylation reactions often show only limited solubility in water, 

and hence biphasic mixtures water/organic solvent are often used, thus 

limiting the real sustainability of the process. The same issue of poor 
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reagents solubility is also typical of alcohols, in particular ethanol and 

methanol (the latter is also characterized by the further issue of its 

moderate toxicity). A valid alternative is represented by biomass-derived 

solvents, such as cyclopentyl methyl ether (CPME), diethyl carbonate 

(DEC), 2-methyltetrahydrofuran (2-MeTHF), γ-valerolactone (GVL) and 

polyethylene glycol (PEG):116 all these materials are easily available 

from renewable feedstocks, including agricultural and urban wastes 

and aquatic biomasses, showing in most cases low toxicity and high 

biodegradability.117 Ionic liquids (ILs) and deep eutectic solvents (DES) are 

often associated with the class of sustainable reaction media, although 

there is often a lack of information on their real toxicity, thus limiting 

their use as solvents in the field of direct C-H bond arylation of 

(hetero)arenes. Solvent-free protocols are the most convenient 

approaches to pursue highly sustainable direct C-H bond arylation of 

(hetero)arenes, although the absence of a reaction medium could 

generate some issues, e.g. difficult mixing of reagents. 

Following the above-mentioned summary, in this section we will give 

a critical overview of the main sustainable solvents applied in direct C-

H bond arylation of (hetero)arenes, describing the advantages and any 

limitations associated with their use, including reactions performed in 

solvent-free conditions. 

3.1. Direct C-H bond arylation of (hetero)arenes in water 

Among all the solvents considered sustainable, water is definitely the 

most common: it is very cheap, non-flammable and non-toxic, it does not 

require special care when handled, and waste generated from its use as 

a reaction medium usually have lower disposal costs, although its 

recycling is generally quite expensive.118  

Although water became quite popular as a solvent in organic synthesis 

from the 1990s,119 one of the main drawbacks related to its use is the 

limited solubility of non-polar organic compounds, which is a frequent 

case in the direct C-H bond arylation of (hetero)arenes. Therefore, these 

reactions can be performed “on-water”, or alternatively in a biphasic 

mixture water/organic solvent (sometimes in the presence of a phase 

transfer catalyst), which undermines the protocol sustainability. However, 

in some examples the use of amphiphiles and water-soluble ligands 

circumvented these solubility issues. 

3.1.1. Direct C-H bond arylation of arenes in water. In 2013, Zhou and 

co-workers studied the direct C-H bond arylation of phenols 91 with aryl 

iodides 92 in H2O: the reactions were carried out under mild conditions, 

with Pd(OAc)2 (5 mol%) as catalyst and silver trifluoroacetate as base, at 

25 °C for 24 h, affording the corresponding arylated phenols 93 in good 

yields and complete para-regioselectivity.120 However, this protocol was 

successfully applied only to iodides 92 bearing an ortho-coordinating 

group: -COOH, -CONH2, -CONHMe, -CONMe2, -COMe, -COPh (Scheme 

38). This protocol is very appealing in the frame of the Green Chemistry, 

since it required very mild experimental conditions, and in particular no 

need of thermal heating, thus minimizing the energy requirements. In a 

following paper, the same group extended their investigation to a 

broader family of ortho- and meta-functionalized aryl iodides, although 

in this case quite different experimental conditions were required (i.e., 

Pd(OAc)2 as catalyst, silver acetate as base, TsOH as additive, at 70 °C 

for 48 h) and a H2O/acetic acid mixture (1:1 v/v) as reaction medium.121 

In fact, when few preliminary tests were performed in pure water, no 

reaction occurred: acetic acid could play an active role (i.e., more than a 

simple solvent) in the mechanism, although it made the protocol less 

appealing from a sustainability point of view compared to the previous 

one. 

 

Scheme 38. Direct C-H bond arylation of phenols 91 with aryl iodides 92 in H2O reported in 2013 

by Zhou and co-workers.120  

In 2014, Lewis et al. reported a different approach for the direct C-H 

bond arylation of unactivated arenes 94 in water: they discovered that 

Cp*(PMe3)IrMeCl complex is able to activate C-H bonds on arenes, that 

undergo a subsequent cross-coupling with aryl iodides catalysed by 

Pd[P(t-Bu)3]2 to give biaryl products 95.122 Reactions were performed 

for 16 h in refluxing water not only on benzene, but also on methyl- 

and/or chloro-functionalized arenes, showing a good para- or meta-

regioselectivity resulting from steric rather than electronic effects. A 

similar performance was also observed using a water/toluene mixture, 

used in order to improve the reagents solubility (Scheme 39). On one 

hand, such protocol appears quite appealing since it was carried out in a 

sustainable reaction medium and, unlike many other direct C-H bond 

arylation procedures of unactivated arenes, it did not require a large 

excess of arene; on the other, the need of a stoichiometric amount of 

the expensive Cp*(PMe3)IrMeCl complex is hardly compatible with the 

typical canons of the Green Chemistry. 

 

Scheme 39. Direct C-H bond arylation of unactivated arenes 94 in water as the solvent, 

promoted by the Cp*(PMe3)IrMeCl complex, reported in 2014 by Lewis et al.122 

Very recently, Lai and co-workers reported the use of deionized water as 

solvent for the Pd-catalyzed direct C-H arylation polymerization of 2-

bromofluorene monomer 96, bearing two hexyltrimethylammonium 

bromide chains, to give the corresponding homopolymer P97 (Scheme 

40), showing relatively high Mn (20900 g mol-1) and at the same time 

narrow polydispersity (1.01).123 However, the use of water as reaction 

medium was here due in order to solubilize the cationic monomer 96, 

rather than to a real interest of the authors in developing a sustainable 

polymerization protocol. 
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Scheme 40. Palladium-catalyzed direct C-H bond arylation polymerization of 2-bromofluorene monomer 96 performed in deionized water as the reaction medium: synthesis of the 

polyfluorene P97. 

The direct C-H bond ortho-arylation of substituted benzenes in aqueous 

conditions has been widely investigated. To the best of our knowledge, 

the first study on this topic was reported in 1975 by McKillop et al.: a 

tandem ortho-arylation/lactonization of 2-bromobenzoic acid with 

resorcinol, performed with CuSO4 as catalyst and basic H2O as a solvent, 

affording 3-hydroxy-6H-benzo[c]chromen-6-one.124 This work is of 

relevance only from an historical point of view, since at that time there 

was not yet a real interest of the scientific community towards a green 

and sustainable organic synthesis. 

The carbonyl moiety and its derivatives represent an excellent ortho-

directing group in the direct arylation reactions. In 2014, Darcel and co-

workers described the ortho-diarylation of aryl ketimines 98 with aryl 

bromides, performed with [RuCl2(p-cymene)]2 (5 mol%), PPh3 (10 mol%), 

KOAc (20 mol%), K2CO3 (4 equiv.) in refluxing H2O for 36 h, affording the 

corresponding ortho-diarylated products 99 in good yields (Scheme 

41).125 Although reactions could be also performed in NMP as organic 

solvent, water enabled to produce a more active Ru catalyst, as well as 

to increase the process sustainability. Moreover, the direct ortho-

diarylation of imines in water allowed the access to ortho-diarylated 

benzaldehydes 100 after the subsequent hydrolysis, as under these 

conditions benzaldehydes and aryl ketones gave no arylation. In 2015, 

Murai, Takai et al. reported the multi-step preparation of highly π-

conjugated systems, i.e., 3,11-dialkyl[6]phenacenes,126 3,10-

disilyl[5]phenacenes and 3,12-disilyl[7]phenacenes,127 including a direct 

ortho-arylation of suitable naphthyl aldimines under the same above 

mentioned conditions of Darcel and co-workers, thus demonstrating the 

broad synthetic interest and versatility of this protocol in the synthesis of 

highly functionalized organic compounds. 

 

Scheme 41. Direct C-H ortho-diarylation of aryl ketimines 98 with [RuCl2(p-cymene)]2, 

developed in 2014 by Darcel and co-workers;125 the ortho-diarylated imine products 99 

allowed the access to the corresponding benzaldehydes 100 after the subsequent hydrolysis. 

In 2018, a H2O/acetic acid mixture was used as reaction medium for the 

cascade Pd-catalyzed direct C-H ortho-arylation/C-O bond solvolysis of 

pyruvate O-benzyloxy ketoximes 101 for the synthesis of biaryl 2-methyl 

acetates 102.128 In particular, reactions were carried out with aryl iodides 

(3.0 equiv.) as arylating agents, Pd(OAc)2 (10 mol%) as catalyst, silver 

trifluoroacetate (1.5 equiv.) as additive, in H2O/acetic acid at 120 °C for 

20 h, affording of biaryl 2-methyl acetates 102 in good yields (Scheme 

42). The protocol is highly interesting from a merely synthetic point of 

view as it showed a broad substrate, but we cast serious doubts about 

its sustainability: the use of acetic acid as the co-solvent, the need of a 

stoichiometric amount of a silver salts and the request of a prolonged 

thermal heating are features hardly compatible with most of the Twelve 

Principle of the Green Chemistry. 

 

Scheme 42. Pd-catalyzed direct C-H ortho-arylation/C-O bond solvolysis of pyruvate O-

benzyloxy ketoximes 101 for the synthesis of biaryl 2-methyl acetates 102 performed in water 

as the solvent. 

The first direct C-H bond ortho-arylation of (poly)fluorobenzenes in 

aqueous conditions was described in 2010 by Fagnou and co-workers: 

in this work, polyfluoroarenes 103 were treated with functionalized aryl 

iodides in water/ethyl acetate (1:2.5 v/v) mixture under mild conditions 

(that is, Pd(OAc)2 5 mol%, MePhos 10 mol%, AgCO3 0.5 equiv + K2CO3 2 

equiv., 2-36 h, room temperature), affording the corresponding biaryl 

products 104 in 78-99% yields (Scheme 43).129 The use of water was 

fundamental, as in a preliminary solvent screening low yields were 

obtained without adding water; however, a biphasic aqueous/organic 

mixture was preferred in order to allow a complete solubilization of all 

components of the system. In continuation with this study, Zhang and 

co-workers developed a more appealing protocol for the direct ortho-

arylation of (poly)fluorobenzenes with iodoarenes: working with Pd(OAc)2 

(5 mol%) as catalyst, PPh3 (10 mol%) as ligand and AgCO3 (0.75 equiv.) 
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as base, reactions were carried out in only water (70°C for 24h).130 

Despite the higher temperature, authors highlighted their improvements 

towards sustainability, due to the use of fully aqueous conditions. 

 

Scheme 43. Direct C-H bond arylation reactions of polyfluoroarenes 103 with functionalized 

aryl iodides in water/ethyl acetate (1:2.5 v/v) mixture as the solvent under mild conditions, 

developed in 2010 by Fagnou et al.129 

Beverina et al. reported a representative example of sustainable direct 

C-H bond ortho-arylation of octafluorobiphenyl with an aryl bromide, 

performed in Kollifor 2% in H2O/toluene (9:1 v/v) mixture.131 One of the 

most appealing features of the protocol is definitely the application of a 

micellar catalysis: the use of Kolliphor, which is a FDA-approved 

surfactant obtained by the reaction of castor oil with ethylene oxide, 

allowed for the development of micellar catalytic systems within direct 

arylation reactions may occur. The key concept of micellar catalysis is 

related to the preferential accumulation of organic compounds within 

the lipophilic pockets formed by the self-assembly of surfactants in H2O. 

Therefore, thanks to the high concentration and local polarity effects, 

reactions are very efficient and often selective even at the ppm level 

of catalyst loading. It is clear that such protocol was developed giving 

a central role to the sustainability,as confirmed by the application of 

the micellar catalysis strategy, and by the low E-factors (i.e., the mass 

ratio between organic wastes and product) of these reactions, in all 

cases in the order of 10-2. 

Wang and co-worker described a Pd-catalyzed direct C-H bond ortho-

arylation of electron-poor fluorobenzenes 105, based on the use of 

sodium arenesulfinates 106 as non-conventional arylating agents in 

DMSO/water (3:1 v/v) mixture.132 This desulfitative protocol, catalyzed 

by PdCl2 and in the presence of silver carbonate and trisodium 

phosphate, afforded biaryl products 107 with yields up to 91% (Scheme 

44). Similarly to benzenesulfonyl chlorides, sodium arenesulfinates are 

very appealing arylating agents from the point of view of the Green 

Chemistry, since they generate SO2 as by-product, which easily moves 

away from the reaction mixture as a gas. However, the use of an high 

loading of palladium (7 mol%), in combination with 1.5 equiv. of a silver 

salts, is a major issue that need to be addressed in order to improve the 

global sustainability of the method. 

N-heteroaryl moieties, such as pyrazoles and pyridines, is a very good 

class of ortho-directing group in direct arylation of functionalized 

benzenes, especially under ruthenium catalysis. In this context, water 

has been investigated as reaction medium in the ortho-arylation of 1-

phenylpyrazoles and 2-phenylpyridines. In 2012, Ackermann et al. 

reported the use of a ruthenium(II) carboxylate catalyst for the ortho-

arylation of 1-phenylpyrazoles with phenols or diarylsufates as arylating 

agents, performed in refluxing water.133 Starting from these interesting 

results, Dixneuf and co-workers described the use of a chelate Ru(II) 

complex, able to catalyze the direct C-H bond ortho-arylation of both 

1-phenylpyrazoles and 2-phenylpyridines with aryl bromides and 

chlorides in water,134 and more recently also the application of a family 

of ruthenium(II)-NHC catalysts in the direct C-H bond ortho-arylation of 

2-phenylpyridines with (hetero)aryl chlorides.135 

 

Scheme 44. Direct C-H bond ortho-arylation of electron-poor fluorobenzenes 105 with 

sodium arenesulfinates 106 as non-conventional arylating agents in DMSO/water solvent 

mixture. 

The ortho-arylation of 2-phenylpyridines with (hetero)aryl chlorides in 

water was also studied by Singh and co-workers, using a series of ad hoc 

synthesized troponate/ aminotroponate Ru(II)-arene complexes as 

catalyst,136 and by Gimeno et al., which instead used commercially 

available RuCl3·n H2O in the presence of zinc powder.137 It is worth to 

emphasize that in almost all of these studies the use of water as the 

reaction medium was mainly due to allow the solubility of ruthenium 

catalysts, rather than for a real need of developing highly sustainable 

protocols. However, on the other hand the use of (hetero)aryl chlorides 

in organic synthesis is more favourable than other typical arylating 

agents, because they are less expensive and readily available compared 

to the corresponding aryl bromides and iodides. 

Finally, intramolecular direct C-H ortho-arylation reactions of arenes in 

aqueous conditions were reported by Würthner et al.: a tandem Pd-

catalyzed Suzuki-Miyaura cross-coupling/intramolecular direct ortho-

arylation annulation of peri-dibromonaphthalimide with aryl boronic 

esters (i.e., pyrene, phenantrene and naphthalene pinacol esters) was 

performed in a biphasic water/toluene mixture, giving pseudo-rylene 

bisimides138 and polycyclic aromatic dicarboximides139 which were 

then optically and electrochemically characterized. Also in these two 

studies, the need of an aqueous reaction medium as mainly related to 

the use of an aryl boronic ester in the starting Suzuki-Miyaura step of 

these tandem proceses, but for the sake of completeness we have still 

decided to mention them here. 

3.1.2. Direct C-H bond arylation of N-heteroarenes in water. Water 

has found wide application as a solvent in the direct C-H bond arylation 

of N-heteroarenes, both monocyclic and bicyclic. 

Starting our overview from five-membered monocyclic N-heteroarenes, 

pyrroles are among the most investigated. Chung et al. reported in 2015 
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a very interesting protocol for the direct bis-arylation of N-substituted 

pyrroles 108 with aryl iodides in water: reactions were performed under 

mild conditions (Pd(OAc)2 7.5 mol% as the catalyst, Ag2CO3 1.5 equiv. as 

the base, pivalic acid 6 equiv. as additive, for 24 h at 40 °C), affording 

the corresponding α,α-diarylated products 109 with high regioselectivity 

and good yields (Scheme 45).140 Authors pointed out the sustainability 

of their protocol, due not only to the use of H2O as the reaction medium 

but also to the PPh3-free conditions. However, although quite mild 

experimental conditions were used, the need of 7.5 mol% of palladium 

and, above all, of a large amount of a silver salt represents a major issue 

for the real sustainability of the process, since these two metals could 

contaminate the corresponding coupling products. 

 

Scheme 45. Direct bis-arylation of N-substituted pyrroles 108 with aryl iodides in water 

developed in 2015 by Chung et al.140 

Štefane and co-workers proposed a tandem Suzuki-Miyaura/direct C-H 

arylation of N-methyl pyrroles in 1,4-dioxane/water solvent mixture for 

the synthesis of polyaryl substituted pyrroles. The direct C-H bond 

arylation step was carried out by addition of the suitable aryl bromides 

and Pd(OAc)2, keeping then the mixture at 120 °C for 24 h. Although 

such protocol was appealing for the synthesis of highly functionalized 

heteroaromatic compounds, aqueous conditions were used here in 

order to perform the starting Suzuki-Miyaura step.141  

Direct arylations of pyrroles in aqueous reaction medium are quite 

common under photochemical conditions. It is worth to emphasize 

that the use of aqueous conditions here is definitely beneficial, but 

the most innovative aspect of these studies for sustainability is the 

use of UV-Vis irradiation as a non-conventional energy source (see 

section 4.1 below). In this context, a first study was reported in 2015 by 

Zhang et al., who used a H2O/acetonitrile 1:1 v/v mixture in the reaction 

of NH-free and N-methyl pyrrole with 5-iodouracil or 5-iodouridine 

under irradiation with a Hg lamp.142 Despite the substrate scope was 

quite limited, the strategy appeared quite interesting in terms of 

sustainability due to the absence of any catalyst.  

In 2017, König and co-workers described the C2 regioselective direct C-H 

arylation of NH-free and N-substituted pyrroles with chlorinated or 

brominated nucleobases in DMSO/water, performed in the presence 

of rhodamine 6G as photoredox organocatalyst. As well known, the use 

of organocatalytic system is definitely more appealing than conventional 

metal catalysts in the context of Green Chemistry protocols.143 In 2021, 

Beverina et al. reported for the first time the application of a micellar 

catalysis approach in a microfluidic reactor, thanks to the use of castor 

oil derivative Kolliphor EL as a surfactant in water as a solvent for the 

direct α-arylation of N-methyl pyrroles with (hetero)aryl bromides, 

performed under 365 nm light irradiation (see also section 4.1.1).144  

A sustainable water/ethanol solvent mixture was chosen by Zhong and 

co-workers for the Palladium-catalyzed oxidative direct C-H arylation of 

pyrazoles: 1,3,5-trisubstituted pyrazoles 110 were treated with aryl 

boronic acids as arylating agents, in the presence of PdCl2(PPh3)2 (10 

mol%) as catalyst, NaHCO3 (2.0 equiv.) as base and N-iodosuccinimide 

(1.0 equiv.) as sacrificial oxidant, affording good yields (≤ 88%) the 

corresponding 4-arylated products 111, which are fipronil derivatives 

showing a potential biological activity (Scheme 46).145  

 

Scheme 46. Oxidative direct C-H arylation of 1,3,5-trisubstituted pyrazoles 110 with aryl 

boronic acids performed in a water/ethanol solvent mixture, reported in 2012 by Zhong and 

co-workers.145 

In 2015, Fuse et al. reported the sequential synthesis of 1,3,4,5-

tetrasubstituted pyrazoles from pyrazole, consisting of four orthogonal 

direct C-H arylation reactions, each of them performed in different 

conditions (including solvents). In particular, in the second step 1-

arylpyrazoles 112 were treated with aryl iodides in H2O/acetonitrile 9:1 

(v/v) at 60 °C, in the presence of 10 mol% [Pd(dppf)Cl2]·CH2Cl2, 20 mol% 

JohnPhos and Ag2CO3, affording with high C5 regioselectivity and good 

yields (53-93%) the corresponding 1,5-diarylpyrazoles 113 (Scheme 

47).146 Despite the high synthetic interest for this protocol, such 

experimental conditions seem not of particular interest in the frame of 

Green Chemistry, due to the need of a high catalytic loading (i.e., 10 

mol% of Pd and 20% of the ligand) and of a large amount of silver 

carbonate as the base. 

 

Scheme 47. Direct C-H bond arylation of 1-arylpyrazoles 112 with aryl iodides performed in 

H2O/acetonitrile 9:1 (v/v), reported in 2015 by Fuse et al.146 

Only one example of direct C-H arylation of imidazoles under aqueous 

conditions has been reported to date: a C2 regioselective oxidative 

arylation of the imidazole scaffold of L-histidine derivatives with aryl 

boronic acids, performed with silver nitrate as catalyst, ammonium 

persulfate as sacrificial oxidant and trifluoroacetic acid as additive, in a 

biphasic H2O/CH2Cl2 (1:1 v/v) mixture.147 The role of the solvent was 

deeply studied: reactions carried out in biphasic organic/aqueous were 

more efficient than that in pure organic or pure H2O solvent, suggesting 

a synergistic effect in the solubilization of all reagents. 

The first direct arylation of thiazoles in water was described in 2007 by 

Greaney et al.: a family of 2-substituted thiazoles 114 were efficiently  
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Scheme 48. Direct C-H bond arylation reactions of azoles in water described by Greaney and co-workers:148-149 (a) C2 regioselective arylations on thiazoles 114; (b) C2 regioselective arylations on 

oxazoles 116. 

arylated at the C5 position with (hetero)aryl iodides in H2O under mild 

conditions, i.e., in the presence of PdCl2(dppf) (5 mol%), Ag2CO3 (2.0 

equiv.) and PPh3 (10 mol%) at 60 °C, affording the corresponding 2,5-

disubstituted thiazoles 115 in excellent yields (in many cases > 99%) after 

24 h (Scheme 48a).148 The same authors then explored the possibility of 

direct arylation of 5-substituted oxazoles 116: very interestingly, using 

the same aqueous conditions many 2,5-disubstituted oxazoles 117 were 

obtained in 48-89% yields(Scheme 48b).149 The good sustainability and 

versatility of this protocol was then applied in a subsequent study for 

the synthesis of balsoxin and texaline, two bioactive 2,5-diaryloxazoles 

isolated from Amyris plant of Caribbean,150 while more recently Pyne et 

al. used the same aqueous conditions for the preparation of highly 

functionalized oxazole and thiazole peptidomimetic.151 In 2016, Wünsch 

and co-workers further improved the sustainability of this protocol with 

the use of microwave irradiation, which allowed to reduce reaction 

time to 1.5 h in the synthesis of a bioactive thiazole derivative showing 

high σ1 receptor affinity (see section 4.2.2).152 It is clear that the use of 

water as a solvent appears particularly convenient in direct C-H bond 

arylation of oxazoles and thiazoles, allowing the synthesis of highly 

functionalized compounds through procedures of low environmental 

impact, in compliance with many Green Chemistry criteria. 

Moving on to the six-membered monocyclic N-heteroarenes, direct C-H 

bond arylation reactions of pyridines are definitely the most investigated 

in aqueous conditions. A common approach is the straightforward 

Minisci reaction, that is a Ag(I)-catalyzed radical coupling of pyridine 

scaffolds with aryl boronic acids, performed in biphasic water/CH2Cl2 (1:1 

v/v) mixture and in the presence of a suitable oxidizing agent. The first 

study was described in 2010 by Baran et al., who used AgNO3 as catalyst, 

K2S2O8 as oxidant and trifluoroacetic acid as radical precursor: working at 

room temperature, 4-t-butylpyridine 118 was converted into aryl 

pyridines 119 with good C2 regioselectivity and yields in 3-24 h 

(Scheme 49a).153 Interestingly, a similar C2 arylation through Minisci 

reaction can occur with pyridine N-oxides 120154 or N-iminopyridinium 

ylides 122155 under almost the same experimental conditions, affording 

products 121 and 123 in satisfactory yields (Scheme 49b-c). More 

recently, Baxter et al. proposed a more sustainable version for the direct 

arylation of pyridine via Minisci reaction, performed in a H2O/DCE (1:1 

v/v) mixture but involving the use of Selectfluor as a mild organic 

oxidant.156 For the sake of completeness, it is worth to emphasize that a 

Minisci reaction of pyridines in a H2O/CH2Cl2 (1:1 v/v) mixture has been 

also performed with aryl triazenes as arylating agents, although their use 

in the frame of the Green Chemistry is quite limited due to their low atom 

economy and waste prevention.157 

More recently, a first step towards sustainability was the use of less 

expensive Fe salts (instead of silver catalysts) in the same reactions: 

stoichiometric amounts of FeS,158 Fe(II) oxalate159 and FeSO4 ·7H2O160 

were tested by keeping all the other conditions (K2S2O8, CF3COOH, 

H2O/CH2Cl2 1:1 v/v, room temperature), although lower C2 selectivity 

was generally observed with respect to the use of AgNO3 as catalyst. A  

 

 

Scheme 49. Application of the Minisci reaction to the C2 regioselective direct C-H arylation of pyridine scaffolds through in H2O/CH2Cl2 solvent mixture: (a) arylation of 4-t-butylpyridine 118; 

(b) arylation of pyridine N-oxides 120; (c) arylation of N-iminopyridinium ylides 122.  
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Scheme 50. Direct C-H bond arylation reactions of NH-free indoles 124 under “on water” conditions: the C2 arylation was performed using aryl iodides as arylating agents (path a), while the C3 

arylation was carried out using aryl bromides (path b). 

further step forward in terms of sustainability was performed in 2020 by 

Kozak et al., who coupled the FeSO4 ·7H2O-promoted procedure with 

the use of microwave irradiation as non-conventional energy source 

(see section 4.2).161 In all these works, although the presence of a 

chlorinated organic solvent limits their sustainability in the frame of the 

Green Chemistry, the use of water as a reaction medium was 

fundamental for achieving a good solubilization of silver(I) and iron(II) 

salts. Other major drawbacks of all these protocols are the following: (a) 

the need of large amounts (sometimes even stoichiometric) of the metal 

catalysts, which definitely contaminated the desired coupling products, 

thus requiring tedious purification procedures; (b) the use of boronic 

acids as the arylating agents, which produce large amounts of boron salts 

as by-products. 

A totally different approach for the direct C-H arylation of pyridines 

was proposed by Xue and co-workers: aryldiazonium salts were used as 

arylating agents of functionalized pyridines at the C2 position, working 

with water as the only solvent at room temperature, in the presence of 

[Ru(bpy)3]Cl2 · 6H2O as photocatalyst under irradiation with a 45 W bulb 

lamp.162 Unlike aryl boronic acids, aryldiazonium salts as arylating agents 

in direct C-H arylation reactions are highly desirable towards the 

development of highly sustainable conditions, in particular in terms of 

waste prevention, thanks to the generation of N2 as by-product, which 

moves away from the reaction mixture as a gas. 

The direct arylation of other six-membered monocyclic N-heteroarenes, 

such as pyrazines and pyrimidines, has been less investigated under 

aqueous conditions. The only papers on this topic concern the direct 

oxidative coupling with aryl boronic acids promoted by FeSO4 ·7H2O, 

under themal heating160 or microwave irradiation,161 in a H2O/CH2Cl2 

(1:1 v/v) mixture, for which the same considerations as above apply. 

Given their interest as scaffolds of many biologically active compounds, 

indoles have been widely studied as substrates for direct C-H arylation 

reactions under aqueous conditions. The first, very attractive study was 

reported in 2010 by Djakovitch and co-workers: they described the use 

of [Pd(OAc)2/dppm] as catalyst that worked “on water” in the direct C-H 

arylation of NH-free indoles 124 without the need of protecting and/or 

directing groups.163 In particular, the control of regioselectivity was 

achieved by small changes in the experimental conditions: C2 arylation 

was performed using aryl iodides as arylating agents, in the presence of 

Pd(OAc)2 (5 mol%), dppm (5 mol%) and AcOK (3 equiv.), at 110 °C for 24 

h, affording the corresponding 2-arylindoles 125 (Scheme 50a); instead, 

C3 arylation was achieved using aryl bromides as arylating agents, in the 

presence of Pd(OAc)2 (5 mol%), dppm (5 mol%) and LiOH·H2O (3 equiv.), 

at 110 °C for 24 h, affording 3-arylindoles 126 (Scheme 50b). 

This “on water” method was then further investigated by Larrosa et al., 

who worked on N-substituted indoles: by using Pd(OAc)2 (5 mol%) as the 

catalyst under ligand-free conditions and silver cyclohexanoate (1.5 

equiv.) as the base, C2 arylated products were obtained in 16 h working 

at room temperature, thus improving the relevance of this protocol in 

the context of the Green Chemistry.164 More recently, Cao and co-workers 

adopted the same “on water” experimental conditions of Djakovitch for 

the C2 regioselective direct C-H bond arylation of NH-free indoles, but 

changing the [Pd(OAc)2/dppm] catalytic system with ultrafine Pd 

nanoparticles encapsulated into the perfluoroalkane-functionalized 

mesoporous metal-organic framework NU-1000 (see also section 

2.1.2).44  

A “on water” strategy was also described in oxidative direct arylations of 

indoles: Szostak et al. reported a ruthenium(II) catalysed protocol, 

performed with arylsilanes as environmentally benign arylating 

agents.165 More in details, N-(2-pyrimidyl)indoles 127 were treated 

with [RuCl2(p-cymene)] (5 mol%) as catalyst, AgSbF6 (20 mol%) as co-

catalyst, CuF2 (1.5 equiv.) as oxidant, affording the corresponding α-

arylated products 128 in good yields (58-87%) after 20 h (Scheme 51). 

Authors pointed out the high sustainability of their method, consisting in 

the use of water as a green solvent, silanes as benign reactants and 

ruthenium species as inexpensive catalysts. 

 
Scheme 51. “On water” oxidative direct C-H arylations of indoles 127 reported by Szostak 

et al.165 

The above mentioned “on water” strategies has opened, in the last few 

years, to the development of direct C-H bond arylation of indoles based 

on a micellar catalysis. In fact, working in a aqueous reaction in the 

presence of a suitable surfactant, their self-assembly into micellar 

structures may occur; in this way, the preferential accumulation of 

organic compounds within the lipophilic pockets of micelles allowed for 

high concentration and local polarity effects, thus making reactions in a 

very efficient and selective way even at the ppm level of catalyst 

loading. Therefore, the development of micellar catalysis strategies is 

highly favourable in the context of the Green Chemistry. An appealing 
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micellar catalysis strategy of indoles 129 was reported very recently by 

Kumar et al. using the surfactant SPGS-550-M in the presence of only 1 

mol% of [(cinnamyl)PdCl]2 catalyst under mild conditions.166 In 

particular, they found that the direct arylation of indoles 129 with aryl 

bromides could be performed with very high C2 or C3 regioselectivity 

by simply changing the ligand: DPPF allowed for the β-arylation, thus 

affording the 3-arylated indoles 130; on the contrary, using DPPP the 

α-arylation occurred, thus affording 2-arylated indoles 131 (Scheme 

52).The combination of micellar catalysis and mild experimental 

conditions, together with the high capability of controlling the reaction 

regioselectivity, makes in our opinion this protocol very interesting for 

scientists working in the field of the Green Chemistry. 

 

Scheme 52. Highly regioselective direct C-H arylation of of indoles 129 with aryl bromides based 

on a micellar catalysis approach, reported in 2019 by Kumar et al.166 

A quite different approach was proposed by Wan and co-workers, 

where a sustainable direct arylation protocol of functionalized N-methyl 

and free-NH indoles in H2O as the only solvent was performed in the 

presence of a recoverable catalyst (Pd nanoparticles supported on 

ordered mesoporous hybrid polymer-based materials, Pd/ODDMA-MP) 

using aryliodonium salts as alternative arylating agents: regioselective C2 

arylation occurred, affording the corresponding 2-arylindoles in high 

yields.53 Despite the use of water as a solvent is highly desirable for a 

sustainability point of view, the need of iodonium salts as the arylating 

agents is instead poorly appealing due to their modest atom economy. 

In addition to all the above mentioned “on water”, micellar and “in 

water” protocols, direct C-H arylation of indoles were also performed in 

biphasic aqueous/organic solvent mixtures. In 2012, Correia et al. 

described the C2 arylation of N-methylindole with aryldiazonium salts, 

performed in H2O/diisopropyl ether 2:1 (v/v) under very sustainable 

conditions, i.e., simply in the presence of Pd(OAc)2 as catalyst at room 

temperature.167 As pointed out in other points of our manuscript, the 

aryldiazonium salts are among the most appealing arylating agents in the 

context of direct C-H bond arylation reactions, since they produced 

gaseous N2 as the only by-product, thus avoiding the contamination of 

the reaction mixture with the production of organic waste. 

A H2O/ethanol 5:1 (v/v) mixture was used in the same year by Cai and 

co-worker for the C2 direct arylation of NH-free indoles with aryl iodides 

catalysed by Pd(Amphos)2Cl2 (20 mol%), in the presence of 

tetrachlorophthalic anhydride (1.0 equiv.) and NaOH (1.0 equiv.), at 80 

°C for 24 h.168 Although the use of a sustainable solvent mixture as the 

reaction medium is highly desirable, here the use of a high loading of the 

palladium catalyst (that is, 20 mol%) is a major drawback to the real 

sustainability of the process. More interestingly was instead the α-

arylation of 3-methylindole with a chlorinated nucleobase in DMSO/H2O 

mixture: the protocol, described in 2017 by König and co-workers, was 

performed in the presence of rhodamine 6G as a photoredox catalyst 

(see also section 4.1.1).143 The use of organocatalytic system is definitely 

highly appealing in the context of Green Chemistry protocols, mainly for 

their easier removal from coupling products compared to metal traces, 

therefore their use in combination with a environmental friendly solvent 

is highly favourable.  

In 2020, an interesting study was reported by Vaccaro et al.: they 

described a C2 regioselective direct C-H bond arylation of indoles with 

diaryliodonium salts, using a Rhodiasolv® Polarclean/H2O mixture 1:4 

(v/v) as safe and recoverable reaction medium.48 In fact, Polarclean is a 

promising solvent that can reduce carbon footprint; it is produced on ton 

scale by Solvay in a circular economy approach, it is not toxic and highly 

biodegradable. Despite iodonium salts are arylating agents typically 

characterized by a low atom economy, such protocol exhibited a great 

attention to sustainability, strengthened by the use of Pd/C as a 

recyclable supported catalyst (see section 2.1.2). 

For the sake of completeness, papers using less sustainable solvent 

mixtures have to be mentioned. In 2017, Jiang and co-workers reported 

the use of DMA/water mixtures in the context of Pd-catalyzed direct C-

H bond arylation of NH-free indoles with aryl iodides.169 A THF/water 

mixture was instead applied by Loh et al. for Rh(III)-promoted oxidative 

direct arylation of N-(2-pyrimidyl)indoles with aryltrimethoxysilanes as 

convenient arylating agents.170 In 2019, Volla, Maiti and co-workers 

described the C4 regioselective direct C-H bond arylation of indoles 3-

carbaldehydes, performed in acetic acid/hexafluoroisopropanole/water 

(10:10:1 v/v) solvent mixture, in the presence of Pd(OAc)2 as catalyst and 

glycine as an inexpensive transient directing group.171 Despite their 

interest from a merely synthetic point of view, it is clear that these 

protocols are not of particular appealing from the point of view of the 

Green Chemistry. 

The studies of direct C-H bond arylation under aqueous conditions on 

other bicyclic N-heteroarenes are quite limited. In 2010, Greaney et al. 

described an interesting “on water” strategy for the direct C-H arylation 

of 2H-indazoles 132 with (hetero)aryl iodides and bromides: reactions 

were performed with PdCl2(dppf)·CH2Cl2 (5 mol%) as catalytic precursor, 

PPh3 (10 mol%) as the ligand, Ag2CO3 (1.0 equiv.) as the base, at 50 °C for 

16 h, affording 3-(hetero)arylated 2H-indazoles 133 in 48-97% yields 

(Scheme 53).172 Surprisingly, the same experimental conditions did not 

work on parent 1H-indazoles. However, very recently El Kazzouli 

demonstrated that working “on water” with the less expensive Pd(OAc)2 

instead of PdCl2(dppf)·CH2Cl2 and at 100 °C instead of 50 °C, direct C3 

arylation of 1H-indazoles with (hetero)aryl iodides occurred in high 

yields.173 

The only report on the direct arylation of benzimidazoles in aqueous 

conditions was described in 2020 by Peddiahgari and co-workers: a 

family of Pd-PEPPSI complexes was tested in the direct C2 arylation of N-

substituted benzimidazoles in a water/ethanol 1:1 (v/v) mixture.174 

However, this work was actually mainly focused on the synthesis and 

catalytic performance of such complexes, rather to the development of 

an highly sustainable direct C-H arylation protocol of benzimidazoles. 
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Scheme 53. Direct C-H bond arylation of 2H-indazoles 132 with (hetero)aryl iodides and 

bromides through “on water” strategy. 

Nagarkar et al. reported the use of nano-CeO2 supported on Fe3O4 for 

the C2 regioselective direct arylation of benzoxazoles or benzothiazoles 

134 with aryldiazonium salts in H2O at 80 °C for 3 h, affording the 

corresponding 2-aryl benzoxazoles/benzothiazoles 135 in good yields 

(Scheme 54).105 Despite the substrate scope of this study was quite 

limited, the protocol actually appears in our opinion of very high interest 

in the context of the Green Chemistry: it combined the use of a supported 

metal catalyst (see section 2.2.2) which could be easily recovered and 

recycled, the use of diazonium salts as convenient arylating agents (due 

to their high waste prevention, associated to the production of N2 as by-

product), the use of water as a green reaction medium, and finally the 

need of quite mild reaction conditions (that is, 80 °C for only 3 h). 

 

Scheme 54. C2 regioselective direct arylation of benzoxazoles or benzothiazoles 134 with 

aryldiazonium salts in H2O reported in 2015 by Nagarkar et al.105 

In 2013, Maiti and co-workers proposed a trifluorotoluene (TFT)/water 

1:1 (v/v) mixture for the iron-catalyzed oxidative direct arylation of 

benzothiazoles, quinolines and quinoxalines with aryl boronic acids.175 

It is clear that this work was mainly focused on the development of the 

synthetic protocol, rather than on a concrete interest in sustainable 

experimental conditions: in fact, the use of highly harmful TFT as co-

solvent and the need of boronic acids as arylating agents (producing a 

stoichiometric amounts of boron salts as by-products) represent two 

severe issues to the sustainabily of the method. 

Although aqueous conditions often enable the development of greener 

and more sustainable protocols, in some cases they make possible a 

reactivity that could hardly occur in organic solvents. This is the case of 

C2 regioselective direct C-H arylation of quinolines N-oxide 136 with aryl 

amines 137: a Cu(OAc)2·5 H2O catalysed radical coupling to give the 

corresponding 2-arylquinolines N-oxide 139 was described by Qu et al., 

performed in acetone/water 2:1 (v/v) mixture and in the presence of 

tert-butyl nitrite, which is able to generate aryldiazonium salts 138 (the 

effective arylating agents) in situ from aryl amines under aqueous 

conditions (Scheme 55).176  

A biphasic H2O/CH2Cl2 1:1 (v/v) mixture was used as reaction medium for 

the oxidative direct C-H bond arylation of N-methoxyquinoline-1-ium 

tetrafluoroborate derivatives with aryl boronic acids: interestingly, 

working with AgNO3 as the catalyst and Na2S2O8 as a sacrificial oxidant 

at room temperature, the corresponding 2-arylquinolines were directly 

obtained in only 30 minutes.177 A very similar protocol, only differing in 

the use of (NH4)2S2O8 as oxidant and H2O/dichloroethane (instead of 

H2O/CH2Cl2) as the reaction medium, was proposed by Du and co-

workers for the C6 direct arylation of purines and purine nucleosides.178 

Despite the use of an organic solvent, the short reaction times and the 

absence of any heating make these two last protocols appealing from a 

sustainability perspective. 

 

Scheme 55. C2 regioselective direct C-H bond arylation of quinolines N-oxide 136 with aryl 

amines 137 performed in acetone/water. 

The use of water as a solvent was also applied in the direct C-H bond 

arylation reactions of other bicyclic poly-nitrogen heteroarenes, such as 

caffeine, pyrazolopyridines, imidazopyridines and thiazolopyridines. Xue 

et al. described the use of aryldiazonium salts as arylating agents in the 

photochemical C2 arylation of caffeine, performed in water as reaction 

medium and in the presence of [Ru(bpy)3]Cl2 · 6 H2O as photocatalyst 

under irradiation with a 45 W bulb lamp.162 Although the use of H2O as a 

reaction medium is very interesting, the most appealing feature in the 

field of the Green Chemistry here is represented by the application of a 

photochemical method as a non-conventional energy source (for more 

details, see section 4.1.1).  

Guillaumet et al. worked on the Palladium-catalyzed direct arylation of 

pyrazolopyridines by “on water” protocols. In 2017, they reported a C3 

arylation of 2H-pyrazolo[3,4-b]pyridines 140 with (hetero)aryl iodides: 

the reactions proceeded “on water” smoothly using low amounts of 

the Pd(PPh3)2Cl2 catalyst (5 mol%) and PPh3 ligand (10 mol%), 1.0 equiv. 

of Ag2CO3 as base, at moderate temperature (70 °C) for 24 h, affording 

the corresponding C3-(hetero)arylated products 141 in good to excellent 
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isolated yields (Scheme 56a).179 In a following paper, they applied two 

very similar “on water” procedures for the C3 arylation of 2H-

pyrazolo[4,3-b]pyridines 142 (i.e., Pd(PPh3)2Cl2 2.5 mol%, Ag2CO3 1.0 

equiv., H2O, 70 °C, 24 h) and of 1H-pyrazolo[4,3-b]pyridines 144 (i.e., 

Pd(PPh3)4 5 mol%, 1,10-phenanthroline 10 mol%, Ag2CO3 1.3 equiv., 

H2O, 90 °C, 24 h) to obtain the corresponding coupling products 143 

and 145, respectively, in good yields (Scheme 56b-c).180  

 

Scheme 56. Pd-catalyzed direct arylation of pyrazolopyridines by “on water” protocols: (a) C3 

arylation of 2H-pyrazolo[3,4-b]pyridines 140; (b) C3 arylation of 2H-pyrazolo[4,3-b]pyridines 

142; (c) C3 arylation of 1H-pyrazolo[4,3-b]pyridines 144. 

Rode et al. focused their attention on the direct C-H bond arylation of 

imidazo[1,2-a]pyridines with (hetero)aryl iodides, carried out “on 

water” with the inexpensive Pd(OAc)2 as catalyst (5 mol%), KOH (3.0 

equiv.) as base, at 100 °C for 24 h;181 similar experimental conditions 

were also described for the “on water” arylation of thiazolo[5,4-

d]pyrimidines.182 Once again, all these “on water” studies proved to be 

convenient in terms of environmental sustainability and economic 

impact, thus justifying their increasing interest in the field of Green 

Chemistry. 

Finally, very recently Wu et al. have reported an efficient method for the 

palladium-catalyzed direct C-H arylation of imidazo[1,2-a]pyridines with 

aryl chlorides under aqueous conditions: working with 2.0 equiv. of the 

arylating agent, 5 mol% of Pd(OAc)2, 10 mol% of BuAd2P as ligand, 3.0 

equiv. of K2CO3 as base in a 1,4-dioxane/H2O 2:1 (v/v) mixture at 110 

°C, affording 3-arylimidazo[1,2-a]pyridines in good yields.183 

3.1.3. Direct C-H bond arylation of O-heteroarenes in water. Studies 

on the direct C-H arylation of O-heteroarenes under aqueous conditions 

are quite limited, and performed only in combination with other N- 

and/or S-heteroarenes. In 2015, Zhang et al. used a H2O/acetonitrile 1:1 

v/v mixture in very few examples of direct C-H arylation of furan with 5-

iodouracil or 5-iodouridine under irradiation with a Hg lamp.142 Despite 

the substrate scope was quite limited, the strategy appeared quite 

interesting in terms of sustainability due to the absence of any catalyst, 

which is quite uncommon in the context of direct C-H bond arylation 

reactions. 

Štefane and co-workers proposed a tandem Suzuki-Miyaura/direct C-H 

arylation of furan and benzofuran in 1,4-dioxane/water mixture for the 

synthesis of biologically active nitroxoline analogues.141 Actually, in this 

case aqueous conditions were only used to allow the starting Suzuki-

Miyaura step, but we decided to report it for the sake of completeness. 

A more sustainable work was reported in 2020 by Zhang et al.: they 

proposed a C2 regioselective direct C-H bond arylation of furan 146 with 

variously functionalized aryl diazonium salts, performed in water as the 

only solvent at room temperature and in the presence of the zirconium-

based UiO-66 metal organic framework as catalyst; the corresponding α-

arylated furans 147 were obtained in satisfactory yields (Scheme 57).103 

This protocol in our opinion is quite interesting from several point of 

view: in addition to the use of water as reaction medium, the presence 

of an heterogeneous (and easily removable) catalyst and the use of 

diazonium salts as arylating agents are highly desirable features in the 

context of the Green Chemistry. 

 

Scheme 57. C2 regioselective direct C-H bond arylation of furan 146 with aryl diazonium salts 

performed in water as the solvent. 

In 2018, Cai, Jiang and co-workers reported a very appealing strategy for 

the C2 regioselective direct C-H bond arylation of furan, where the 

micellar catalysis approach was combined with the advantages of the 

photoredox processes and organocatalysis.184 Reactions were carried 

out in water, in the presence of Triton X-100 as commercially available 

and inexpensive surfactant in order to generate the micellar structures. 

The accumulation of organic compounds within the lipophilic pockets 

of micelles, in which is also located the organic photocatalyst (that is, 

eosin B), allowed for highly efficient direct C-H arylation. In particular, 

anilines were used as formal arylating agents, which can be then in situ 

converted into the corresponding diazonium salts in the presence of tert-

butyl nitrite. It is clear that the combination of all these aspects makes 

this study of very high interest for all the organic chemists working in 

the development of sustainable and efficient synthetic protocols. 

3.1.4. Direct C-H bond arylation of S-heteroarenes in water. To the 

best of our knowledge, the first work which described direct C-H bond 

arylation reactions of thiophene rings under aqueous conditions was 

reported in 1997 by Lemaire et al. A water/acetonitrile mixture was 

used as reaction medium for a C2 regioselective direct C-H arylation 

of activated thiophenes 148 (i.e., thiophene rings bearing an electron 

withdrawing group) with aryl iodides, performed with Pd(OAc)2 as the 

catalyst, K2CO3 as the base and tetra(n-butyl)ammonium bromide as a 

phase transfer catalyst; the corresponding coupling products 149 were 
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obtained in moderate yields (Scheme 58).185 A deeper investigation of 

the experimental conditions was performed in two following papers; 

interestingly, the synergistic effect of water and acetonitrile towards 

high yields and low reaction times was demonstrated.186-187 These three 

works are of relevance only from an historical point of view, since at that 

time the development of the Twelve Principles of Green Chemistry was 

still in its infancy. 

 

Scheme 58. First study of direct C-H bond arylation reactions of thiophene rings 148 under 

aqueous conditions, reported in 1997 by Lemaire et al.185 

After the pioneering works of Lemaire and co-workers, no other studies 

of direct C-H bond arylation of thiophenes in aqueous conditions were 

reported for several years. Only in the last six-seven years, with the 

growing interest in Green Chemistry principles, an increasing number of 

investigation on this topic has been described, for the synthesis of both 

small molecules and polymers. Once again, most of them used biphasic 

aqueous/organic mixtures as a solvent. 

Concerning small molecules, in 2015 Fuse and co-workers reported the 

synthesis of thiophene-based organic dyes for dye-sensitized solar cells 

by a tandem Suzuki-Miyaura coupling/direct C-H arylation/Knoevenagel 

condensation.188 Despite the work was mainly focused on the detailed 

spectroscopic study of these dyes, an optimization of the experimental 

conditions was also performed: in this field, according to the previous 

studies of Lemaire et al., the direct arylation step of 2,2’-bithiophene 

derivative 150 with N,N-diphenyl-4-iodoaniline 151 was carried out in a 

H2O/CH3CN mixture, affording the corresponding coupling product 152 

in 72% yield (Scheme 59). 

 

Scheme 59. Direct C-H bond arylation of 2,2’-bithiophene 150 with N,N-diphenyl-4-

iodoaniline 151 in a H2O/CH3CN mixture, reported in 2015 Fuse and co-workers.188 

In the same year, Lützen et al. proposed the use of H2O/THF mixture for 

the direct C-H bond arylations of α-substituted thiophenes 153 with 

functionalized iodobiphenyls 154: the reactions were performed with 

Pd(dppf)Cl2, PPh3 and Ag2CO3, affording the thiophene/phenylene 

systems 155 in 53-84% yields (Scheme 60).189 Despite the use of an 

aqueous reaction medium, in our opinion this protocol does not show a 

very high sustainability: reactions were typically carried out for 7 days at 

60 °C, thus needing for high energy requirements. 

 

Scheme 60. Direct C-H bond arylations of α-substituted thiophenes 153 with functionalized 

iodobiphenyls 154 in H2O/THF mixture, reported in 2015 by Lützen et al.189 

In 2016, Štefane et al. proposed the preparation of biologically active 

nitroxoline analogues using a tandem Suzuki-Miyaura/direct C-H 

arylation protocols of thiophene in a 1,4-dioxane/water mixture.141 

Actually, in this case aqueous conditions were only used to allow the 

starting Suzuki-Miyaura step, but we decided to report this study in our 

ovierview for the sake of completeness 

More sustainable protocols were developed only very recently. In 2019, 

Yildiz et al. proposed a transition metal-free approach for the oxidative 

direct arylation of thiophenes in H2O: potassium peroxymonosulfate was 

used as mild and inexpensive catalyst for the oxidative direct homo-

coupling of 3-(4-methyl-3’-thienyloxy)propyltriethylammonium 

bromide; consumption of the starting thiophene reagent was observed 

in 15 minutes, giving the corresponding dimer, trimer and tetramer.190 

In this specific case, the use of H2O as the only solvent was mainly due to 

the better solubility of the cationic thiophene monomer. 

In 2020, Zhang et al. reported some examples of C2 regioselective direct 

C-H bond arylation of thiophene with aryl diazonium salts, performed in 

water as the only solvent at room temperature and in the presence of 

the zirconium-based UiO-66 metal organic framework as catalyst.103 As 

we already described in the previous section 3.1.3 for the ame reaction 

on furan, we believe that this protocol is interesting in the context of the 

Green Chemistry for several aspect: in addition to the use of water as 

reaction medium, the presence of a removable catalyst and the use of 

diazonium salts as very favourable arylating agents in waste prevention. 

Beverina and co-workers reported an extensive investigation of 

sustainable direct C-H bond arylation reactions of 2-(n-hexyl)thiophene, 

2,2’-bithiophene, 3,4-ethylenedioxythiophene and thieno[3,4-c]pyrrole-

4,6-dione with aryl bromides, performed in Kollifor 2% in H2O/toluene 

(9:1 v/v) mixture.131 The use of Kolliphor allowed for the application of 

a micellar catalysis approach: direct C-H arylation reactions occurred 

within the lipophilic pockets of micelles, where thanks to the high 

concentration and local polarity effects, reactions are very efficient. In 
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Scheme 61. Leclerc’s first report of direct C-H bond arylation-based polymerization of thiophene-based systems under aqueous conditions. 

addition to the use of a micellar catalysis, the overall sustainability of 

the process was further confirmed by E-factors (i.e., the mass ratio 

between organic wastes and product) in all cases in the order of 10-2 

(between 179 and 556), which are low values, considering that they 

also include purification. 

The first report of direct C-H bond arylation polymerization of thiophene 

systems under aqueous conditions was published in 2017 by Leclerc et 

al.191 Thiophene-based monomers 156 (3,4-ethylenedioxythiophene 

156a, thieno[3,4-c]pyrrole-4,6-diones 156b-c, bis-thienyldiketopyrrolo 

[3,4-c]pyrrole 156d, 2,2’-bithiophene 156e) were co-polymerized with 

suitable (hetero)aryl dibromides in a biphasic water/toluene mixture, 

using PdCl2(PPh3)2 (1 mol%), P(o-anisyl)3 (4 mol%), K2CO3 (40 equiv.) 

and pivalic acid at 100 °C: the corresponding π-conjugated polymers 

P157 were always obtained in good yields (77-98%) and high molecular 

weights (Scheme 61). Their optical and thermal properties for potential 

optoelectronic applications were studied.  

In the same year, Thompson and co-workers reported few example of 

Palladium-catalyzed direct C-H bond arylation polymerization of 4,7-

di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole with a N-alkylated 2,7-

dibromocarbazole, performed in water/toluene or water/THF solvent 

mixture.192 More recently, the 4,7-di(thiophen-2-yl)benzo[c][1,2,5] 

thiadiazole monomer was polymerized with 1,4-dibromo2,5-bis[(2-

hexyldecyl)oxy]benzene in a toluene/water biphasic medium by Leclerc 

et al.193 

In 2018, Yu and co-workers described the synthesis of anionic water-

soluble poly(3,4-ethylenedioxythiophene)s in high yields and molecular 

weights by direct arylation polymerization: although most of the studies 

were performed in DMF as the solvent, looking for a greener synthetic 

route the polymerization water was also investigated as the solvent, in 

the presence of TBAB (1 equiv.) and Pd(OAc)2 (5 mol%) at 70 °C.194 These 

conditions afforded the corresponding polymer with higher yield (80%) 

and molecular weight (Mn = 6.4 kg/mol, Mw = 10.8 kg/mol, PDI = 1.69) 

with respect to those obtained in DMF, probably due to its better 

solubility in H2O.  

Lai et al. reported the use of deionized water as the only solvent for the 

homo-polymerization via direct arylation of 2-bromo-3-alkylthiophenes 

functionalized with ionic groups; also in this case, the choice of aqueous 

conditions is to be attributed to the greater solubility of monomers and 

polymers, rather than to the need of more sustainable conditions.123 

The use of aqueous conditions has been less investigated in the direct C-

H arylation reactions of bicyclic S-heteroarenes. A tandem Suzuki-

Miyaura/direct arylation of benzo[b]thiophene in a 1,4-dioxane/water 

mixture was used by Štefane et al. for the synthesis of biologically active 

nitroxoline analogues.141 More appealing from a sustainability point of 

view was instead the study of Beverina et al., who described a protocol 

for the direct C-H bond arylation of thieno[3,2-b]thiophene with aryl 

bromides under the micellar catalysis approach, performed in Kollifor 2% 

in H2O/toluene (9:1 v/v) mixture as a solvent.131  

3.2. Direct C-H bond arylation of (hetero)arenes in alcohols 

Alcohols have recently found extended application as solvents (or co-

solvents) in direct C-H arylation reactions of (hetero)arenes. However, 

their features in terms of sustainability and environmental impact 

depends on their structure. Methanol, for example, meets very few of 



 CRITICAL REVIEW 

 

Please do not adjust margins 

Please do not adjust margins 

these criteria, due to its toxicity and flammability. Ethanol is instead a 

better choice for Green Chemistry, as it is a relatively low-cost solvent 

and it can be produced by fermenting renewable sources such as sugars, 

starches and lignocellulosics.195 Pentan-1-ol and 3-methylbutan-1-ol are 

biodegradable and they can easily be prepared by fermentation or 

reduction of 1-valeraldehyde and 3-methylbutyraldehyde.196 Exposure 

to small amounts of most alcohols is unlikely to exhibit adverse health 

effects. Therefore, generally the use of alcohols can be considered as a 

more sustainable and greener choice of reaction media compared to 

DMA, NMP and other traditional solvents for direct C-H arylations of 

(hetero)arenes. 

In this section we report a critical overview of the direct C-H arylation of 

(hetero)arenes protocols involving the use of alcohols as the reaction 

medium, describing advantages and limitations in terms of sustainability 

associated with their use. 

3.2.1. Direct C-H bond arylation of arenes in alcohols. In 2010, Guchhait 

et al. reported an highly sustainable protocol for the oxidative direct 

C-H arylation of several (hetero)arenes, including benzene, with several 

(hetero)aryl boronic acids as arylating agents: reactions were performed 

with Mn(OAc)3 as a single-electron-transfer oxidant, under microwave 

irradiation and in the presence of ethanol as the solvent.197 The choice of 

ethanol is the result of a quite extensive solvent screening: in addition to 

benefiting the sustainability of the method, its use perfectly fits with the 

oxidant reactivity.  

More recently, You and co-workers described the application of t-amyl 

alcohol as an effective reaction medium for the thioketone chelation-

assisted oxidative direct C-H arylation of ferrocene 158 with aryl boronic 

acids, using Pd(OAc)2 as catalyst and benzoquinone as sacrificial oxidant, 

affording aryl-substituted thiocarbonylferrocenes 159 in high yields.198 

The use of t-amyl alcohol, in combination with mild and base-free 

conditions, enabled the development of an environmental friendly 

synthetic protocol, which is of significant interest in the context of the 

Green Chemistry (Scheme 62). 

 

Scheme 62. Oxidative direct C-H arylation of thiocarbonylferrocenes 158 with aryl boronic acids 

in t-amyl alcohol as the solvent, developed in 2018 by You and co-workers.198 

The direct C-H ortho-arylation of substituted benzenes performed in 

alcohols as a solvent has been more extensively investigated in organic 

synthesis. To the best of our knowledge, the first example was reported 

in 1984 by Opalko et al.: in fact, 1-butanol was used in several tests of 

intramolecular direct C-H arylation of 2-iodobenzophenone, performed 

with Pd(OAc)2 as catalyst, to give fluorenone as the main product.199 

However, in the same study most intramolecular reactions on other 

substrates were instead performed in DMA. This work was reported 

here only for the sake of completeness, since it is important only from 

an historical point of view.In fact, a real interest in the use of alcohols as 

sustainable solvents, and in particular for the direct C-H bond arylation 

of arenes, has gained a significant relevance only in the past decade. 

The use of alcohols as a reaction medium for direct C-H bond arylation 

is often associated to the development of photocatalytic processes. In 

this frame, in 2011 Sanford and co-workers reported the use of MeOH as 

reaction medium for Palladium-catalyzed direct ortho-arylation of 2-

phenylpyridine, 1-phenylpyrrolidin-2-one and other related arenes with 

aryldiazonium salts, performed at room temperature and under 

irradiation with visible light (26 W lightbulb), in the presence of a Ru 

species as photo-co-catalyst.200 A very similar photocatalytic protocol, 

based on the same experimental conditions (including the use of MeOH 

as solvent), was extended more recently by Guo et al. to 6-arylpurine 

nucleosides: the direct C-H arylation occurred selectively on the ortho-

position of the arene ring, affording mono-arylated products in good 

yields.201 Methanol was also the solvent of choice for a photochemical 

direct ortho-arylation of anilides, performed under 3W green LED 

irradiation in the presence of eosin-Y as photocatalytic species; this last 

protocol was even more appealing since it used an organocatalyst (i.e., 

eosin Y), whose interest in the context of Green Chemistry is mainly 

related to their easier removal from the crude product compared to 

metal traces (arising from more common transition metal catalysts).202 

However, it is worth to emphasize that the most important feature in 

these three works was the development of a photochemical process 

involving a non conventional energy source, rather than the use of an 

alcohol as the solvent (for more details, see section 4.1.1). 

Although only in one case, methanol was also used as the solvent for a 

non-photocatalytic processes: a tandem oxidative direct C-H bond 

arylation/direct N-H arylation of N-methyl arylamides with arylboronic 

acids catalysed by a dinuclear Pd(II) benzhydrazone complex for the 

synthesis of phenanthridinone scaffolds.203 Actually, in our opinion this 

protocol does not seem of particular convenience: the homogeneous Pd 

catalyst, used with 1 mol% of loading, needs to be ad hoc synthesized (it 

is not commercially available) and cannot be recycled; moreover, the use 

of boronic acids as arylating agents is not a particularly convenient choice 

from a Green Chemistry perspective. 

 

Scheme 63. Direct C-H ortho-arylation of 4-methyl-N-phenylpyridin-2-amine derivatives 160 

with potassium aryltrifluoroborate as arylating agents in t-butyl alcohol as the solvent. 

An interesting study of direct C-H ortho-arylations of arenes involving 

the use of alcohols as solvents was performed in 2014 by Wu and co-

workers: 4-methyl-N-phenylpyridin-2-amines 160 were treated with 

potassium aryltrifluoroborate as arylating agents, in the presence of 

Pd(OAc)2 (10 mol%) as the catalyst, Cu(OAc)2 (2.0 equiv.) and para-

benzoquinone (1.0 equiv.) as the oxidant in t-butyl alcohol as the solvent, 
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affording the corresponding ortho-arylated products 161 from low to 

excellent yields (Scheme 63).204 Although other less sustainable solvents 

were also tested in a preliminary screening, t-BuOH offered the best 

performance in terms of yields. The role of t-BuOH does not offer simply 

the possibility of more environmentally friendly experimental 

conditions, but its involvement in the reaction mechanism is likely. 

Interestingly, t-butyl alcohol was used also in the Palladium-catalyzed 

direct C-H ortho-arylation reactions of polyfluoroarenes 162, performed 

with aryl tosylates and mesylates as alternative arylating agents.205 These 

reactions were carried out under relatively mild conditions, that is, 

Pd(OAc)2 5 mol%, CM-phos 20 mol%, potassium acetate as base, at 90 °C 

for 18 h; the corresponding products 163 were obtained in most cases in 

good yields (Scheme 64). It is worth to emphasize that tosylates and 

mesylates, if from a merely synthetic point of view are attractive because 

of their higher reactivity compared to the corresponding aryl halides, 

in the context of the Green Chemistry actually showed serious limits, due 

to their modest atom economy and subsequent production of organic 

waste as co-products. 

 

Scheme 64. Pd-catalyzed direct C-H ortho-arylation of polyfluoroarenes 162, performed in 

t-butanol as solvent with aryl tosylates and mesylates as alternative arylating agents. 

T-amyl alcohol has also found some applications in the direct C-H ortho-

arylation of arenes. In 2013, Daugulis et al. reported a sustainable ortho-

diarylation of benzylpicolinamides with aryl iodides, under ligand-free 

conditions and in the presence of t-amyl alcohol as the reaction medium, 

using Pd(OAc)2 as the catalyst and cesium or silver acetate as the base.206 

In 2021, Hartwig and co-workers described an systematic study of direct 

C-H ortho-arylation of arenes (using -OCH3, -CF3, -Cl and -F as the ortho-

directing groups) with aryl bromides, performed in t-amyl alcohol as 

reaction medium thanks to the synergistic effect of silver and palladium 

catalysis (arising from Ag2O and Pd(OAc)2, respectively).207 In both cases, 

the use of t-amyl alcohol as a solvent was actually dictated by the need 

to develop highly efficient and versatile protocols, rather than highly 

sustainable and environmental friendly ones. This is partially confirmed 

by the use, in most cases, of a stoichometric amount of silver salts, that 

generally represent a severe source of metal contamination of the 

coupling products. 

3.2.2. Direct C-H bond arylation of N-heteroarenes in alcohols. Once 

again, N-heteroarenes are the most investigated class of substrates for 

direct C-H bond arylation reactions in alcohols. Among five-membered 

N-heteroarenes, pyrroles were studied in depth. The first preliminary 

investigation was reported by in 2010 by Guchhait et al., who described 

a quite sustainable protocol based on the use of EtOH in combination 

with microwave irradiation for the Palladium-catalyzed oxidative direct 

arylation of (hetero)arenes, including N-methyl pyrrole, with boronic 

acids as arylating agents.197 

Peng et al. proposed the use of methanol as the reaction medium for Rh-

catalyzed oxidative direct C-H arylation coupling of N-aryl pyrroles 164 

with aryl boronic acids, affording selectively the corresponding α-

arylated products 165 (Scheme 65).208 From the synthetic point of view 

the procedure appears quite interesting, although the need of a very 

large excess (4.0 equivalents) of silver trifluoroacetate as oxidant 

represented a major drawback to its real sustainable impact. 

 

Scheme 65. Rh-catalyzed oxidative direct C-H arylation coupling of N-aryl pyrroles 164 with aryl 

boronic acids in MeOH as the solvent, proposed in 2015 by Peng et al.208 

However, more attention to the development of synthetic protocols in 

line with the principles of Green Chemistry was given by the Doucet’s 

research group. In 2014, they reported a systematic study of the impact 

of reaction medium in the Pd-catalyzed direct C-H arylation reaction of 

five-membered monocyclic heteroarenes, including N-methyl pyrrole, 

with 4-bromoacetophenone: although toxic DMF and DMA gave the best 

results, among sustainable solvents 1-pentanol afforded the 

corresponding α-arylated product with the best conversion by using 

Pd(OAc)2 as the catalyst and KOAc as the base.209 

In a following publication, the use of 1-pentanol and 3-methyl-1-butanol 

as solvents was investigated in combination with recoverable Pd/C 

catalyst for direct C-H arylations of N-methyl pyrrole with several 

bromoarenes: only slightly lower yields were observed compared to 

the corresponding reactions in DMA, especially in the case of 3-methyl-

1-butanol (see also section 2.1.2).33 It is clear that the possibility of 

merging the use of a sustainable reaction medium with a recoverable 

and cheap catalyst in the same procedure is highly desirable in the 

context of the Green Chemistry, although it is far from trivial. 

Moving our attention to other five-membered N-heteroarenes, Doucet 

et al. have performed several investigations in the last years. On one 

hand, not satisfactory results were obtained by using sustainable 

alcohols as reaction medium in direct C-H arylations of aryl bromides 

with 1-methylimidazole (< 5% in 3-methyl-1-butanol vs. 73-84% in DMA) 

or 3,5-dimethylisoxazole (10-34% in 3-methyl-1-butanol vs. 75-93% in 

DMA).33 On the other hand, thiazoles worked very well in both 1-

pentanol and 3-methyl-1-butanol: in 2011, they reported a C5-

regioselective direct arylation of 2-substituted and 2,4-disubstituted 

thiazoles 166 with aryl bromides in 1-pentanol or 3-methyl-1-butanol, 

using PdCl(C3H5)(dppb) (2 mol%) as the catalyst and KOAc (2.0 equiv.) as 

the base at 150 °C, affording the corresponding 5-arylthiazoles 167 in 

most cases with good yields (Scheme 66);196 more recently, they have 
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developed a more sustainable protocol for the same transformation, by 

changing PdCl(C3H5)(dppb) with recoverable Pd/C, affording the desired 

C5-arylated coupling products in most cases with high yields (> 85%).33 

 

Scheme 66. C5-regioselective direct C-H bond arylation of 2-substituted and 2,4-disubstituted 

thiazoles 166 with aryl bromides in 1-pentanol or 3-methyl-1-butanol as solvent. 

Few selected examples of oxidative direct C-H arylation of thiazole with 

aryl boronic acids in ethanol were also reported by Guchhait et al.197 

Despite boronic acids as arylating agents did not represent the best 

choice in terms of the Green Chemistry, the use of ethanol, which is the 

the result of a quite extensive solvent screening, in combination with the 

use of microwave irradiation, confirmed a general sustainability for this 

method. 

The only study on direct C-H arylation of pyrazoles involving the use of 

alcohols as the reaction medium was reported in 2012 by Zhong and co-

workers: they proposed a Pd-catalyzed oxidative direct C-H arylation of 

1,3,5-trisubstituted pyrazoles with aryl boronic acids, in the presence of 

PdCl2(PPh3)2 (10 mol%) as the catalyst, NaHCO3 (2.0 equiv.) as the 

base and N-iodosuccinimide (1.0 equiv.) as a sacrificial oxidant, in an 

ethanol/water 3:1 (v/v) mixture, affording good yields (≤ 88%) of the 

corresponding 4-arylated products, which are fipronil derivatives with a 

potential biological activity (see section 3.1.2).145  

 

Scheme 67. Palladium-catalyzed direct C-H bond arylation of oxazoles 168 and 1,2,3-triazoles 

169 in a DMF/t-BuOH mixture. 

Ackermann et al. proposed the use of tosylates and mesylates as 

arylating agents in Palladium-catalyzed direct C-H arylation of oxazoles 

168 and 1,2,3-triazoles 169 in DMF/t-BuOH mixture as the solvent.210 

In particular, reactions were carried out with 1.2 equiv. of the arylating 

agent, Pd(OAc)2 (5 mol%) as the catalyst, XPhos (10 mol%) as the ligand, 

pivalic acid (15 mol%) as an additive, K2CO3 (1.5 equiv.) as base, at 100 °C 

for 16-22 h, affording the corresponding 2-aryl oxazoles 170 and 4-aryl 

triazoles 171 in good yields (Scheme 67). In this work the use of t-BuOH 

as co-solvent is attributable to the observed good performances with 

tosylates, rather than to the need of sustainable conditions. Moreover, 

it is worth to emphasize that tosylates and mesylates, if from the 

synthetic point of view are attractive due to their higher reactivity 

compared to aryl halides, in the context of Green Chemistry actually 

showed serious limits, due to their modest atom economy and 

subsequent production of organic waste as co-products. 

Few studies were instead reported relevant to direct arylation of other 

six-membered N-heteroarenes. In 2005, Sames et al. have reported the 

C2 regioselective phenylation of pyridine with iodobenzene catalyzed by 

a phosphido-bridged ruthenium dimer complex using t-butanol as the 

solvent.211 The protocol appears in our opinion highly interesting from a 

synthetic point of view, but its real impact in the frame of sustainable 

chemistry actually seems to be quite low: in fact, the ruthenium catalyst 

is not commercially available (and therefore need to be synthesized by a 

quite expensive preparation), and reactions were carried out under quite 

harsh experimental conditions (150 °C of thermal heating for 17 h). 

A mixture toluene/t-BuOH was chosen by Ackermann and co-worker for 

the direct C-H arylation of pyridine N-oxides 172 with aryl tosylates and 

mesylates.212 In particular, the reaction conditions involved the use of 

Pd(OAc)2 (5 mol%) as the catalyst, XPhos (10 mol%) as the ligand, CsF as 

the base, at 110 °C for 20 h, affording with high C2 regioselectivity the 

corresponding arylpyridine N-oxides 173 in 46-82% yields (Scheme 68). 

 

Scheme 68. Palladium-catalyzed direct C-H bond arylation of pyridine N-oxides 172 with aryl 

tosylates and mesylates in a toluene/t-BuOH mixture. 

More recently, Rueping et al. proposed the use of ethanol for the C2 

regioselective photocatalytic direct arylation of pyridine with diazonium 

salts as arylating agents, catalysed by recyclable TiO2 as the catalyst.106 In 

our opinion, the combination of a sustainable solvent with the use of a 

heterogeneous (and also recoverable) catalyst under a photocatalytic 

approach is highly desirable in the frame of the Green Chemistry. 

Indoles are definitely the most investigated byciclic N-heteroarenes for 

direct C-H bond arylation reactions in alcohols as reaction medium. The 

first study was published in 2012 by Correia et al., describing the C2 

arylation of N-methyl and N-Boc indoles with aryldiazonium salts, in the 

presence of unexpensive Pd(OAc)2 under ligand-free conditions: quite 

interestingly, if reactions with N-methyl indole were performed with a 

water/diisopropylether mixture, N-Boc indole gave the best results in t-

butanol.167 Overall, the protocol appeared quite convenient in terms of 

sustainability, although its main disadvantage is the need of a 15 mol% 

loading of an homogeneous palladium catalytic species, which could 

contaminate the final coupling products, requiring tedious purification 

procedures.  
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In the same year, Cai and co-worker described the use of a H2O/ethanol 

solvent mixture for the C2 regioselective direct C-H arylation of NH-free 

indoles with aryl iodides.168 Although the use of a sustainable solvent 

mixture as the reaction medium is highly desirable, here the use of a high 

loading of the palladium catalyst (that is, 20 mol%) is a major drawback 

to the real sustainability of the process. 

Methanol was the solvent of choice for both palladium- and rhodium-

catalyzed oxidative direct α-arylation of NH-free and N-substituted 

indoles with boronic acids as arylating agents, performed in the presence 

of, respectively, K2S2O8
51 and silver trifluoroacetate213 as the sacrificial 

oxidant. 

The use of aryliodonium salts as arylating agents typically required the 

need of ethanol as the reaction medium. McGlacken et al. studied the 

direct C-H arylation reaction of several heterocycles, including NH-free 

indoles, with aryliodonium salts in the presence of Pd impregnated on 

magnetite (PdO-Fe3O4): as already mentioned in the previous section 

2.1.2, if such protocol could appear particularly convenient in terms of 

environmental sustainability since it was based on the use of an easily 

removable catalyst, i.e. by simply employing a magnet, in combination 

with ethanol as a solvent, on the other hand the complete deactivation 

of PdO-Fe3O4 after the first run, together with the low atom economy of 

aryliodonium salts, is actually quite detrimental and limited its real 

interest in the contex of the Green Chemistry. 

In 2016, Fairlamb and co-workers reported a comparative investigation 

of four different Pd catalysts (homogeneous Pd2(dba)3 and Pd(OAc)2 

and supported Pd/C and PVP-Pd) in the model reaction of N-methylindole 

with diphenyliodonium tetrafluoroborate, performed in ethanol as the 

solvent.46 A very interesting work was reported more recently by Jia et 

al.: a Pd-catalyzed intramolecular direct C3 arylation of 2-substituted 

indoles 174 was found, working in methanol as the solvent and in the 

presence of Pd(OAc)2 as the catalyst (5 mol%), PCy3·HBF4 as the ligand 

(10 mol%) and sodium acetate as the base (3.0 equiv.), affording the 

corresponding [2,3-b]quinolinones products 175 in good yields (Scheme 

69).214 The procedure is quite appealing, since it allowed the synthesis of 

highly functionalized tetracyclicj scaffolds, but the need of high 

temperature (140 °C) for prolonged reaction times is a clear limit to its 

sustainability.  

 

Scheme 69. Pd-catalyzed intramolecular direct C3 arylation of 2-substituted indoles 174 

developed in 2017 by Jia et al.,214 working in methanol as the solvent. 

A couple of papers describing the direct C-H arylation of benzoxazoles 

in alcohols have been reported. In 2009, Ackermann et al. proposed the 

use of tosylates and mesylates as arylating agents in Pd-catalyzed direct 

C-H arylation of benzoxazoles in DMF/t-BuOH mixture.210 More in detail, 

they used Pd(OAc)2 (5 mol%) as the catalyst, XPhos (10 mol%) as the 

ligand, pivalic acid (15 mol%) as additive, K2CO3 (1.5 equiv.) as base, 

working at 100 °C for 16-22 h.Actually, the use of t-BuOH as co-solvent 

was attributable to its good performance in the presence of tosylates 

and mesylates, rather than to a real need of sustainability. Moreover, 

we already pointed out in several part of this review that tosylates and 

mesylates, despite the higher reactivity with respect to aryl halides, 

showed a quite modest atom economy and a significant production of 

organic waste as co-products. In a similar way, Kwong et al. used the 

same solvent mixture for the C2 regioselective arylation of benzoxazoles 

with aryl mesylates.215 In this work, authors were actually interested in 

achieving high yields, rather than obtaining a fully sustainable protocol: 

the use of t-butanol as the co-solvent is mainly attributable to its good 

performance with these non-conventional arylating agents.  

In the context of a more extended study of oxidative direct C-H bond 

arylations of heteroarenes with aryl boronic acids in ethanol as a solvent, 

Guchhait et al. reported few examples of coupling between 

benzothiazole and phenylboronic acid: despite boronic acids did not 

represent the best choice as arylating agents, their protocol is very 

effective in terms of Green Chemistry, also due to the use of microwave 

irradiation as a non-conventional energy source.197 

Other bicyclic and polycyclic N-heteroarenes were investigated as 

starting reagents in the context of direct C-H arylation reactions in 

alcoholic reaction medium. In 2011, Ackermann et al. reported the 

application of a direct C-H bond arylation protocol to quinoline and 

quinoxaline N-oxides with aryl tosylates, performed with the help of t-

butanol as co-solvent.212 In particular, reaction conditions involved the 

use of Pd(OAc)2 (5 mol%) as the catalyst, XPhos (10 mol%) as the ligand, 

CsF as the base, although a prolonged thermal heating (110 °C for 20 h) 

was required for achieving high yields. 

More recently, in the context of the synthesis of the biologically active 

isoquinoline alkaloids menisporphine and daurioxoisoporphine C, Lei 

and co-workers reported the photoredox direct C-H bond arylation of 

isoquinoline with aryldiazonium salts, performed in MeOH at room 

temperature under 40 W lightbulb, with [Ru(bpy)3]Cl2 · 6H2O as a 

photocatalyst and CF3COOH (able to protonate the heterocycle and 

increase its reactivity).216 As already mentioned above for other similar 

protocols, the combination of a sustainable solvent with the use of 

arylating agents able of preventing organic waste and of a photocatalytic 

process is highly desirable in the field of the Green Chemistry. 

The Kwong’s research group have reported the C3-regioselective direct 

C-H arylation of imidazo[1,2-a]pyridine 176 with aryl tosylates and 

mesylates; in this case the reactions were performed in t-butanol as the 

only solvent: working with Pd(OAc)2 as the catalyst, SPhos or 2-(2-

(diisopropylphosphino)phenyl)-1-methyl-1H-indole as the ligand and 

K3PO4·H2O as the base, the monoarylated products 177 were obtained in 

yields up to 88% (Scheme 70).217  

 
Scheme 70. C3-regioselective direct C-H bond arylation of imidazo[1,2-a]pyridine 176 with aryl 

tosylates and mesylates performed in t-butanol as the solvent, reported by Kwong et al.217 
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Doucet and co-workers have studied more sustainable experimental 

conditions for the direct C-H arylation of imidazo[1,2-a]pyridines and 

imidazo[1,2-a]pyridazines. In 2016, they studied the use of 1-pentanol 

as the medium for the reaction of 6-chloroimidazo[1,2-a]pyridazine 

178 with aryl bromides, carried out with Pd(OAc)2 (0.1 mol%) as the 

catalyst and potassium acetate (2.0 equiv.) as the base, under ligandless 

conditions, at 150 °C for 16 h; interestingly, using these conditions the C-

Cl bond of imidazo[1,2-a]pyridazine does not react, making possible 

the arylation at C3 position with high regioselectivity to give products 

179 in high yields (Scheme 71).218 In a following study, they used 3-

methyl-1-butanol as sustainable solvent, in combination with Pd/C as 

recoverable catalyst, for the direct C-H bond arylation reactions of the 

same imidazo[1,2-a]pyridazine scaffold.33 

 

Scheme 71. C3 regioselective direct C-H bond arylation of 6-chloroimidazo[1,2-a]pyridazine 

178 with aryl bromides in 1-pentanol, reported in 2016 by Doucet and co-workers.218 

Finally, Wu et al. have described the use of t-butanol as a solvent in the 

synthesis of ortho-arylated 9-(pyridin-2-yl)-9H-carbazoles 181 by direct 

arylation of 9-(pyridin-2-yl)-9H-carbazoles 180 with aryltrifluoroborates 

(2.0 equiv.) as arylating agents, carried out with Pd(OAc)2 (10 mol%), 

AgNO3 (3.0 equiv.) and benzoquinone (1.0 equiv.), at 60-70 °C for 24 h 

(Scheme 72).219 This ortho-arylation strategy, based on the presence of a 

pyridine moiety as directing group at the position 9 of the carbazole 

scaffold, is highly interesting from a synthetic point of view, but on the 

other hand it is actually associated to several limitation in the frame of 

Green Chemistry, in particular the need of a high palladium loading and 

a large amounts of a silver salts, which could contaminate the coupling 

products. 

 
Scheme 72. Direct ortho-arylation of 9-(pyridin-2-yl)-9H-carbazoles 180 in t-butanol, reported in 

2013 by Wu et al.219 

3.2.3. Direct C-H bond arylation of O-heteroarenes in alcohols. The 

first report of direct C-H bond arylation of O-heteroarenes in alcohols 

was described in 2010 by Guchhait and co-workers: in their extensive 

work on oxidative direct C-H arylation of heteroarenes with aryl boronic 

acids, performed in ethanol as a solvent under microwave irradiation, a 

few examples of reactions of furan and benzofuran with phenylboronic 

acid were also reported.197 Although their protocol was not developed 

in the frame of the Green Chemistry, the use of EtOH in combination 

with microwave was definitely an element of high sustainability in this 

method. 

In 2012, Correia et al. used MeOH as solvent for the C2-regioselective 

direct arylation of benzofuran with aryldiazonium salts: interestingly, in 

most cases reactions were carried out under very mild and convenient 

experimental conditions, i.e., at room temperature up to 120 minutes, 

giving 2-arylbenzofurans from modest to good yields (33-67%).167 The 

development of direct C-H arylation protocols at room temperarure 

is far from trivial, as there reactions are typically characterized by high 

energy requirements; therefore, in our opinion this approach is quite 

appealing in the general context of sustainable synthetic protocols. 

Recently, more sustainable conditions were investigated. Rueping et 

al. proposed the use of EtOH for the C2 regioselective direct arylation of 

furan with aryldiazonium salts under photocatalytic conditions, in the 

presence of recyclable TiO2 as catalyst under irradiation with an 11 W 

lamp.106 In 2016, McGlacken et al. described the C2 regioselective direct 

arylation of benzofurans with diaryliodonium salts, performed in EtOH 

using Pd impregnated on magnetite as easily removable catalyst.24 In 

the same year, ethanol was also chosen by Fairlamb et al. as a solvent 

in a comparative kinetic study of different Palladium catalysts (including 

recoverable Pd/C and PVP-Pd) in the model direct C-H arylations of 2-n-

butylfuran and benzofuran with diphenyliodonium tetrafluoroborate.46 

In all the above mentioned studies, the possibility of combining the use 

of ethanol as a solvent with a supported metal catalyst or with a non-

conventional energy source makes them very attractive in view of the 

Green Chemistry. 

It is worth to emphasize that the Doucet’s research group studied in 

detail the possibility of using other greener alcohols (i.e., 1-pentanol and 

3-methyl-1-butanol) as solvents in the direct C-H arylation reactions of 

furans and benzofurans with aryl bromides, although they always 

showed modest results compared to DMA, NMP and DMF.33,209 

3.2.4. Direct C-H bond arylation of S-heteroarenes in alcohols. Although 

thiophene substrates are highly investigated in the context of direct C-H 

bond arylation reactions, only a few studies involving the use of alcohols 

as solvents were reported, treated as a part of more extended studies 

including several heteroarenes as substrates. 

The use of EtOH was reported: i) for the microwave irradiation-assisted 

oxidative direct C-H bond arylation with phenylboronic acid as arylating 

agent, which afforded 2-phenylthiophenes with high regioselectivity;197  

ii) for the C3 regioselective direct C-H arylation with diphenyliodonium 

tetrafluoroborate, performed in combination with Pd impregnated on 

magnetite as recoverable and reusable catalyst,24 or alternatively by 

comparing performances of various homogeneous and heterogeneous 

Pd catalysts;46 iii) for a TiO2-catalyzed photocatalytic C2-regioselective 

direct C-H bond arylation with aryldiazonium salts as arylating agents, 

under irradiation with an 11 W lamp.106 In these three works, the use of 

ethanol was coupled with the application of a non-conventional energy 

source (microwave irradiation or photochemical processes) or the use of 

a supported metal catalyst, thus improving their general interest as a 

sustainable synthetic method for the synthesis of (hetero)arylated 

thiophene scaffolds. 

1-Pentanol was used by the Doucet’s group in the reaction of thiophene 

2-carbonitrile 182 with 4-bromoacetophenone 183 under different 

experimental conditions: the best performances were obtained with 

PdCl(C3H5)(dppb) (0.5 mol%) as the catalyst and KOAc (2.0 equiv.) as the 
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base at 150 °C, affording the corresponding product 184 with a yield 

(76%) similar to that obtained by using traditional DMA (Scheme 73).209  

 

Scheme 73. Direct C-H arylation of thiophene 2-carbonitrile 182 with 4-bromoacetophenone 

183 performed in 1-pentanol by by the Doucet’s group.209 

In 2018, they also showed that 3-methyl-1-butanol was in general less 

effective than other more traditional solvents in the reaction of 2-

substituted thiophenes (bearing both electron-poor and electron-rich 

functionalities) with para- and ortho-functionalized aryl bromides.33 

Aryldiazonium tetrafluoroborates were successfully used as arylating 

agents in the C3-regioselective direct arylation of benzo[b]thiophenes, 

performed in methanol in the presence of Pd(OAc)2 only (i.e., under 

ligand-free and base-free conditions),167 or in ethanol by using PdO-

Fe3O4 as an easily removable catalyst.24 As already pointed out in other 

part of this section, ethanol is typically compatible with diazonium salts 

as arylating agents: this is very favourable from a sustainability point of 

view, since these compounds fit very well with several principles of the 

Green Chemistry, in particular in terms of atom economy and waste 

prevention. In particular, the study involving PdO-Fe3O4 is even more 

interesting since all these features were further combined with the use 

of a easily recoverable catalyst (although hardly recyclable due to a 

substantial changes of both Pd particle distribution and size, as above 

described in the section 2.1.4). 

3.3. Direct C-H bond arylation of (hetero)arenes in biomass-derived 

solvents 

Biomass-derived solvents represent a more recent and very appealing 

alternative as sustainable and environmental friendly reaction media: 

these materials are easily available (typically on a large scale) from 

renewable feedstocks, including agricultural and urban wastes and 

aquatic biomasses, and in most cases are characterized by low toxicity 

and high biodegradability. These solvents perfectly fits with the Twelve 

Principles of Green Chemistry. 

In the context of direct C-H arylation of (hetero)arenes, their use is still 

quite limited, especially if compared to other sustainable reaction 

media such as water and alcohols, but it has been growing in recent 

years. In this section, we give an overview on the use of cyclopentyl 

methyl ether (CPME), diethyl carbonate (DEC) and other similar organic 

carbonates, 2-methyltetrahydrofuran (2-MeTHF), γ-valerolactone (GVL) 

and polyethylene glycol (PEG) in these transformations, highlighting 

advantages and limitations in terms of sustainability associated with 

their use. 

3.3.1. Direct C-H bond arylation of (hetero)arenes in cyclopentyl methyl 

ether. The use of CPME as eco-friendly solvent in organic synthesis has 

grown in the last decade. In fact, CPME shows several advantages, 

including high boiling point (106 °C), low miscibility in water, modest 

peroxide formation rate (especially if compared with other ethers such 

as diisopropyl ether or THF), high chemical stability under both acid and 

basic conditions, and in particular low toxicity and narrow explosion 

range.220 Although in most cases CPME is still produced by petrochemical 

industry, several biomass-based routes have been recently developed 

from cyclopentanone or cyclopentanol, which can be easily synthetized 

from furfural, a typical derivative of pentose saccharides.221 For all these 

reasons, CPME is highly desirable as solvent for organic transformations, 

including direct C-H bond arylation reactions of (hetero)arenes. 

The Doucet’s research group has investigated in depth the application of 

CPME as solvent in direct C-H bond arylation. Their first investigation was 

reported in 2011, describing an extended study of direct arylation of 

several heteroarenes with aryl bromides, focusing in particular on 2-n-

propylthiazole 185, 3,5-dimethylisoxazole 187, 2-substituted thiophenes 

189 and 2-substituted furans 191.222 For each heteroarene, the working 

conditions were finely optimized: a) reactions of 2-n-propylthiazole 185 

were performed in most cases with Pd(OAc)2 (0.5 mol%) and KOAc (2.0 

equiv.), in CPME at 125 °C for 24 h, affording the corresponding 5-

arylation products 186 (Scheme 74a); b) with 3,5-dimethylisoxazole 187, 

reactions were typically performed with [Pd(C3H5)Cl(dppb)] (0.5 mol%) 

and KOAc (2.0 equiv.), in CPME at 125 °C for 48 h, giving the 4-arylated  

 

Scheme 74. Studies of Doucet et al. on the application of CPME as sustainable solvent in direct C-H bond arylation of different classes of heteroarenes: (a) 2-n-propylthiazole 185; (b) 3,5-

dimethylisoxazole 187; (c) 2-substituted thiophenes 189; (d) 2-substituted furans 191. 
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products 188 (Scheme 74b); c) finally, direct C-H bond arylation reactions 

of 2-substituted thiophenes 189 and furans 191 were carried out using 

[Pd(C3H5)Cl(dppb)] (1.0 mol%) and KOAc (2.0 equiv.), in CPME at 130 °C 

for 48 h, affording the corresponding α-arylated products 190 and 192, 

respectively (Scheme 74c-d). In this study, the use of CPME was found 

advantageous with respect to traditional DMA and DMF solvents: in all 

cases the reactions were performed with low amounts of the Pd catalyst, 

proceeding in moderate to high yields.  

In two following papers published in 2012, Doucet et al. extended the 

use of CPME as sustainable solvent for the Pd-catalyzed direct arylation 

of other substrates. On one hand, dithienylperfluorocyclopentene (DTE) 

derivatives 193 were treated with several aryl bromides in the 

presence of Pd(OAc)2 as the catalyst, dppb as the ligand and KOAc as the 

base, affording the corresponding arylated products 194 (Scheme 75).223 

On the other, the direct arylation reactions of N-methyl pyrrole, furan 

and thiophene bearing dicyanovinyl units at C2 position 195 were carried 

out with aryl bromides using [Pd(C3H5)Cl(dppb)] and potassium acetate, 

to give the corresponding 5-arylated products 196 (Scheme 76).224 In 

both these studies, the nature of the solvent was crucial: by attempting 

such arylations in DMA, a complete decomposition of the starting 

substrates was observed, whereas they were found perfectly stable by 

using CPME. These results well highlithed that CPME was an appealing 

reaction medium in the context of direct C-H arylation not simply from a 

sustainability point of view, but more importantly also in assisting the 

reaction mechanism. 

 

Scheme 75. Direct C-H bond arylation of dithienylperfluorocyclopentene (DTE) derivatives 193 

with aryl bromides, described in 2012 by Doucet et al.223 

In 2014, in a comparative study of solvent and concentration effects in 

direct C-H bond arylation reactions, they described the direct coupling of 

1-methylpyrrole, ethyl 2-methylfuran-3-carboxylate and thiophene 2-

carbonitrile with 4-bromo acetophenone, using [Pd(C3H5)Cl(dppb)] as 

homogeneous catalyst and potassium acetate as the base.209 Despite the 

use of a environmental friendly solvent, in this specific study Doucet and 

co-workers were mainly focused on the investigation of solvent and 

concentration effects, rather than to the concrete development of a 

sustainable synthetic protocol with broad applicability. 

 

Scheme 76. Direct C-H bond arylation of N-methyl pyrrole, furan and thiophene derivatives 195 

with aryl bromides performed in CPME as solvent. 

In 2015, they reported the Pd-catalyzed reaction of pyrroles, indoles, 

furans, benzofurans and thiophenes with benzenesulfonyl chlorides as 

eco-friendly and very sustainable arylating agents, working through a 

desulfitative cross-coupling.225 This study was definitely more appealing 

from the point of view of the Green Chemistry: in fact, the use of CPME 

as a sustainable solvent was here coupled with arylating agents highly 

convenient in terms of broad availability, easy handling and prevention 

of waste, thanks to the generation of SO2 as by-product which moves 

away from the reaction mixture as a gas. 

In 2016, Doucet et al. reported the use of CPME in comparative study 

with other sustainable solvents for the direct arylation of imidazo[1,2-

b]pyridazine with 4-bromobenzonitrile, performed with Pd(OAc)2 (0.05 

mol%) as the catalyst and KOAc (2.0 equiv.) as the base; this kinetic study 

actually showed that the reaction in CPME was the slowest, albeit it was 

complete after only 2 h.218 

More interesting was instead a following study reported in 2017: in this 

case, the Doucet’s group reported a C3 regioselective direct C-H bond 

arylation of 2H-indazoles with aryl bromides, carried out under ligand-

free conditions with a low loading (0.1-0.5 mol%) of Pd(OAc)2 as the 

catalyst and KOAc as the base; although DMA was used in most of these 

reactions, some examples with CPE were also reported, demonstrating to 

be a suitable alternative to DMA.226 

Finally, in 2018 an extended study of direct C-H bond arylation reaction 

of heteroarenes with aryl bromides, performed in many sustainable 

solvents (including CPME) in combination with the presence of Pd/C as 

recoverable and reusable catalyst, was reported by the same authors in 

order to develop highly eco-friendly protocols for direct C-H bond 

arylations (for more detail see section 2.1.2).33 

In addition to the significant contribution provided by the Doucet's 

group, other interesting studies on the use of CPME as a sustainable 

solvent for direct C-H bond arylation of heteroarenes have been recently 

reported. In 2020, Itami et al. studied the regioselective arylation of 

thieno[2,3-d]pyrimidines 197 at two different positions: interestingly, if 

the reaction with aryl boronic acids as arylating agents occurred at the 

C5 position, using aryl iodides the coupling occurred instead at the C6 

position.227 In particular, in this last case the direct C-H bond arylation 

reactions were performed in CPME as the solvent, using Pd(PPh3)4 (5 

mol%) as the catalyst and AgOAc (1.0 equiv.) as the base, at 100 °C for 12 

h, to give the corresponding 6-arylated coupling products 198 in good 

yields and complete regioselectivity (Scheme 77). 

Walsh and co-workers reported the use of CPME as a solvent for the α-

arylation and α,α-diarylation of 3‑(methylsulfinyl)thiophenes with aryl 

bromides.228 However, despite the use of this environmental friendly 

solvent, the protocol showed several drawbacks limiting the interest in 

the frame of the Green Chemistry: the need of a high loading of the 
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palladium catalyst (10 mol%) and of quite expensive phosphine ligands, 

as well as the use of high temperatures for a prolonged time. 

 

Scheme 77. C6 regioselective direct C-H bond arylation of thieno[2,3-d]pyrimidines 197 with 

aryl iodides in CPME as the solvent, reported in 2020 by Itami et al.227 

Interestingly, CPME has also found some applications as a solvent in 

polymerization reactions based on direct arylation protocols. A first 

attempt was described in 2013 by Ozawa et al. in the reaction of 2,7-

dibromo-9,9-dioctylfluorene with 1,2,4,5-tetrafluorobenzene: although 

the polymerization in CPME proceeded in high yield (96%), affording the 

co-polymer in high molecular weight (Mn = 91500) and quite good 

polydispersity (Mw/Mn = 1.93), authors chose to use THF.229  

However, the Thompson’s group studied in more detail the application 

of CPME as sustainable reaction medium for direct C-H bond arylation 

polymerization reactions. In 2018, they discussed about the possibility of 

using several sustainable solvents, including CPME, for the co-

polymerization of 1,4-dibromo-2,5-bis[(2-hexyldecyl)oxy]-benzene 199 

and 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole, 200 with Pd2(dba)3 

as the catalytic precursor and P(o-anisyl)3 as the ligand: among all the 

biomass-derived solvents used, CPME gave the best results for the 

polymer P201 in terms of yields (78-94%), molecular weights (Mn = 27-

41 kDa) and polydispersity (4.00-4.80) (Scheme 78).230  

 

Scheme 78. Direct C-H arylation polymerization of 1,4-dibromo-2,5-bis[(2-hexyldecyl)oxy]-

benzene 199 and 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 200 in CPME as the solvent, 

reported in 2018 by Thompson et al.230 

In a following study, CPME was selected as the solvent of choice for 

the co-polymerization of [2,2'-bithiophene]-4,4'-bis(2-butyloctyl)ester 

with dibromoheteroarenes, studying the influence of the ester directing 

groups on branching defect formation.231 Very recently, Thompson et al. 

also reported the first synthesis of poly(3-alkylamide thiophenes) by 

direct arylation polymerization in CPME as a solvent, showing Mn up to 

15.4 kDa and yields up to 90% ,232 as well as of other polythiophene 

derivatives by direct C-H bond arylation polymerization in CPME of 

thiophene-based monomers bearing suitable ester directing groups, in 

order to study the inhibition of defect formation.233  

In 2020, the homo-polymerization of 2-bromo-3-hexylthiophene, as well 

as the co-polymerization of a bis-thienylDPP derivative with 

dibromoarenes, by direct arylation reactions in CPME as sustainable 

reaction medium was described by Grisorio et al.234 

3.3.2. Direct C-H bond arylation of (hetero)arenes in organic carbonates. 

Organic (in particular dialkyl) carbonates represent one of the main 

green chemical raw materials of the 21st century, due to their high 

biodegradability and low toxicity.235 Therefore, it is not surprising that 

they are recently used as highly sustainable and environmental friendly 

reaction media for organic transformation, including direct C-H bond 

arylation reactions of (hetero)arenes. The industrial synthesis of organic 

carbonates typically involves the use of carbon dioxide as a reagent, 

which received high attention in the last decades due to its role as 

pollutant, thus contributing to its reduction in the environment.236 In 

particular, cyclic carbonates can be produced from the reaction of 

bioethene with carbon dioxide, and for this reason organic carbonates 

are typically considered bio-based solvents.237 However, within this 

family diethyl carbonate (DEC) is the most investigated as a solvent: it is 

a colourless, transparent liquid with low toxicity; moreover, its bio-

accumulation is also low, as it decomposes to CO2 and ethanol when 

released into the environment.238 

The first application of an organic carbonate (that is, DEC) in the direct C-

H bond arylation reactions of (hetero)arenes was reported in 2009 by 

Dixneuf et al.: the ortho-arylation of benzene ring of 2-phenylpyridine 

202 with (hetero)aryl chlorides was found, using [RuCl2(p-cymene)]2 (2.5 

mol%), KOPiv (10 mol%), K2CO3 (3.0 equiv.), affording the corresponding 

diarylated products 203 in good to excellent yields (Scheme 79).239 The 

use of aryl chlorides, in combination with DEC as the solvent, was here 

highly desirable in terms of the Green Chemistry:compared to other 

typical arylating agents, (hetero)aryl chlorides are less expensive and 

readily available. However, the use of a prolonged thermal heating (up 

to 61 h) represented an issue, since it demonstrated that such protocol 

needed of high energy requirements to be efficiently performed. 

 

Scheme 79. First application of DEC as solvent in direct C-H arylation of (hetero)arenes: ortho-

arylation of 2-phenylpyridine 202 with (hetero)aryl chlorides reported by Dixneuf et al.239 
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Further applications of carbonates as solvents in direct ortho-arylation of 

arenes were reported only in the last few years. In 2017, Balaraman et 

al. described the photocatalytic direct ortho-arylation of anilides with 

aryldiazonium salts as arylating agents, performed under visible light 

irradiation in dimethyl carbonate, in the presence of Pd(OAc)2 as the 

main catalyst and [Ru(bpy)3]Cl2 as photocatalyst.240 The use of a highly 

sustainable solvent, in combination with arylating agents characterized 

by high atom economy and waste prevention, as well as the application 

of a photocatalytic process, made this procedure of significant interest 

from a sustainability point of view. 

In 2018, the ortho-diarylation of the benzene ring of 1-phenylpyrazoles 

with aryl triflates, catalyzed by RuCl2(p-cymene)]2 and in the presence of 

KOAc as base, was performed in DEC.241 From a synthetic point of 

view this reaction is definitely interesting since it allowed to access 

to highly functionalized compounds. However, in our opinion its impact 

in the context of the Green Chemistry appeared quite modest: only a 

limited number of aryl triflates were actually used in DEC, and in these 

cases a large excess (3.0 equiv.) of them was required, despite their 

typically higher reactivity in comparison to aryl halides and other 

arylating agents. 

The Doucet’s group studied in detail the use of this class of sustainable 

solvents in the direct C-H bond arylation of (hetero)arenes. In their first 

work, published almost simultaneously with the above-mentioned work 

of Dixneuf et al., they proposed the use of DEC as an effective and green 

alternative to the classic reaction media for direct C-H arylations of 

benzoxazole 204 and oxazole-4-carboxylate 206 with (hetero)aryl 

halides.242 In the case of 204, reactions were carried out in DEC at 130 °C 

for 24 h, using [Pd(C3H5)Cl(dppb)] (1 mol%) as the catalyst and Cs2CO3 

(2.0 equiv.) as the base, affording 2-arylated products 205 (Scheme 

80a); in the case of 206, direct arylations were instead performed with 

Pd(OAc)2 (5 mol%), P(o-tolyl)3 (10 mol%) and Cs2CO3 (2.0 equiv.), at 110 

°C for 18 h, to give 2-arylated coupling products 207 (Scheme 80b).  

 

Scheme 80. Direct C-H arylations of benzoxazole 204 and oxazole-4-carboxylate 206 with 

(hetero)aryl halides in DEC as sustainable medium, reported in 2009 by Doucet et al.242 

In 2010, they extended the use of DEC and propylene carbonate to 

other classes of heteroarenes: pyrroles, thiazoles, isoxazoles, furans 

and thiophenes; interestingly, reactions were performed again with 

[Pd(C3H5)Cl(dppb)] as catalyst, but in the presence of KOAc as base.243 

In 2015, carbonates were also found as the solvent of choice for 

desulfitative C-H bond arylation of N-substituted pyrroles, N-substituted 

indoles, furans, benzofurans and thiophenes, i.e., based on the use of 

benzenesulfonyl chlorides as arylating agents.225 This protocol was of 

high interest: indeed, sulfonyl chlorides are among the most sustainable 

arylating agents, due to their waster prevention (with the production of 

gaseous SO2 as the only by-product), quite broad availability and easy 

handling. The use of DEC seems to be highly compatible with this class of 

arylating agents. Therefore, it should not be surprisingly that in a 

following study the same group reported the use of this sustainable 

solvent was also used for the Pd-catalyzed direct desulfitative mono-

heteroarylation of benzene-1,3-disulfonyl dichloride: working with 

PdCl2(CH3CN)2 (5 mol%) and Li2CO3 (3.0 equiv.), several heteroarenes 

such as pyrroles, furans, benzofurans, thiophenes and benzothiophenes 

were used.244  

The Doucet’s research group, in the frame of their extended studies on 

sustainable experimental conditions for direct C-H bond arylation of 

heteroarenes, often compared the performance of carbonates with 

that of other biomass-derived solvents. In 2014, they studied the impact 

of both solvent and concentration in the direct C-H arylation of N-

methylpyrrole, 2-methylfuran-3-carboxylate and thiophene 2-

carbonitrile with 4-bromoacetophenone: in DEC a complete reagent 

conversion was only observed with [Pd(C3H5)Cl(dppb)] catalyst (0.5 

mol%) at a concentration 15 M of heteroarene.209 In a further study of 

2016, the C3 arylation of imidazo[1,2-b]pyridazines with aryl bromides 

and chlorides, catalyzed by Pd(OAc)2, was reported in different green, 

safe and renewable solvents – including DEC – with no loss of efficiency 

with respect to more traditional solvent such as DMA or DMF.218 In order 

to develop highly sustainable direct C-H arylation protocols, the use of 

biomass-based solvents was also coupled with recoverable Pd/C; in the 

specific case of DEC, good performance were obtained in the C5 

arylation of thiazole derivatives, whereas low yields were found with 

other heteroarenes.33 

3.3.3. Direct C-H bond arylation of (hetero)arenes in 2-methyltetrahy-

drofuran. The use of 2-MeTHF as a solvent for organic reactions is a 

promising greener alternative to tetrahydrofuran (THF), since it can be 

easily produced at industrial scale from furfural and levulinic acid as 

biomass-derived reagents (more in particular, renewable lignocellulosic 

biomass).245 Compared to THF, 2-MeTHF exhibits lower volatility and 

water miscibility but higher chemical stability (in both acidic and basic 

conditions), as well as a considerable biodegradability.246 For all these 

reasons, 2-MeTHF has recently raised growing interest in the context of 

direct C-H bond arylation of (hetero)arenes: in particular, it was found 

to enable very efficiently C-H bond functionalization for rapid, high-

conversion polymerizations. 

The first example of direct C-H arylation polymerization in 2-MeTHF was 

reported in 2016 by Sommer et al., who described co-polymerization of 

2,2’-bithiophene with a dibromonaphthalene diimide derivative.247 

Under the optimized conditions, direct arylation polymerizations were 

carried out in 2-MeTHF, using Pd2(dba-OMe)3 as the catalyst, Na2CO3 as 

the base and pivalic acid as additive, at 90 °C for 20 h, which afforded the 

final co-polymer in 98% yield and high molecular weight (Mn =19.9 kDa; 

Mw = 45.3 kDa). The use of 2-MeTHF was here highly desirable in the 

context of the Green Chemistry, but it is worth to emphasize that authors 

were here interested in the synthesis and characterization of  
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Scheme 81. Direct C-H bond arylation co-polymerization of S-heteroarene-based monomers with suitable dibromoheteroarenes, performed in 2-MeTHF as environmental friendly 

reaction medium. 

the polymeric material, rather than to the real development of a highly 

sustainable polymerization protocol. 

A more extended and general study was performed in the same year by 

Marks et al.: they described the direct arylation co-polymerization of 

suitable monomers, performed with Pd2(dba)3·CHCl3 (0.5 mol%), P(o-

MeOPh)3 (2.0 mol%), Cs2CO3 (3.0 equiv.) and 2,2-diethylhexanoic acid 

(25.0 mol%), in 2-MeTHF as solvent at 85 °C for 24 h.248 Interestingly, the 

resulting co-polymers P208–P211 were obtained with general features 

(yield, Mn, polydispersity) always higher than those of the same polymers 

synthetized by the Stille coupling reaction (Scheme 81): in this way, 

authors demonstrated that the use of direct C-H arylation in 2-MeTHF 

not only allowed the achievement of more sustainable experimental 

conditions, but also the production of polymers with better 

performance, showing in particular high photovoltaic efficiency. In this 

context, a critical point is represented by structural defects: the presence 

of polymeric branching arising from the non-regioselective direct C-H 

arylation of starting monomers may have strong effects on the 

photovoltaic performance of the material. Therefore, in a recent work 

they studied in detail how it could be possible to suppress defect 

formation pathways in the direct C-H arylation polymerization using 2-

MeTHF as a reaction medium.249 

The use of 2-MeTHF as a green and sustainable reaction medium for 

direct arylation polymerization was also investigated by Thompson et al. 

In 2017, they compared the use of Pd-catalyzed Stille coupling and direct 

C-H arylation for the preparation of several class of polymers, ranging 

from simple poly(3-hexylthiophene)s to three-component co-polymers 

with diketopyrrolopyrrole, 3-hexylthiophene and thiophene units.250 In 

this last case, the use of 2-MeTHF as solvent, in combination with 

neodecanoic acid as additive, was fundamental in order to obtain co-

polymers with a very low degree of structural defects. In 2018, the same 

authors studied the impact of different biomass-derived solvents, 

including 2Me-THF, in the co-polymerization of 1,4-dibromo-2,5-bis[(2-

hexyldecyl)oxy]benzene with 4,7-di(thiophen-2-yl)benzo[c][1,2,5] 

thiadiazole, in the presence of Pd2(dba)3 (1 mol%) as the catalyst and P(o-

anisyl)3 (4 mol%) as the ligand.230 

There also few other recent examples of direct arylation polymerization 

involving the use of 2Me-THF as a solvent, although these studies were 

actually not focused on the sustainability of the method (as for the above 

mentioned investigations of Marks et al. and of Thompson et al.). In 

2018, Pappenfus and co-workers studied the possibility to scale-up (from 

0.5 to 10 g) for the direct C-H bond arylation polymerization of 2-bromo-

3-hexylthiophene 212 to give poly(3-hexylthiophene) P213, performed 

with the use of Herrmann-Beller catalyst (0.5-1.0 mol%) in combination 

with a tertiary phosphine (1.0-2.0 mol%) using 2-MeTHF as solvent 

(Scheme 82).251 In the same year, Ozawa et al. described the use of 2-

MeTHF as a solvent in representative examples of direct C-H arylation 

polymerization of 1,2-dithienylethene with dibromoisoindigo 

derivatives.252 

 

Scheme 82. Direct C-H bond arylation polymerization of 2-bromo-3-hexylthiophene 212 to give 

poly(3-hexylthiophene) P213 using 2-MeTHF as solvent. 

3.3.4. Direct C-H bond arylation of (hetero)arenes in γ-valerolactone. 

GVL is generally prepared at the industrial level by hydrogenative 

cyclization of levulinic acid, which can be obtained from carbohydrates 

and lignocellulosic biomasses.253 As for other biomass-derived solvents, 

GVL is characterized by low volatility and toxicity, high chemical stability 

at different pH with very low formation of peroxides, as well as good 

biodegradability.254 In light of these very appealing features, in the last 

few years it was used as a sustainable reaction medium for several 

transition metal-catalyzed reactions,255 including direct C-H bond 

arylation of (hetero)arenes. 

The first use of GVL as a solvent in direct C-H arylation was described in 

2016 by Ackermann and Vaccaro’s groups for the Catellani reaction, i.e., 

a direct C-H ortho-arylation of aryl iodides mediated by norbornene, 

allowing a tandem ipso-vinylation via a Mizoroki-Heck-type process; in 

particular, they developed an highly sustainable process, thanks to the 

combination of the green GVL solvent with the use of recoverable Pd 

EnCat™ 30 and Pd/Al2O3 catalyst (for more details, see section 2.1.1).20 

Interestingly, GVL was used by Ackermann et al. also for the oxidative 

direct C-H ortho-arylation of benzamides with arylsiloxanes as user-

friendly arylating agents: the reactions were carried out with Co(OAc)2 

(20 mol%) as the catalyst, CsF (3.0 equiv.) as a fluoride source and CuF2 

(2.0 equiv.) as the oxidant, affording the corresponding mono-arylated 
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products in good yields.256 Despite the present protocol could appear 

quite convenient from the point of view of the Green Chemistry, in our 

opinion there are actually some drawbacks: first, the need of very large 

amounts of both catalyst and oxidant, which definitely representa source 

of metal contamination of the corresponding coupling products; second, 

the modest atom economy of the arylsiloxanes, producing significant 

amounts of siloxane waste that need to be removed by tedious 

purification procedures. 

Ackermann and Vaccaro successfully applied GVL as environmentally-

benign solvent to the direct C-H bond arylation of 1,4-disubstituted-

1H-1,2,3-triazoles 214 with aryl bromides: the reactions were performed 

with recyclable Pd/C catalyst (5.0 mol%), potassium trifluoroacetate 

(3.0 equiv.) as the base and 2,4,6-trimethylbenzoic acid (30 mol%) as 

additive, in GVL at 150 °C for 16 h, affording the corresponding 5-

aryltriazoles 215 in good yields (Scheme 83).30 In a following study, the 

protocol was performed in continuous flow conditions, demonstrating 

the compatibility of GVL with the facilities of flow chemistry.31 The 

possibility of combining highly sustainable experimental conditions 

with the facilities of flow chemistry make in our opinion this study very 

appealing in the context of the Green Chemistry: in fact, it allowed for 

an optimal reuse and durability of the catalyst, which combined with 

the simple purification of the products and the recovery of the solvent 

made such protocol operationally simple and very efficient in terms of 

waste minimization and a low E-factor 

 

Scheme 83. Direct C-H bond arylation of 1,4-disubstituted-1H-1,2,3-triazoles 214 with aryl 

bromides in GVL, described by Ackermann and Vaccaro’s groups.30 

In 2020, Vaccaro et al. successfully applied GVL in the C2 regioselective 

direct C-H bond arylations of both NH-free and N-substituted indoles 

with diaryliodonium salts, performed with a palladium-containing 

metal-organic framework (i.e., Pd@UiO66-BTeC) as recoverable and 

reusable catalyst, in order to develop an highly sustainable protocol.257 

This procedure combined the advantages of a green solvent with the 

features of a recoverable catalyst, which is highly desirable in the field of 

the Green Chemistry; however, on the other hand authors reported the 

use iodonium salts, that undermined the global sustainability of this 

synthetic methods due to their low atom economy and high organic 

waste production. 

Finally, for the sake of completeness we also reported that Cravotto et 

al. described in 2017 a Palladium-catalyzed C2 regioselective direct C-

H arylation of thiophenes with aryl bromides, performed using GVL as 

reaction medium in combination with the microwave irradiation as a 

non-conventional energy source (for more details see also section 

4.2.4).258 

3.3.5. Direct C-H bond arylation of (hetero)arenes in polyethylene 

glycol. Polyethylene glycol (PEG) is a low volatile liquid polymer typically 

synthesized by polymerization of ethylene glycol, which in turn is 

obtained as by-product of petrochemical industrial processes. However, 

several routes to bio-based ethylene glycol have been recently 

developed, starting from carbohydrate-based biomass feedstocks.259 

PEG is commercially available over a very wide range of molecular 

weights, showing significantly different physico-chemical properties in 

terms of volatility and water miscibility. However, thanks to its non-

flammable, non-corrosive and non-toxic nature, PEG can be counted in 

the class of sustainable solvents.260 

The first investigation of direct C-H bond arylation in PEG was described 

in 2009 by Ackermann and co-worker: the ortho-arylation of benzene 

ring of 2-phenylpyridines, 1-phenylpyrazoles and 1-phenyltriazoles was 

carried out in PEG-2000 at 120 °C for 24 h, using [RuCl3(H2O)n] (5.0 mol%), 

2,4,6-trimethylbenzoic acid (30 mol%) as additive and K2CO3 as the 

base.261 Interestingly, the combination of PEG-400 as a green medium 

with relatively inexpensive RuCl3· x H2O without any other additive or 

ligand was recently applied in an extended study of ortho-arylation of 2-

phenylpyridines.262 

However, PEG was used most often in the reactions of N-heteroarenes 

as substrates. Ackermann et al. studied the direct C-H bond arylation of 

1,4-disubstituted 1,2,3-1H-triazoles 216 with aryl bromides, performed 

with Pd(OAc)2 (5 mol%), 2,4,6-trimethylbenzoic acid (30 mol%) and 

K2CO3 (1.0 equiv.) in PEG-20000: after 24 h at 120 °C, the C5 arylated 

products 217 were obtained in 52-85% yields (Scheme 84).261 

 

Scheme 84. Direct C5 arylation of 1,4-disubstituted-1H-1,2,3-triazoles 216 with aryl bromides 

in PEG-20000, reported by Ackermann et al.261 

Vidavalur et al. proposed the use of low molecular weight PEG-400 as the 

solvent of the copper powder catalysed direct arylation of 1,2,4-triazoles 

and 1,3,4-oxadiazoles with aryl iodides.88 As already pointed out in 

section 2.2.1, this procedure is experimentally simple and free from 

addition of external chelating ligands or co-catalysts, although we could 

not to rule out the occurrence of a possible solubilization of copper 

species during reactions. 

Low molecular weight PEGs (in particular PEG-400) have found some 

applications in the direct arylation reactions of bicyclic N-heteroarenes. 

Domínguez et al. described the Cu-catalyzed intramolecular direct C-H 

arylation of N-(2-iodobenzyl)indole 218 to give isoindolo[2,1-a]indole 

219 in 88% yield, performed under ligand-free conditions with copper 

powder (10 mol%) in the presence of 2.0 equiv. of K2CO3, at 180 °C for 24 

h (Scheme 85) .263 It is clear that such protocol actually showed only a 

limited sustainability, despite the use of PEG-400 as the solvent: the very 

high energy requirements of the process, together with the use of large 
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amounts of metallic copper (which can easily be leached into the 

solution), made this protocol not of such interest in the frame of the 

Green Chemistry.  

 

Scheme 85. Copper-powder-catalyzed intramolecular direct C-H bond arylation of N-(2-

iodobenzyl)indole 218 to give isoindolo[2,1-a]indole 219 in PEG-400 as the solvent, 

described in 2009 byDomínguez et al.263 

In 2014, Berteina-Raboin et al. have developed a one pot process for 

the synthesis of 2,3-diarylimidazo[1,2-a]pyridines in PEG-400: the 

formation of 2-arylimidazo[1,2-a]pyridine core by microwave-assisted 

condensation of 2-aminopyridines with α-bromo ketones, followed by 

a Pd(OAc)2-catalyzed direct C-H arylation at C3 position with an aryl 

bromide.264 The combination of a eco-friendly solvent with the use of 

microwave as non-conventional efficient energy source and with the 

typical advantages of tandem processes (i.e., reduction of the isolation 

and/or purification operations) is very appealing and perfectly matches 

with most of the Twelve Principles of the Green Chemistry. 

3.4. Direct C-H bond arylation of (hetero)arenes in ionic liquids and 

deep eutectic solvents 

Ionic liquids (ILs) are organic salts, consisting of an organic cation and a 

polyatomic (in)organic anion, which are liquid under working conditions 

(typically at room temperature).265 The physico-chemical features of ILs 

can be finely tuned by changing the chemical structure of both cation 

and anion. However, the most important property of ILs is their almost 

negligible vapour pressure: for this reason, in general ILs are considered 

as an environmental benign alternative to volatile organic solvents.266 

Unfortunately, there is often a lack of information on their real toxicity, 

which has limited (especially in the last few years) the increase of their 

use in organic synthesis.267 

Examples of direct C-H arylation of (hetero)arenes involving the use of 

ILs as solvents are very limited. In 2011, Gryko et al. reported the C2 

regioselective direct C-H arylation of N-substituted pyrroles 220 with aryl 

iodides: interestingly, reactions were performed under transition metal-

free conditions, i.e., only in the presence of potassium acetate as the 

base, using 1-ethyl-3-methylimidazolium acetate as the solvent, at 145 

°C for 17 h, affording the corresponding 2-aryl pyrroles 221 in good 

yields, up to 72% (Scheme 86).268 The present protocol is very 

interesting from the point of view of the Green Chemistry, since the use 

of a IL as the reaction medium was performed in combination with the 

absence of any transition metal catalyst. However, authors were not 

able to fully explain the mechanism, although they supposed the 

possibility of a radical-based path thanks to the combined effect of the 

base with the imidazolium salt, thus acting not only as a solvent but 

also as a real organocatalyst. 

Few representative examples of direct C-H arylation in 1-butyl-3-

methylimidazolium hexafluorophosphate were also reported in 2017 by 

Kouznetsov and co-workers in the context of the synthesis of 6H-

benzo[c]chromenes by intramolecular ortho-arylation of chloro- and 

bromo-aryl benzyl ethers.269 Interestingly, also in these case reactions 

were carried out under transition metal-free conditions, in the presence 

of potassium t-butoxide (3.0 equiv.)as base and phenanthroline (20 

mol%) acting as an organocatalyst through s radicalic mechanism. As we 

already emphasized in other points of this review, organocatalytic system 

are very appealing in the context of Green Chemistry thanks to their 

easier removal from a reaction mixture compared to metal traces, 

therefore their use in combination with ILs could be favourable.  

 

Scheme 86. C2 regioselective direct C-H bond arylation of N-substituted pyrroles 220 with aryl 

iodides in 1-ethyl-3-methylimidazolium acetate IL as the solvent, reported in 2011 by Gryko 

et al.268 

Ryu et al. showed that imidazolinium- or thiazolium-based ILs are not 

inert during Pd-catalyzed reactions involving aryl halides, since a direct 

C-H arylation at the C2 position of the imidazolium or thiazolium ring of 

the ionic liquid may occur.270 This study demonstrated that ILs are not 

among the best solvents for direct C-H bond arylation reactions of 

(hetero)arenes. 

Deep eutectic solvents (DESs) represent a valid alternative to ILs. They 

are formed by a mixture of Lewis or Brønsted acids and bases, containing 

a variety of anionic and/or cationic species. In most cases, DESs are 

composed by quaternary ammonium salts complexed with an organic 

molecule, typically a hydrogen bond donor (urea, amides, acids, 

alcohols). By mixing these inexpensive and safe components, hydrogen-

bonding interactions give rise to an eutectic mixture, whose melting 

point is lower than those of individual components.271 Many physico-

chemical properties of DESs are similar to conventional ILs, e.g., low 

volatility and insensitivity to water, but they offer clear advantages in 

terms of large-scale synthetic applications since they are less expensive, 

more synthetically accessible and less toxic.272 Overall, DESs fits better 

than ILs with the Twelve Principles of Green Chemistry. 

In the last few years, DESs are finding large use as green and sustainable 

media for many chemical processes in organic synthesis. However, in the 

context of direct C-H arylation of (hetero)arenes, only one study has 

been reported to date: our research group explored the possibility of 

direct arylation of 5-octylthieno[3,4-c]pyrrole-4,6-dione 222 with aryl 

iodides in a DES made of choline chloride and urea.273 In particular, 

reactions were performed with Pd2(dba)3 as a catalytic precursor, P(o-

MeOPh)3 as the ligand, cesium carbonate as the base, pivalic acid as an 

additive, at 110 °C for 48 h, affording the corresponding diarylated 

products 223 in good yields (Scheme 87). The present protocol was 

highly sustainable, due to the fact that the choline chloride/urea (1:2) 

mixture is a green, convenient and inexpensive reaction medium, and 

the reactions were performed in non-anhydrous conditions and under 

air. 



 CRITICAL REVIEW 

 

Please do not adjust margins 

Please do not adjust margins 

 

Scheme 87. Application of DESs as green and sustainable solvents in direct C-H bond arylation 

of (hetero)arenes: direct arylation of 5-octylthieno[3,4-c]pyrrole-4,6-dione 222 in choline 

chloride/urea (1:2), recently developed by our research group.273 

3.5. Solvent-free direct C-H bond arylation of (hetero)arenes 

The last part of this section will be dedicated to solvent-free methods 

used in direct C-H bond arylation reactions of (hetero)arenes. 

As recommended by the Principle 5 of Green Chemistry, avoiding the 

production of waste, including solvents, is highly preferable; therefore, 

it is not surprising that the development of synthetic protocols in the 

absence of any solvent represents one of the most appealing approaches 

towards green and sustainable organic processes.274 However, the 

development of efficient solvent-free procedures is far from simple: first, 

the absence of a reaction medium could make quite difficult an 

appropriate mixing of reagents, particularly in the presence of solid 

reagents and products; second, the solvent-free approach is more 

difficult on a large scale, especially for exothermic reactions; third, 

the use of solvents is still often required for isolation and purification of 

the products.275 Despite these issues, in the last decade solvent-free 

protocols have found a growing interest in the context of direct C-H 

arylation bond reactions of (hetero)arenes. 

The first solvent-free study was reported in 2010 by Bedford et al., 

which described the ortho- and meta-arylation of anilides 224 and aryl 

N,N-diethyl carbamates 225 with diaryliodonium salts as the arylating 

agents; more In detail, ortho-arylation of both substrates were carried 

out in the presence of Pd(OAc)2 (5 mol%) at 120 °C for 4-18 h, affording 

the corresponding ortho-arylated products 226 and 227 in 51-60% and 

36-76% yields, respectively, while meta-arylation of anilides were 

carried out with Cu(OTf)2 (10 mol%) at 100 °C for 4-18 h, affording the 

meta-arylated anilides 228 in 38-91% yields (Scheme 88).276 This protocol 

is highly appealing from a merely synthetic point of view, since it allowed 

for the preparation of highly functionalized compounds; on the other 

hand, despite the solvent-free conditions there are several drawbacks 

which limited its sustainability: first, the use of iodonium salts as arylating 

agents, due to ther well-known poor atom economy; second, the need 

of high loading of metal catalysts (in particular in the case of meta-

arylation with copper catalysts); third, the use of an high temperature 

for a prolonged time. 

In 2014, Larrosa and co-workers described an extended study of direct 

ortho-arylation of benzoic acids, benzamides and polyfluoroarenes with 

aryl iodides in solvent-free conditions: reactions were performed with 

Pd(OAc)2 (5 mol%) as the catalyst, KOAc (2.8-4.0 equiv.) as the base, 

AcOH (1.5 equiv.) and Me4NCl (2.05-3.25 equiv.) as additive, at 80-140 

°C, affording ortho-arylated coupling products in good yields.277 

Rodríguez et al. reported in 2012 an appealing study for metal-free, base-

free and solvent-free direct arylation of naphthalene and other 

unactivated arenes with diaryliodonium triflates, performed in the 

presence of microwave irradiation as energy source; in particular, in the 

case of naphthalene the reaction occurred with good regioselectivity on 

the α position.278 In our opinion this study appeared quite interesting, 

since the solvent-free conditions were efficiently coupled with the use of 

microwave irradiation and, above all, the absence of any catalyst and 

additive, although the use of iodonium salts as arylating agents did not 

represent the best choice in terms of the Green Chemistry.  

Doucet et al. developed in 2012 a quite general protocol for solvent-

free Palladium-catalyzed direct C-H arylation of heteroarenes with aryl 

bromides: reactions were successfully performed on N-heteroarenes (N-

methylpyrrole, 2-substituted thiazoles, 3,5-dimethylisoxazole), O-

heteroarenes (2-substituted and 2,3-disubstituted furans) and above all 

S-heteroarenes (2-substituted and 2,4-disubstituted thiophenes) with 

PdCl(C3H5)(dppb) (1 mol%) as the catalyst and KOAc (2.0 equiv.) as the 

base.279 In a following study, the same research group reported some 

examples of solvent-free conditions in the Pd-catalyzed desulfitative 

direct arylation of 1-methylindole with benzenesulfonyl chlorides as 

user-friendly and highly sustainable arylating agents.225  

 

Scheme 88. Solvent-free protocols for direct C-H ortho- and meta-arylation of anilides 224 and aryl N,N-diethyl carbamates 225 with diaryliodonium salts. 
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Scheme 89. Solvent-free protocols for Palladium-catalyzed direct C-H bond arylation of several (hetero)arenes with aryl iodides, recently developed by our research group.

A more extended investigation on solventless direct C-H bond arylation 

of indoles was reported in 2020 by Punji et al.: N-(2-pyridinyl)indoles 

were treated with aryl iodides in the presence of CuCl (5.0 mol%) and 

lithium bis(trimethylsilyl)amide (1.3 equiv.) without any ligand, under 

solvent-free conditions at 120 °C for 16 h, affording the corresponding 2-

arylated indoles in good yields and high regioselectivity.280 

In the last years, our research group has developed solvent-free strategies 

for direct C-H bond arylation of (hetero)arenes. In 2018, we reported an 

extended study involving several heteroarenes.281 In particular, reactions 

of 5-octylthieno[3,4-c]pyrrole-4,6-dione 229, bis-thienylDPP derivatives 

231 and benzodithiophene-S,S-tetraoxide derivatives 233 were carried 

out with aryl iodides having different stereo-electronic properties, in 

the presence of Pd2(dba)3 as a catalytic precursor, P(o-MeOPh)3 as the 

ligand, Cs2CO3 as the base and pivalic acid, affording the diarylated 

coupling products 230, 232 and 234 in good yields. Direct C-H bond 

arylation reactions of 5,6-difluorobenzo[c][1,2,5]thiadiazole 235 and 

5,6-difluoro-2-heptadecyl-2H-benzo[d][1,2,3]triazole 237 occurred by 

using Pd(OPiv)2, P(o-MeOPh)3 and Ag2CO3 to give diarylated products 

236 and 238, respectively (Scheme 89). 

In 2020, we also explored the possibility of combining the advantages of 

solvent-free conditions with the use of a recoverable and recyclable 

catalysts, thus developing a solventless protocol for direct C-H arylation 

of 1,2,3-triazoles based on commercial Pd/C, performed at 110 °C for 24 

h in the presence of Bu4NOAc: the treatment of 1,4-disubstituted 1,2,3-

triazoles with aryl iodides gave the corresponding C5 arylated products 

with yields in the range 45-81%.32 Very recently we reported the 

development of a highly sustainable and environmentally friendly 

protocol for the direct C-H bond arylation of several (hetero)arenes 

(benzo[b]thiophene, thieno[3,4-c]pyrrole-4,6-dione, 1,2,3-1H-triazole, 

pentafluorobenzene) with aryl iodides, combining the solvent-free 

conditions with the use of infrared irradiation as non-conventional, 

eco-friendly and efficient source of energy, alternative to the thermal 

heating (for more details, see section 4.3.4).282 

4. Non-conventional energy sources in direct C-H 
bond arylation of (hetero)arenes 

Among all the Twelve Principles of Green Chemistry, one of the least 

investigated is definitely Principle 6 (“Design for energy efficiency”): in 

fact, energy requirements for an organic process should be recognized 

for their environmental impact and should be minimized. This is a very 

critical point in the context of direct C-H bond arylation reactions, as 

high temperatures are typically required to enable the activation of the 

(hetero)aryl C-H bonds. Although the use of traditional thermal heating 

(with the help of a pre-warmed sand or oil bath) is still the preferred 

choice to supply energy to the reaction environment, in laboratory 

scale processes the use of non-conventional energy sources has 

recently attracted significant attention in organic synthesis as a valid 

alternative to thermal heating, since they often lead to minimized 

reaction time, affording higher product yields and reduced undesired 

by-products.283 Despite most of these techniques often require the 

access to specific equipments, their improved sustainability and very 

low environmental impact have made them an important class of 

fundamental enabling technologies in the context of synthetic organic 

chemistry. 

In this section we will give a critical overview of all the applications of 

non-conventional energy sources in the direct C-H bond arylation of 

(hetero)arenes. In particular, we will main focus on the more common 

photochemical strategies (both in the presence and in the absence of 

photoredox catalysts) and microwave-assisted protocols, but also the 

few examples of electrochemical methods, as well as of ultrasound-, 

mechanical milling- and infrared irradiation-promoted reactions will 

be discussed. 

4.1. Photochemical direct C-H bond arylation of (hetero)arenes 

Organic chemists have been always interested in the use of light as an 

energy source to induce chemical transformations.284 By absorbing the 
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UV-Vis light, molecules reach electronically excited states; in this way, 

their chemical properties – including reactivity – significantly change, 

thus making possible reactions which may hardly occur with traditional 

thermal heating.  

Currently, photochemical processes are among the most elegant and 

environmental friendly approach in organic synthesis:285 the UV-Vis light 

is a clean, green and very convenient source of energy, which can be 

obtained from renewable sources, in particular sunlight. Actually, for 

long time the need for high-energy UV radiations for several chemical 

transformations has limited the environmental benefits of photochemical 

synthesis on industrially significant scale, as UV wavelengths generally 

required are not abundant in the solar spectrum.286 However, recently 

the interest in photochemical processes has increased thanks to the use 

of light emitting diodes (LEDs) as energetically efficient sources of both 

UV and visible light.287 Nevertheless, the cleanest and most sustainable 

photochemical methods remained those promoted by the visible light 

(whose wavelengths are quite abundant in the solar spectrum) or, even 

more desirable, directly by the solar light. 

In photochemical processes, a critical point is to prevent unwanted side 

reactions, which can be promoted under the UV-Vis light irradiation. In 

this context, the choice of solvent is fundamental: many photochemical 

reactions were carried out in benzene or acetonitrile, since these solvents 

are less reactive towards free radical species generated during photo-

excitation, although they are quite toxic; more sustainable alternatives 

are represented by methanol or DMSO.288 

In the last decade, photochemical processes found large application also 

in the context of direct C-H arylation of (hetero)arenes. Typically, this 

approach uses photo-excitation with UV or visible light to initiate a 

single-electron-transfer (SET) process between a suitable metal or 

organic photocatalyst and an appropriate aromatic substrate. In some 

cases, the sustainability of the process can be improved by using a 

solid-supported photocatalyst, which can be recovered and reused. 

However, there are also some examples of photochemical direct C-H 

bond arylation of (hetero)arenes performed without the presence of 

photocatalyst.  

In this section we will give an overview of the photochemical processes, 

first analyzing the photocatalyst-assisted protocols and then showing 

those which do not require the use of a photoredox catalyst. In the 

following we will not discuss the detailed mechanistic hypotheses of 

the photochemical processes, which is beyond the scope of this review, 

we will rather focus our attention on the advantages and limitations of 

these photochemical protocols from the sustainability point of view, 

framing them whenever possible in the context of Green Chemistry. 

4.1.1. Photochemical direct C-H arylation of (hetero)arenes assisted 

by photoredox catalysts. The first photochemical direct C-H arylation of 

unactivated arenes with aryl halides was reported in 2013 by Li and co-

workers: they proposed a photoredox process, where benzene 239 was 

treated with an aryl iodide or bromide (0.5 mmol) in the presence of 

potassium tert-butoxide (3.0 equiv.) as the base, Ir(ppy)3 (0.5 mol%) as 

the photoredox catalyst and DMSO as a solvent, at room temperature 

for 24 h under irradiation with a 14 W compact fluorescent light lamp.289 

Reaction proceeded at room temperature for aryl iodides but at higher 

temperatures (70 °C) for the more accessible and less expensive 

bromides, affording the biaryl products 240 in good yields (Scheme 90). 

However, one of the main disadvantages of this protocol is that it 

required the use of a very large excess (about 100 equivalents) of the 

arene, which clearly limited the overall sustainability of the process. 

 

Scheme 90. Photochemical direct C-H bond arylation of benzene 239 catalyzed by Ir(ppy)3 

(0.5 mol%) as the photoredox catalyst under irradiation with a 14 W compact fluorescent 

light lamp, reported in 2013 by Li and co-workers.289 

In 2015, Malacria et al. described the direct arylation of unactivated 

arenes (benzene, toluene, p-xylene, naphthalene) with aryldiazonium 

salts, performed at room temperature in acetonitrile, under irradiation 

of a blue LED and in the presence of Ru(bpy)3(SbF6)2 (0.5 mol%) as the 

photocatalyst; reactions gave biaryl coupling products after 1-96 h in 

good yields.290 Also in this case, the starting arenes were used in a large 

excess (40 equiv.), which is hardly compatible with the principles of the 

Green Chemistry; however, on the other hand the use of diazonium salts 

as arylating agents with high waste prevention, together with the need 

of low amounts of the ruthenium catalyst, was quite appealing. In our 

opinion, possible further improvements on this protocol should be 

focused on the reduction of the excess of arene. 

A further appealing photocatalytic approach for the direct C-H arylation 

of unactivated arenes was reported in 2017 by Glorius and co-workers, 

who developed the photocatalytic version of Minisci-type reactions.291 

They found that the treatment of arenes 241 with electron deficient and 

electron rich aryl carboxylic acids as arylating agents, carried out with a 

iridium-centred photocatalyst [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (3 mol%), 

Cs2CO3 (2 equiv.) as base and a bromomalonate derivative (3.5 equiv.), 

under blue LED irradiation (455 nm) at 55 °C for 22 h, afforded the 

corresponding biaryl products 242 in 47-84% yields (Scheme 91). As for 

the conventional Minisci reaction, the coupling occurred here 

through the decarboxylation of aryl carboxylic acids to give the 

corresponding radicals, which are the real arylating species; however, in 

this case the formation of radicals was promoted by a visible light 

irradiation in the presence of a suitable photocatalyst, which allowed to 

work under quite mild experimental conditions. However, as for the 

other above mentioned photocatalytic protocols, one of the major issue 

is represented by the need of a large excess of arenes, used not only as 

substrate but also as solvent. It is clear that such conditions were hardly 

compatible with the principles of the Green Chemistry. 

More common is the direct C-H bond arylation of unactivated arenes 

promoted by an organic photocatalyst. In general, in synthetic organic 

chemistry the development of organocatalyzed protocols is a topic of 

high interest: the possibility to carry our reactions in the absence of any 

metal catalysts is highly desirable, in order to reduce the overall cost of 

the process and also simplify the purification procedures. It is clear that 

the development of an organocatalyzed synthetic approach is very 

important in the field of the Green Chemistry, especially if combined with 
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photochemical strategies as non-conventional energy source, even if 

there is always plenty of room for further improvement. 

 

Scheme 91. Photochemical version of the Minisci-type reaction for the direct C-H bond 

arylation of arenes 241 with aryl carboxylic acids as arylating agents, performed under blue LED 

irradiation with [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 as the photocatalyst. 

In 2014, Guo and co-workers developed an amine-catalyzed (N,N,N’,N’-

tetramethyl-ethane-1,2-diamine, TMEDA, 20 mol%) direct arylation of 

benzene and other unactivated arenes with aryl iodides, performed 

under irradiation with UV lamps (254 nm).292 The use of an amine as the 

photo-catalyst avoided resorting to toxic transition metal catalysts 

and/or strong bases, but the use of the same arene as the solvent limited 

the real sustainability of the protocol. Similar protocols, based on 1,10-

phenanthroline293 or 4,7-diphenyl-1,10-phenanthroline294 in 

combination with potassium t-butoxide, were also developed, showing 

almost the same advantages and drawbacks in the frame of the Green 

Chemistry. 

In 2016 König et al. proposed the use of eosin Y (5 mol%) as photoredox 

organocatalyst for the direct C-H bond arylation of simple arenes 243 

with perfluoroaryl bromides 244, performed in acetonitrile under 

irradiation at 535 nm and in the presence of Et3N (2.0 equiv.); different 

perfluoroaryl bromides and arenes reacted and produced the expected 

products 245 in yields ranging between 18 and 99% (Scheme 92).295 The 

use of a photochemical process, which allowed mild experimental 

conditions (40 °C), in combination with the typical advantages of the 

organocatalysis were appealing from the point of view of the Green 

Chemistry, but the need for very long reaction times (72 h) and of an 

strictly anydrous atmosphere reduced the overall interest in terms of 

sustainability. 

More recently, photocatalytic direct C-H arylation of unactivated arenes 

was also performed with the help of 9,10-dihydro-10-methylacridine, 

which is a NADH coenzyme model compound,296 and by the naturally 

occurring perylenequinonoid pigments, due to their good properties of 

photosensitization.297 Despite the highly desirable combination of the 

photochemical approach with the advantages of organocatalysis, in both 

these studies one of the main limitations to the sustainability was 

represented by the use of a very large excess of arene (in some cases, 

working as both the reagent and the solvent). 

 

Scheme 92. Photochemical direct C-H arylation of simple arenes 243 with perfluoroaryl 

bromides 244, performed with the photoredox organocatalyst eosin Y under irradiation at 535 

nm, reported in 2016 by König et al.295 

Photochemical processes promoted by photoredox catalysts are quite 

common also in the context of direct ortho-arylation of benzene rings. 

The first study was reported in 2011 by Sanford and co-workers, with 

the development of a direct C-H ortho-arylation of the benzene ring of 

2-phenylpyridines 246 with phenyldiazonium salts as arylating agents, 

performed in methanol at room temperature under irradiation with a 26 

W household fluorescent compact bulb as source of visible light, in the 

presence of Pd(OAc)2 10 mol% as the catalyst and Ru(bpy)3Cl2·6 H2O (2.5 

mol%) as the photocatalyst, affording the corresponding ortho-arylated 

products 247 in good yields (Scheme 93).200 The protocol, 

successfully extended to arenes bearing other ortho-directing groups 

including amides, pyrazoles, pyrimidines and oxime ethers, showed a 

fair sustainability thanks to the need of short reaction times and room 

temperature, as well as to the use of an alcohol as the solvent and of 

diazonium salts as arylating agents showing high atom economy and 

waste prevention. 

 

Scheme 93. Photochemical direct C-H ortho-arylation of 2-phenylpyridines 246, performed 

with a 26 W household fluorescent bulb light and Ru(bpy)3Cl2·6 H2O as photocatalyst. 

In light of these results, more recently Guo and co-workers used the 

same conditions for the direct ortho C−H arylation of the benzene ring 

of 6-arylpurine nucleosides 248: by using 6.0-8.0 equiv. of an 

aryldiazonium salt as arylating agent, in the presence of 5 mol% of 

Pd(OAc)2 and 2.5 mol% of Ru(bpy)3Cl2·6 H2O, in MeOH as the solvent 

under blue LED irradiation, for 2 h at room temperature, the direct C-H 

arylation occurred selectively on the ortho-position of the arene ring, 

affording mono-arylated products 249 in good yields (Scheme 94).201  

Su et al. proposed the use of Ru(bpy)3(PF6)2 (5 mol%) as photocatalyst 

for the ortho-arylation of p-xylene, anysole and p-dimethoxybenzene 

with aryldiazonium salts.298 The reactions were carried out with 5.0 

equiv. of the arene, at room temperature under irradiation with a 45 W 

household fluorescent compact bulb lamp, using 10 equiv. of pivalic acid 
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as additive and nitromethane as a solvent. The large excess of the arene 

and pivalic acid, as well as the use of MeNO2 as reaction medium clearly 

limited its impact in the context of Green Chemistry. 

 

Scheme 94. Photochemical direct ortho C−H arylation of the benzene ring of 6-arylpurine 

nucleosides 248 under blue LED irradiation with Ru(bpy)3Cl2·6 H2O as photocatalyst, carried out 

in 2017 by Guo and co-workers.201 

In 2017, Balaraman and co-workers proposed the combination of 

Pd(OAc)2 catalyst (5 mol%) with Ru(bpy)3Cl2 photocatalyst (2.5 mol%) for 

the direct ortho-arylation of anilides 250 with aryldiazonium salts, 

performed at room temperature in 8-14 h under visible light irradiation 

with a 32 W compact fluorescent light lamp, using dimethyl carbonate 

(DMC) as solvent, affording the corresponding ortho-arylated anilides 

251 in 67-97% yields (Scheme 95).240 The protocol is in our opinion 

appealing in the frame of the Green Chemistry: reactions proceeded 

under very mild experimental conditions, thanks to the combination of 

a photochemical approach as non-coventional energy source with the 

use of an environmentally benign medium and the choice of aryl 

diazonium as arylating agents, characterized by high atom economy 

and waste prevention. 

 
Scheme 95. Photochemical direct C-H ortho-arylation of anilides 250 under visible light 

irradiation with Ru(bpy)3Cl2 as photocatalyst, carried out in 2017 by Balaraman and co-

workers.240 

Although Ru-based photoredox catalysts are the most explored in the 

photochemical direct C-H ortho-arylation of arenes, the use of other 

metal species as photosensitizers has been described. An extended 

investigation of photocatalytic ortho-arylation of substituted arenes with 

bromoazoles was performed by Weaver et al.: the reaction proceeded at 

30 °C in MeCN as the solvent, using fac-(Irppy)3 (0.3 mol%) as the 

photoredox catalyst, K2CO3 (2.0 equiv.) as the base and N-cyclohexyl-N-

isobutylcyclohexanamine (0.5-2.0 equiv.), under irradiation with a blue 

LED.299 Interestingly, no arene-contaning by-products were observed, 

suggesting that the method might be useful for late-stage azolylation 

of pharmaceuticals, in which the major goal is the derivatization of 

molecules with minimal time and effort. 

Evano et al. described in 2017 the use of a copper photoredox catalyst, 

[(DPEphos)(bcp)Cu]PF6, to activate the carbon-halogen bond of aryl 

halides at room temperature under irradiation with 420 nm light, thus 

making possible several reactions, including the direct ortho-arylation 

of variously substituted arenes.300 Despite the photochemical approach 

allowed for mild experimental conditions, the need of a large excess 

(20 equiv.) of the arenes and of a large loading (10 mol%) of the copper 

catalysts, in combination with very long reaction times (3 days), makes 

the present protocol of low interest from the sustainability point of view. 

Among organic photoredox catalysts, eosin Y is the most studied in 

direct C-H ortho-arylation of arenes. Selected examples were reported in 

2016 by König and co-workers for the ortho-arylation of substituted 

arenes with perfluoroaryl bromides,295 performed in acetonitrile under 

irradiation at 535 nm and in the presence of Et3N (2.0 equiv.) as the base 

and 5 mol% of the organocatalyst. 

A more extended study was carried out in 2017 by Balaraman et al.: they 

reported a base- and oxidant-free strategy for the direct C-H bond ortho-

arylation of anilides 252 with aryldiazonium salts, performed at room 

temperature in MeOH under irradiation with a 3 W green LED for 12 h, 

in the presence of Pd(OAc)2 (10 mol%) as catalyst and eosin Y (1 mol%) 

as photoredox organocatalyst.202 Reactions proceeded under very mild 

and sustainable conditions, affording ortho-arylated products 253 in 

most cases in yields > 75% (Scheme 96). On one hand, the use of 

diazonium salts as arylating agents is highly desirable in terms of high 

atom economy and waste prevention; however, on the other hand the 

typical advantages of the use of organocatalysts cannot be found in this 

specific case, since eosin Y was here used in combination with a large 

amount of a palladium catalyst. 

 

Scheme 96. Direct C-H ortho-arylation of anilides 252 with aryldiazonium salts, performed 

under irradiation with a 3 W green LED and eosin Y (1 mol%) as photoredox catalyst. 

In 2019, Yadav et al. proposed a simple approach to 2-aminobiphenyls 

by visible light-promoted direct ortho-arylation of anilines using aryl 

diazonium salts (3.0 equiv.), in acetonitrile/water (10:1 v/v) mixture and 

with eosin Y (1 mol%) as the only catalyst, under irradiation of a green 

LED for 12-18 h at room temperature.301 Compared to the previous 

work of Balaraman et al., such protocol appears in our opinion more 

appealing: the use of a fully organocatalyzed approach, with the removal 

of any metal catalyst, is highly desirable. 

Very recently, Rao and co-workers reported the photocatalytic ortho-

arylation of p-xylene and mesitylene with aryl diazonium salts, carried 

out in DMSO as the solvent, using the naturally occurring cercosporin as 

bioorganic photoredox catalyst; the main advantage of the procedure is 

that it worked under irradiation with sunlight, thus making it very 

advantageous and highly sustainable from the point of view of Green 
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Chemistry.297 Moreover, the combined use of a natural photocatalyst 

and a completely free source of energy made the overall protocol 

highly convenient and cheap. 

Pyrroles are definitely the most investigated substrates in the context of 

photochemical direct C-H arylation of N-heteroarenes. Among metal 

photoredox catalysts, ruthenium-, iridium- and copper-based species 

were successfully used. In 2013, Xiao and co-workers reported the C2 

regioselective direct arylation of N-methylpyrrole with diaryliodonium 

salts, performed at room temperature under blue LED irradiation in 

acetonitrile and in the presence of Ru(bpy)3Cl2 (1 mol%) as a catalyst; the 

main limitation of the procedure is represented by the high excess of N-

methylpyrrole (100 equiv.), which can hardly make it convenient and 

highly sustainable.302  

The same photoredox catalyst was also used by Natarajan et al. for C2 

direct coupling of N-methylpyrroles 254 with arylsulfonyl chlorides, 

performed at room temperature in MeCN as solvent, in the presence of 

Ru(bpy)3Cl2 (3 mol%) and under irradiation with blue LED lamp (425 

nm).303 Interestingly, in this case no excess of pyrroles was required, 

and the corresponding α-arylated pyrroles 255 were obtained in 56-89% 

yields (Scheme 97). In our opinion the present investigation is very 

appealing, since it represents to date the only example of direct C-H bond 

arylation which combined the advantages of photochemical processes 

with those of sulfonyl chlorides as arylating agents. As we already 

pointed out in other points of the manuscript, these substrates typically 

show many appealing features, including broad availability and easy 

handling, as well as high waste prevention, due to the formation of 

gaseous SO2 as by-product. 

 

Scheme 97. Photochemical C2 regioselective direct C-H arylation of of N-methylpyrroles 254 

with arylsulfonyl chlorides, performed with Ru(bpy)3Cl2 photocatalyst under irradiation with 

blue LED lamp, reported in 2016 by Natarajan et al.303 

The Ru(bpy)3Cl2 photocatalyst was also used in 2017 by König and co-

workers in combination with pyrene (5.0 mol%) as the photocatalytic 

system for the C2 regioselective arylation of N-methylpyrrole with aryl 

bromides or chlorides as suitable arylating reagents, performed in the 

presence of a slight excess of DIPEA (1.4 equiv), in DMSO as the solvent 

and at room temperature.304 This protocol was really fast (2.5 h) and 

afforded the corresponding products in modest to good yields (41-86%), 

although the need of 10 equiv. of the pyrrole is a clear limit to its 

sustainability. 

Chatani et al. proposed in 2013 the use of [Ir(ppy)2(bpy)]PF6 (1 mol%) as 

the photoredox catalyst for the direct C2 arylation of pyrroles 256 with 

diaryliodonium salts: the reactions, performed at room temperature 

under irradiation with white LED, afforded the desired coupling products 

257 in modest to good yields (48-75%), but unfortunately also in this case 

high amounts of heteroarenes (that is, 40 equiv.) were required, thus 

limiting the interest of the process in the context of the Green Chemistry 

(Scheme 98).305  

 

Scheme 98. Photochemical C2 regioselective direct C-H bond arylation of of pyrroles 256 with 

diaryliodonium salts, performed with [Ir(ppy)2(bpy)]PF6 photocatalyst under irradiation with 

white LED, reported in 2013 by Chatani et al.305 

A more sustainable protocol was proposed by Weaver et al., who 

described a C2 arylation of NH-free and N-substituted pyrroles with 

bromoazoles: reactions, carried out in acetonitrile at 30 °C under blue 

LED irradiation using fac-(Irppy)3 as photocatalyst, did not required a 

large excess of heteroarene and did not afford large amounts of by-

products, thus making the products purification quite simple.299 No 

arene-contaning by-products were observed, thus suggesting that the 

method might be useful for late-stage azolylation of pharmaceuticals, 

in which the major goal is the derivatization of molecules with minimal 

time and effort. 

The [(DPEphos)(bcp)Cu]PF6 complex was described by Evano et al. as a 

general and broadly applicable copper-based photoredox catalyst: it 

allowed the C2 regioselective arylation of N-substituted pyrroles with 

aryl halides under very mild conditions, although once again a large 

excess (20 equiv.) of the arene is required, together with quite long 

reaction times (3 days).300,306 

Moving on organic photocatalysts, few examples of the photochemical 

direct C-H bond arylation of pyrroles were described by König et al. in the 

context of more extended investigations on several (hetero)arenes, 

based on the use of the above mentioned eosin Y, occurring quickly at 

room temperature with aryldiazonium salts307 or fluoroaryl bromides295 

as arylating agents. In a following study, the C2 arylation of pyrroles was 

treated by the same group in more details: NH-free and N-substituted 

pyrroles 258 were treated with (hetero)aryl bromides and chlorides 

using Rhodamine 6G (15 mol%) as the photoredox catalyst and N,N-

diisopropylethylamine (1.5 equiv.) as sacrificial electron donor, at room 

temperature in a DMSO/water mixture (12:1 v/v) under irradiation with 

blue LEDs (455 nm): the synthetic method afforded the corresponding 

coupling products 259 generally in good yields, thus providing a metal-

free alternative for the synthesis of biologically interesting nucleobases 

under mild conditions (Scheme 99).143  

 

Scheme 99. C2 regioselective direct arylation of pyrroles 258 with heteroaryl chlorides and 

bromides, performed under blue LED irradiation with rhodamine 6G as photoredox catalyst. 
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The photochemical direct C-H bond arylation reactions of pyrroles with 

aryldiazonium salts under mild and sustainable conditions were also 

achieved by using other organo-photocatalysts: the NADH coenzyme 

model 9,10-dihydro-10-methylacridine296 and in particular the naturally 

occurring cercosporin, having the main advantage to be able of working 

under irradiation with sunlight.297 

In 2021, Beverina et al. reported an interesting study, where the C2 

photochemical direct arylation of N-methylpyrrole 260 with (hetero)aryl 

bromides was carried out for the first time in water under the micellar 

catalysis approach into a microfluidic system, thanks to the use of 

PEGylated castor oil derivative Kolliphor EL as surfactant: the reactions 

were carried out under irradiation with a 36 W lamp (λ = 365 nm) at room 

temperature, using 10-(4-methoxy)phenyl-10H-phenothiazine (PTh-

OMe, 10 mol%) as photocatalyst, in combination with DIPEA (1.5 

equiv.).144 The corresponding C2 arylated products 261 were obtained 

in good yields, while the use of microfluidic photo-reactor improved 

reaction time (< 100 min) with respect to batch conditions, without 

reducing the yields and selectivity (Scheme 100). In our opinion, this 

study reports one of the most sustainable and environmental friendly 

protocols in the context of photochemical direct C-H bond arylation of 

(hetero)arenes: the combination of a photochemical process with the 

advantages of micellar catalysis and the features of flow chemistry 

perfectly fits with most of the Twelve Principles of the Green Chemistry. 

 

Scheme 100. C2 regioselective direct C-H arylation of N-methylpyrrole 260 with (hetero)aryl 

chlorides, performed at 365 nm irradiation using 10-(4-methoxy)phenyl-10H-phenothiazine 

(PTh-OMe) as photocatalyst, in batch and continuous flow conditions. 

The photochemical direct C-H bond arylation of pyridines has been less 

investigated to date. An interesting study was described in 2014 by Xue 

and co-workers, with the photocatalytic direct arylation of pyridine 

hydrochlorides in water with aryldiazonium tetrafluoroborates as the 

arylating agents: working in the presence of [Ru(bpy)3]Cl2·6H2O as the 

photocatalyst under irradiation with a 45 W fluorescent bulb, the direct 

arylation reactions were performed at room temperature, giving final 

products in good to excellent yields (48-92%) and generally high C2 

regioselectivity, although after 80 h.162 In this protocol, the application of 

a photochemical approach was coupled with the choice of water as an 

environmental friendly solvent and the use of aryldiazonium salts as 

arylating agents with high atom economy and waste prevention: all 

these features were in our opinion well favourable from the point of view 

of the Green Chemistry. 

In 2015, Su et al. described a similar transformation: pyridines 262 (5.0 

equiv.) were treated with aryldiazonium salts (1.0 equiv.) using once 

again the [Ru(bpy)3]Cl2·6H2O photocatalyst (5 mol%) under visible light 

irradiation (45 W household fluorescent compact bulb lamp), at room 

temperature using trifluoroacetic acid as solvent. The corresponding 2-

aryl pyridines 263 were obtained in 45-66% yields (Scheme 101).298 It is 

worth to emphasize that the use of trifluoroacetic acid as the solvent 

represents a severe limit to the process sustainability, since it is highly 

irritant and harmful to the environment. 

 

Scheme 101. Photochemical direct C-H bond arylation of pyridines 262 with aryldiazonium 

salts, performed in the presence of [Ru(bpy)3]Cl2·6H2O photocatalyst under visible light 

irradiation, reported in 2015 by Su et al.298 

In 2017, in the context of the above-mentioned photocatalytic Minisci-

type reactions of unactivated arenes with aryl carboxylic acids, Glorius et 

al. also reported few examples of C2 regioselective direct arylation of 

pyridines: reactions involved the [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 catalyst (3 

mol%), Cs2CO3 (2 equiv.) as base and a bromomalonate derivative (3.5 

equiv.), under blue LED irradiation (455 nm) at 55 °C for 22 h.291 The 

only example of photochemical direct C-H bond arylation of pyridines 

organocatalyzed was reported in 2019 by Rao et al., who described the 

use of natural cercosporin under sunlight.297  

In addition to these procedures involving homogeneous photo-redox 

catalysts, some examples of recoverable photoredox catalysts have also 

been reported, which we already described in the previous section 2.2. 

In 2015, Rueping et al. proposed a C2 regioselective photocatalytic direct 

C-H arylation of pyridines with aryldiazonium salts, carried out in EtOH as 

the solvent, promoted by the easily accessible and recyclable TiO2 as the 

catalyst.106 In 2016, Wang and co-workers described the use of a three-

dimensional porous Cu2-xS-MoS2 framework as recoverable and 

efficient photocatalyst for a similar direct C-H arylation of pyridines with 

diazonium salts as arylating agents, performed for 1 h at room 

temperature under irradiation with a Xenon lamp.89 Interestingly, both 

protocols were particularly convenient from the point of view of the 

Green Chemistry, as they were performed at room temperature with 

ethanol as a green reaction medium, affording the desired coupling 

products after short reaction time. 

Moving on bicyclic N-heteroarenes, only few examples were described 

involving metal photoredox catalysts. Lei and co-workers reported the 

photoredox direct C-H arylation of isoquinoline 264 with aryldiazonium 

salts (4.0 equiv.), performed in MeOH at room temperature under 

irradiation with a 40 W fluorescent lightbulb and in the presence of 

[Ru(bpy)3]Cl2·6H2O (2.5 mol%) as photocatalyst and trifluoroacetic acid 

(1.0 equiv.) as additive.216 Such protocol, affording the corresponding 

C1 arylated products 265 in modest to good yields (21-57%) after 48 h, 

was very interesting not only from a synthetic point of view, since it 

was successfully applied for the synthesis of biologically active alkaloids 

menisporphine 266 and daurioxoisoporphine C 267, but also in the 

context of sustainability, since it worked under mild conditions and in the 

absence of the large excess of heteroarene, as typically occurred for 

many other photocatalytic processes described above (Scheme 102). 
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Scheme 102. Photochemical direct C-H arylation of isoquinoline 264 with aryldiazonium 

salts, performed with [Ru(bpy)3]Cl2·6H2O as photocatalyst under irradiation with a 40 W 

fluorescent lightbulb.  

The [Ru(bpy)3]Cl2·6H2O photocatalyst was also used by Xue et al. for the 

development of a highly effective visible light-promoted protocol on 

caffeine 268 with aryldiazonium salts: reactions were performed at room 

temperature in H2O as the solvent, with [Ru(bpy)3]Cl2·6H2O (2.5 mol%) 

and formic acid as additive, under irradiation with a 45 W bulb lamp, 

to give the arylated products 269 after 24 h (Scheme 103).162 In this 

protocol, which is one of the very few studies on the direct C-H bond 

arylation of the caffeine heterocyclic scaffold, the application of a 

photochemical approach was coupled with the choice of water as an 

environmental friendly solvent and the use of aryldiazonium salts as 

arylating agents with high atom economy and waste prevention: all 

these features were in our opinion well favourable from the point of view 

of the Green Chemistry. 

 

Scheme 103. Visible light-promoted direct C-H arylation of caffeine 268 with aryldiazonium 

salts, performed in the presence of [Ru(bpy)3]Cl2·6H2O (2.5 mol%) under irradiation with a 45 

W bulb lamp. 

Only few selected examples of fac-(Irppy)3 assisted C2 regioselective 

direct C-H bond azolylation of NH-free and N-substituted indoles were 

reported in 2016 by Weaver et al. in a more extended work involving 

several (hetero)arenes.299 The reaction were carried out under mild 

conditions, at 30 °C in acetonitrile as the solvent, using 0.3 mol% of the 

fac-(Irppy)3 photoredox catalyst, K2CO3 (2.0 equiv.) as the base and N-

cyclohexyl-N-isobutylcyclohexanamine (0.5-2.0 equiv.), under blue LED 

irradiation. 

In 2016, Ackermann et al. described a photocatalyzed direct C-H bond 

arylation of benzoxazoles or benzothiazoles 270 with iodoarenes (5.0 

equiv.), performed with the use of CuI (20 mol%) as the catalyst and 

N,N-dimethylglycine (30 mol%) as ligand.308 More in detail, reactions 

required lithium t-butoxide (3.0 equiv.) as base and Et2O as a solvent, 

under irradiation at 254 nm, at room temperature for 16 h, affording 

the corresponding C2 arylated products 271 in 46-80% yields (Scheme 

104). Despite the use of a copper species as the photocatalytic system 

was appealing in terms of costs (as they are typically cheaper than 

ruthenium and iridium complexes), the sustainability of the process 

appeared quite limited, in particulat due to the need of large amounts 

of the metal catalyst. 

 

Scheme 104. Photochemical direct C-H bond arylation of benzoxazoles or benzothiazoles 

270 catalyzed by CuI/N,N-dimethylglycine under irradiation at 254 nm, reported in 2016 by 

Ackermann et al.308 

Very recently, Baeg and co-workers proposed the use of a ruthenium-

graphene nanosheet photocatalyst for regioselective C3 arylation of 

imidazo[1,2-a]pyrimidines with bromoarenes (1.0 equiv.), performed in 

acetonitrile as the reaction medium and in the presence of Et3N (2.0 

equiv.) as the base.309 This protocol can be considered sustainable, since 

it worked very efficiently at room temperature with no need for an 

excess of the starting heteroarenes, as well as for the possibility to be 

performed under sunlight irradiation, which is a totally sustainable 

cost-free source of energy. 

The study of organocatalyzed-photochemical direct C-H arylations of 

bicyclic N-heteroarenes has been quite limited to date. In 2016, Yang et 

al. described a very simple and fast method for the C3 regioselective 

direct C-H arylation of NH-free indoles with aryldiazonium salts: by 

simply using 1 mol% of rhodamine B as the organocatalyst and under 

irradiation with a 25 W white lamp, reactions were performed in 1 h at 

room temperature in DMSO as the solvent, affording 3-aryl indoles in 

modest to good yields (up to 73%).310 Interestingly, this protocol is one 

of the fastest examples of all the photochemical direct C-H arylation of 

(hetero)arenes reported to date in the literature: this aspect, in 

combination with all the other above mentioned features (metal-free 

conditions, use of arylating agents with high waste prevention, room 

temperature) makes in our opinion such investigation of high interest in 

the frame of the Green Chemistry. 

In 2019, Kim and co-workers reported a very appealing approach for the 

photocatalytic C3 direct arylation of 2H-indazoles 272 with 

aryldiazonium salts in batch and continuous flow-conditions: reactions 

were carried out in DMSO at room temperature, using eosin Y (3 mol%) 

under irradiation of a green LED and in the presence of DIPEA (1.0 equiv.) 

as the base, affording the desired 3-aryl-2H-indazoles 273 in most cases 

in good yields (Scheme 105).311 The possibility of combining the typical 

advantages of organophotocatalyzed processes (i.e., metal-free 

conditions and room temperature) with the appealing technology of flow 

chemistry made this protocol highly appealing in the perspective of green 

and sustainable chemistry, opening the way to very fast synthesis of drug 

molecules (liver X receptor inhibitor drugs) with very good yields. In a 

following study, authors performed the same reactions under 
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continuous flow conditions in capillary microreactors where eosin Y was 

immobilized.312 

 

Scheme 105. Photocatalytic C3 direct arylation of 2H-indazoles 272 reported in 2019 by Kim 

and co-workers,311 using eosin Y as photoredox catalyst under irradiation of a green LED. 

Among all the O-heteroarenes, furans are the only substrates which 

have been investigated in photocatalytic direct C-H arylation processes, 

often in more extended studies involving other heteroarenes. Only 

one study involving an homogeneous metal photocatalyst has been 

described: in 2016, Natarajan et al. used [Ru(bpy)3]Cl2 photocatalyst 

(3 mol%) for the C2 regioselective arylation of furans with arylsulfonyl 

chlorides, at room temperature under irradiation with blue LED lamp 

(425 nm) and in acetonitrle as solvent.303 

A larger number of investigations were carried out with homogeneous 

photoredox organocatalysts. In 2012, König and co-workers reported the 

first, pioneering study in this context, with the direct C-H bond arylation 

of furan 274 with aryldiazonium salts simply in the presence of eosin Y 

(1 mol%) under irradiation with a 530 nm LED: working at 20 °C in DMSO 

as the solvent, the C2 arylated products 275 were obtained in 2 h 

(Scheme 106).307 The only factor limiting the sustainability of this process 

is the use of a quite large excess (10 equiv.) of furan. 

 
Scheme 106. Photocatalytic C2 regioselective direct C-H bond arylation of furan 274 with 

aryldiazonium salts, performed under 530 nm LED irradiation in the presence of eosin Y. 

In addition to the above mentioned NADH coenzyme model 9,10-

dihydro-10-methylacridine296 and natural perylenequinonoid pigment 

cercosporin,297 which were used in the photochemical direct C-H bond 

arylation of several (hetero)arenes, including few selected examples of 

furans, an interesting study was described in 2017 by Gryko and co-

workers, based on the use of porphyrins as organic photocatalysts: they 

reported the direct C2 arylation of furans with diazonium salts, at room 

temperature in DMSO under irradiation with a 455 nm LED, using 1 mol% 

of several porphyrins.313 These macrocycles have finely tunable physico-

chemical properties, thanks to their chemical functionalization with 

suitable substituents; in particular, they found that electron-poor 

tetra(pentafluorophenyl)porphyrin was the most effective photoredox 

organocatalyst in promoting these reactions, affordind the 2-aryl furans 

in 40.81% yields. 

A significant number of examples of recoverable photoredox catalysts 

have also been reported for the direct C-H arylation of furans, which we 

already considered in the previous section 2.2. In 2015, Rueping et al. 

proposed the C2 regioselective direct C-H bond arylation of furan with 

aryldiazonium salts in the presence of recyclable TiO2 catalyst, working 

under irradiation with a 11 W household lamp and in ethanol as a 

solvent.106 Despite the advantages related to the use of a recoverable 

catalyst, a sustainable solvent and an photochemical approach, the 

need of sub-stoichometric amounts of TiO2 (between 0.1 and 1 equiv.), 

and above all the need of a large excess of furans represent severe limits 

to the development of an highly sustainable protocol. 

In 2016, Wang and co-workers described the use of three-dimensional 

porous Cu2-xS-MoS2 framework as recoverable and efficient photoredox 

catalyst for a similar direct C-H arylation of furans with diazonium salts as 

arylating agents, performed for 1 h at room temperature under 

irradiation with a Xenon lamp working with a 700 nm light.89 The 2-aryl 

furans were obtained in 72-98% yields, although also in this case a large 

excess of the heteroarene was mandatory for achieving high yields of the 

products. 

In 2017, Wang and co-workers reported two very interesting works of 

photochemical direct C-H bond arylation of furans with diazonium salts 

as arylating agents, based on the use of graphitic C3N4 (g-C3N4). In a 

first study, they used graphitic carbon nitride/reduced graphene oxide 

(g-C3N4/rGO) nanocomposite, which was active under visible light 

irradiation (λ = 450 nm);108 in the other, a carbon nitride/polypyrrole 

(C3N4-PPy) heterojuction aerogel, acting as efficient photocatalyst under 

a while LED, was successfully applied.109 

In 2020, Metin et al. proposed the first application of black phosphorus 

as heterogeneous and recoverable photoredox catalyst for the direct C-H 

bond arylation of furan with aryl diazonium salts, working efficiently in 

the presence of white light, at 25 °C for 2 h in DMSO as the solvent.111 If 

the use of black phosphorus was definitely highly interesting from the 

point of view of photochemical processes, which could open the way to 

more sustainable protocols, in this specific case the need for an excess of 

furan (10 equiv.) and the modest recyclability of the photocatalyst still 

represent severe limitations in the context of the Green Chemistry. 

Very recently, Yadav and co-workers proposed the use of a graphitic 

carbon nitride-based fluorescein isothiocyanate (g-C3N4–FITC) thin film 

as an excellent photocatalyst, having the great advantage to be active 

under sunlight, for the direct C-H bond arylation of furans performed in 

DMSO at room temperature for 6 h.110 

All the above mentioned photochemical protocols for direct C-H bond 

arylation of furans were actually also performed on thiophenes, in most 

cases with similar yields: in fact, given their similar chemical structure, 

photochemical processes on thiophenes were often considered as an 

extension of protocols first developed for furans. 

4.1.2. Photochemical direct C-H arylation of (hetero)arenes without 

photoredox catalysts. From the point of view of Green Chemistry, the 

development of photochemical direct C-H arylation protocols which 

occur without the presence of photoredox catalysts is generally more 

appealing, since the purification of the final products is easier to be 

performed thanks to the minor contamination. 

The first study in this context was published in 2007 by Fagnoni and co-

workers: they described the direct C-H arylation of alkyl benzenes 276 
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with aryl halides (chlorides, fluorides) or esters (mesylates, triflates, 

phosphates) as arylating agents: reactions were performed in 2,2,2-

trifluoroethanol (although acetonitrile was a greener alternative in 

some cases) under irradiation with lamps at λ = 310 nm, affording the 

corresponding ortho-aryl products 277 after 1-8 h at room temperature 

(Scheme 107).314 Despite the use of a poorly sustainable solvent, this 

pioneering study demonstrated the possibility of photochemical direct C-

H arylations under metal-free and very mild conditions, opening the 

door to new possibilities in the context of sustainable organic synthesis. 

 

Scheme 107. Photochemical direct C-H arylation of alkyl benzenes 276 with aryl halides or 

esters as arylating agents, performed under irradiation at λ = 310 nm in 2007 by Fagnoni et al.314 

In a following study, they proposed the arylation of unactivated arenes 

with electron-rich aryl nonaflates (ArO-SO2C4F9) as non-conventional 

arylating agents, which can be generated in situ from the corresponding 

phenols, working in protic reaction media (often 2,2,2-trifluoroethanol) 

and in presence of cesium carbonate as base under irradiation at 310 

nm for 24 h.315 If aryl nonaflates represent a class of highly reactive 

arylating agents, from the point of view of the Green Chemistry their 

use is actually poorly favourable, especially in terms of atom economy 

and waste prevention, since they produced perfluorinated nonaflates 

as by-products, thus making it necessary not only a purification of the 

coupling products, but also expensive waste disposal procedures. 

In 2013, Rossi et al. reported the photoinduced direct C-H arylation of 

benzene with several aryl iodides and bromides, performed in DMSO 

under irradiation with two HPI-T 400 W lamps and only in the presence 

of t-BuOK (3.0 equiv.).316 Although reactions were carried out in 1 h at 

room temperature, the protocol was not useful from an environmental 

friendly point of view: despite the absence of transition metal catalyst, 

the use of a strong base and above all a very large excess of benzene 

(150 equiv.) inevitably limited the sustainability of the process.  

In 2013, Baumgartner et al. proposed the photochemical direct C-H 

arylation of phenols and other hydroxyaryl derivatives (2-napthol, 4-

hydroxycoumarin, sesamol) with several aryl iodides and bromides, 

performed in DMSO with a strong base (t-BuOK) and under irradiation 

with two 400 W halogen lamps emitting at a maximum of 350 nm.317 

If this study was of high interest as a proof-of-concept, in a following, 

work they instead focused the attention on the development of more 

sustainable experimental conditions: on one hand, the same reactions 

were carried out in water as more environmental friendly solvent, used 

in combination with KOH as base; on the other, they demonstrated that 

the halogen lamp could be efficiently replaced by a high-efficient and 

less expensive LED.318  

In 2017, König et al. described a very straightforward method for the 

direct ortho-(hetero)arylation of anilines, performed with (hetero)aryl 

bromides under irradiation with blue LED light (λ = 455 nm) at room 

temperature, in the presence of DIPEA (0.5 equiv.) as a base and in 

acetonitrile as the solvent.319  

Gryko's research group has also investigated photochemical direct C-H 

bond arylation processes, in the context of intramolecular ortho-

arylations of arenes for the synthesis of polyciclic systems. In particular, 

they discovered that phenanthro[9,10-d]imidazoles 278, bearing a 2-

halogenoaryl substituent at C2 position, can undergo a photochemically 

driven direct C-H bond arylation at room temperature simply under 

irradiation at 254 nm, affording phenanthro[9′,10′:4,5]imidazo[1,2-

f]phenanthridines 279 in very high yields, up to 97% (Scheme 108).320 

Interestingly, here the same reactions were also performed in the solid 

crystalline state, again upon simple irradiation with UV light (254 nm), 

affording products 279 quantitatively in 48-72 h.321 Performing organic 

reactions in the solid state has clear advantages over more traditional 

synthesis in solution, especially from the point of view of the Green 

Chemistry; however, the benefits are even greater in the case of planar 

π-conjugated aromatics, due to their low solubility in most organic 

solvents. A similar photocatalytic direct C-H bond arylation protocol was 

extended by the same authors to the synthesis of imidazo[1,2-

f]phenanthridine skeletons.322  

 

Scheme 108. Photochemically driven (λ = 254 nm) intramolecular direct C-H bond arylation of 

phenanthro[9,10-d]imidazoles 278, performed at room temperature with no photocatalyst. 

The catalyst-free photochemical direct C-H bond arylation of N-, O- 

and S-heteroarenes is very uncommon. A metal- and additive-free 

photochemical direct C-H arylation of boron BODIPYs at their C3 and C5 

positions with aryldiazonium salts was reported in 2019 by Jiao et al.: the 

reactions were carried out in acetone at room temperature, under 

irradiation with a 450 nm LED, affording the corresponding 3,5-diaryl 

BODIPYs in modest to good yields (28-68%).323 

In the same year, Lee et al. reported a mild visible-light-mediated, 

photocatalyst-free C3 regioselective direct C-H bond arylation of 2H-

indazoles 280 with aryldiazonium salts as arylating agents, performed at 

room temperature in DMSO and in the presence of pyridine (1.0 equiv.) 

as the base, under blue LEDs irradiation (455 nm) for 15 h, which 

afforded the corresponding 3-arylated indazoles 281 in 23-81% yields 

(Scheme 109). 324 In our opinion, the present protocol seems to be 

quite appealing in the context of the Green Chemistry, since no large 

excess of the heteroarenes were required: only 2.0 equiv. of indazoles 

280 were used here. 



 CRITICAL REVIEW 

 

Please do not adjust margins 

Please do not adjust margins 

 

Scheme 109. Visible-light-mediated photocatalyst-free C3 regioselective direct C-H arylation of 

2H-indazoles 280 with aryldiazonium salts, performed under blue LEDs irradiation (455 nm). 

Rossi and co-workers reported few selected examples of photoinduced 

direct arylation of thiophene with aryl iodides and bromides; reactions 

were carried out in DMSO as the solvent under irradiation with two HPI-

T 400 W lamps and only in the presence of t-BuOK (3.0 equiv.), affording 

the corresponding mono-arylated products with good C2 selectivity 

(although non-negligible amounts of the C3 products were also 

isolated).316 Although reactions were carried carried out in 1 h at room 

temperature, the need of a large excess of heteroarene limited the 

overall sustainability of this protocol. 

4.2. Microwave-assisted direct C-H bond arylation of (hetero)arenes 

In the last twenty years, considerable attention has been focused on 

the use of microwave (MW) irradiation in organic synthesis, as an 

efficient alternative to conventional thermal heating.325 Depending on 

convection currents, the traditional heating is slow and ineffective in 

transferring energy to reagents into a reaction vessel (in particular, the 

temperature of the vessel surface needs to be higher than that of the 

reaction mixture). On the contrary, microwave irradiation produces an 

efficient internal heating due to the ability of specific materials (solvent 

or reagent with a permanent dipole moment) to convert electromagnetic 

energy into heat, thus allowing for reaction temperature higher with 

respect to solvent reflux temperatures and for minimized wall effects 

(the temperature of vessel surface in this case is lower than that of the 

reaction mixture). The homogeneous and rapid increase in temperature 

into the microwave-irradiated reaction vessel often results in a dramatic 

enhancement of reaction rate. The observed rate acceleration is 

believed to be a consequence of a purely thermal/kinetic effect, but 

also “non-thermal” microwave effects were sometime claimed to 

rationalize some microwave-assisted reaction outcomes. The elimination 

of the wall effect is also reported to be beneficial in metal-catalyzed 

reactions since it may lead to increased catalyst lifetime. 

The microwave irradiation has been explored as energy source in a 

wide variety of chemical processes, including direct C-H bond arylation 

reactions of (hetero)arenes, that typically require high temperatures 

and prolonged reaction time.9 Drastically reduced reaction time and 

enhanced reaction yields compared to those achieved under thermal 

heating were often observed, thus suggesting the microwave irradiation 

to be a useful tool to improve the sustainability of direct C-H bond 

arylation approach. 

4.2.1. Microwave-assisted direct C-H bond arylation of arenes. Few 

examples of microwave-assisted intermolecular direct C-H arylation of 

simple arenes have been reported in the literature. In 2008, during their 

investigation on rhodium-catalyzed microwave-assisted direct arylation 

of heteroarenes with aryl iodides, Itami et al. found that direct C-H bond 

arylation of monosubstituted benzenes also takes place with a good 

ortho-para selectivity.326  

In 2012, Rodríguez et al. reported the MW-assisted direct C-H arylation 

of unbiased arenes with diaryliodonium triflates in a very appealing 

process where the use of a metal catalyst, solvent or additives is not 

required.278 For the direct C-H arylation of naphthalene 282 with 

diphenyliodonium triflate, a clear improvement in both the reaction yield 

(70% vs. 57%) and α-selectivity (7:1 vs. 1.2:1) of coupling product 283 was 

detected under microwave irradiation at 120°C with respect to 

conventional thermal heating, while reaction time was remarkably 

reduced from 72 hours to 30 minutes. Various diaryliodonium triflates 

were then tested for the direct arylation of naphthalene affording the 

corresponding arylated naphthalenes 284 in good yields (59-79%) and 

moderate selectivity (: ratio from 3:1 to 10:1) in short reaction times 

(60 minutes at 150°C) (Scheme 110). Although the metal- and solvent-

free conditions as well as the short reaction times under MW irradiation 

are greatly beneficial, the use of diaryliodonium triflates clearly does not 

satisfy the atom-economy principle decreasing the sustainability of this 

approach. 

 

Scheme 110. Base- and metal-free direct C-H bond arylation of naphthalene 282 performed 

under MW irradiation, reported in 2012 by Rodríguez et al.278 

In 2012, Kappe and co-workers reported a direct C-H bond arylation of 

benzene with aryl bromides, under high-temperature and high-pressure; 

reactions were performed in the presence of Co(acac)3 as the catalyst 

and lithium bis(trimethylsilyl)amide as the base, under MW irradiation at 

200 °C (15 bar) for 5 min.327 Under conventional heating at 80°C, higher 

catalyst and base loadings and a prolonged reaction times of 48 h were 

found to be necessary to achieve the complete consumption of the aryl 
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bromides. Despite the short reaction times, the sustainability of the 

protocol was quite low, due to the need of large excess of the arene to 

produce satisfying results, as well as the need of high temperature 

despite the use of microwave irradiation. 

In 2019, microwave-assisted direct C-H arylation polymerization of a 

polyfluorinated arene monomer 285 with a diketopyrrolopyrrole-

based dibromide 286 was described by Scott and co-worker, working 

at 100 °C under microwave irradiation for 24 h.328 A blue colored 

polymer P287 with moderate molecular weight (Mn = 18.9 Kg mol-1) and 

a polydispersity of 2.24 was isolated in 75% yield after Soxhlet 

purification (Scheme 111). The effect of microwave irradiation on both 

yield and polymer properties by comparison with the analogous thermal 

process was not evaluated. In fact, this study was mainly focused on the 

synthesis of conjugated polymers with selected electro-optical features, 

rather than to the development of highly sustainable direct C-H bond 

arylation polymerization protocols. 

 

Scheme 111. Microwave-assisted direct C-H bond arylation polymerization of polyfluoroarene 

monomer 285 with diketopyrrolopyrrole-based dibromide 286 , described in 2019 by Scott and 

co-worker.328 

The lack of regioselectivity represents one of the major drawbacks in the 

intermolecular direct C-H bond arylation of arenes; therefore, many 

diverse approaches have been developed to promote the regioselective 

direct C-H bond ortho-arylation of these reactants. In 2007, Lautens and 

co-workers developed a microwave-assisted Catellani-type protocol, 

consisting in a tandem Palladium-catalyzed direct C-H ortho-arylation of 

iodoarenes 288 with aryl bromides as arylating agents, followed by 

cyanation on the C-I bond mediated by norbornene, to give ortho-aryl 

aromatic nitriles 289 in 31-94% yields (Scheme 112).329 Aryl iodides 

mono-substituted in ortho position were used to avoid the formation of 

multiple products since only one C-H functionalization can occur when 

one of the ortho positions of the aryl iodide is substituted. Furthermore, 

an excess of aryl bromides is required to minimize the homo-coupling 

product deriving from the competitive ortho arylation by another 

molecule of aryl iodide. 

 

Scheme 112. Synthesis of ortho-aryl aromatic nitriles 289 via microwave-assisted Pd-catalyzed 

Catellani-type protocol. 

Crabtree et al. developed in 2008 a protocol for the microwave-assisted 

decarboxylative coupling of aromatic acids with aryl halides or arenes, 

performed in the presence of Pd(OAc)2 and t-Bu-XPhos as the catalytic 

system and Ag2CO3 as the base, in a 9 : 1 mixture of DMF and DMSO as 

the solvent, under MW heating at 200 °C for only 5 min.330 Reactions of 

carboxylic acids with a variety of functionalized aryl iodides afforded the 

target products in high regioselectivity (coupling occurs at the site of 

decarboxylation). When carboxylic acids were reacted with arenes, the 

corresponding coupling products were obtained in good regioselectivity 

only in the presence of ortho-directing groups on arenes. 

Therefore, the introduction of ortho-directing groups on arenes is an 

efficient strategy to improve regioselectivity and reaction rates in direct 

C-H bond arylation reactions of these substrates. Indeed, the proximity 

between the directing group and the metal complex forces the ortho 

aromatic C-H bond activation and increases the rate of metalation. In this 

contest, the use of N-containing heterocyclic directing groups is an 

attractive synthetic tool. Ruthenium-catalyzed ortho-arylation of 2-

phenylpyridine and 2-phenyl-2-oxazoline with (hetero)aryl bromides 

under conventional thermal heating was reported in 2008 by Inoue et al., 

demonstrating that MW-assisted reactions gave similar yields with 

respect to those under conventional thermal heating in dramatically 

shorter reaction times (30 min at 160 °C vs. 20 h at 120 °C), by using 

[RuCl2(6-C6H6)]2-4PPh3 as the catalyst, K2CO3 as the base and NMP as 

the solvent.331  

In 2013, Gimeno et al. showed that the inexpensive catalytic system 

RuCl3-nH2O-Zn-NaOAc is active for the selective ortho mono-arylation of 

2-phenylpyridine with aryl and heteroaryl chlorides in H2O; the reaction 

can be accelerated using microwave irradiation instead of conventional 

thermal heating (1 h vs. 20 h), although a slightly increase of the ortho-

diarylated product with respect to the monoarylated one was found.137 

The protocol, using commercially available components, inexpensive aryl 

chlorides and a green solvent, is of particular interest from the point of 

view of Green Chemistry, and it was also scaled up to a multi-gram scale 

with excellent isolated yields.  
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In 2009, Bedford and co-workers reported a Pd-catalyzed direct ortho-

arylation of carbamate-protected phenols 290 with either aryl iodides or 

diaryliodonium salts.332 More in detail, reactions with aryl iodides were 

carried out using 10 mol% of Pd(OAc)2 as the catalyst and 2.0 equiv. of 

silver acetate as the base, in trifluoroacetic acid as solvent for 1-2 h under 

microwave irradiation, affording a mixture of both mono-arylated 291 

and bi-arylated 292 products; reactions with iodonium salts were instead 

carried out with only Pd(OAc)2 (10 mol%), in acetic acid as solvent, under 

MW for 4 h, affording exclusively the desired mono-arylated products 

291 (Scheme 113). Despite the use of MW is favourable in promoting 

these reactions, in our opinion the present protocol is characterized by 

many issues which hardly fit with the Twelve Principles of the Green 

Chemistry: the need of high palladium loading; the use of hardly 

sustainable reaction media (in particular, in the case of trifluoroacetic 

acid); the use of iodonium salts as arylating agents with low atom 

economy. 

 

Scheme 113. Pd-catalyzed direct ortho-arylation of carbamate-protected phenols 290 with aryl 

iodides or diaryliodonium salts assisted by microwave irradiation, reported in 2009 by Bedford 

and co-workers.332 

In contrast with the usually observed ortho-selectivity deriving from the 

effect of directing groups, meta-selective C-H bond arylation based on 

the use of copper catalysts have been also developed. In 2017, Hong and 

co-workers described efficient copper catalysts for direct C-H bond meta-

arylation of pivanilide substrates with diaryliodonium triflate under 

microwave heating: homogeneous Cu(OTf)2 and heterogeneous Cu(II)-β 

zeolite catalysts were used, affording the desired products in very short 

times (30 min and 1-4 h, respectively), while a typical reaction time for 

the same transformation reported in the literature was about 24 h under 

conventional heating conditions.87 Despite shorter reaction times were 

demonstrated under MW irradiation, the use of DCE as the solvent and 

the need of an excess of diaryliodonium triflate (2 equiv.) negatively 

impact on the sustainability of the protocol. 

MW-assisted intramolecular direct arylation, entropically favored with 

respect to the related intermolecular reactions, are useful synthetic 

protocol in the synthesis of benzo-fused (hetero)cycles. Examples based 

on the formation of five-membered rings are detailed below. In 2006, 

Bedford et al. reported the synthesis of NH-free carbazoles, including 

carbazole-based natural alkaloids, from 2-chloroanilines by a tandem 

microwave-assisted Buchwald-Hartwing amination/direct C-H arylation 

process.333 The microwave-assisted one-pot protocol appears to be 

general to produce the NH-free carbazoles 294 and 296 from the reaction 

of, respectively, 2-chloroanilines 293 and 295 with 2-substituted aryl 

bromides (Scheme 114). This microwave-assisted, one-pot protocol was 

also extended to the synthesis of indoles and, in a following study, to the 

synthesis of fluorinated carbazoles.334 

 

Scheme 114. Synthesis of carbazoles 294 and 296 by one-pot, microwave-assisted tandem 

Buchwald-Hartwing amination/direct C-H arylation process. 

Maes and co-workers reported some examples of palladium-catalyzed 

intramolecular direct C-H bond arylation at high temperature and under 

microwave irradiation, where 5H-pyrido[3,2-b]indoles were synthesized 

from 2-chloro-pyridin-3-amines.335 Due to the low reactivity of C-Cl bond 

the high catalyst loading of PdCl2(PPh3)2 (8 mol%) was needed to achieve 

full conversion under microwave irradiation at 180°C for 10 min. Clearly, 

this high amount of the homogeneous palladium catalyst, in 

combination with the use of DMA as a solvent, clearly limited the interest 

of this approach in the frame of the Green Chemistry. 

In 2009, Scott et al. developed the synthesis of fluoranthene derivatives 

299 from 5,6-dichloroacenaphthene 297 and arylboronic acids 298 by a 

Pd-catalyzed sequence involving an intermolecular Suzuki-Miyaura 

cross-coupling followed by an intramolecular direct C-H bond arylation 

reaction of arene rings (Scheme 115).336 Interestingly, they showed that 

the reactions carried out under microwave irradiation required shorter 

time than those carried out with thermal heating (40 min vs. 36 h for 

reaction of 297 with benzeneboronic acid). However, if such protocol 

was highly appealing from a synthetic point of view since it allowed for 

the preparation of highly functionalized polycyclic compounds, the need 

of a high palladium loading (20 mol%) and of a quite expensive ligand 

(that is, t-Bu3P, 50 mol%) makes it of only limited interest from a 

sustainability point of view. 
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Scheme 115. Synthesis of fluoranthenes 299 from 5,6-dichloroacenaphthene 297 and 

arylboronic acids 298 by a MW-assisted Pd-catalyzed sequence involving an intermolecular 

Suzuki-Miyaura cross-coupling followed by an intramolecular direct C-H bond arylation.  

MW-promoted intramolecular direct C-H arylation reactions of arenes 

affording five-membered rings were also used to synthesize many 

biologically active compounds: Overman and co-workers proposed the 

Palladium-catalyzed enantioselective cyclization of a dienyl aryl triflate to 

dihydrocarbazole derivative, an intermediate in total synthesis of the 

Strychnos alkaloid (+)-minfiensine;337 Harding and co-workers described a 

route to azafluoranthene alkaloids and azafluoranthene-like isoquinoline 

alkaloids based on intramolecular direct C-H bond arylation reactions of 

functionalized arenes.338 

Microwave-assisted intramolecular direct C-H bond arylation of arenes 

leading to the formation of six-membered ring have also been studied. 

In 2011, Charette et al. developed a t-BuOK-mediated intramolecular 

cyclization of ortho-halo-substituted aryl ether, aniline and amide 

derivatives 300 in the absence of a transition metal catalyst; substrates 

were treated in pyridine under microwave irradiation at 160 °C for 10 

min, affording the target molecules 301 in yields ranging from 25% to 

92% (Scheme 116).339 A longer reaction time (16 h) was instead required 

to achieve high conversions under conventional thermal heating at 80 °C. 

The regioselectivity of cyclization was influenced by the substitution on 

the benzyl moiety of the aryl system and the formation of a mixture of 

regioisomeric products was observed in most cases. 

 

Scheme 116. Microwave-assisted, transition metal catalyst-free intramolecular direct C-H 

bond arylation of ortho-halo-substituted aryl ether, aniline and amide derivatives 300 

described in 2011 by Charette et al.339 

In 2016, López-Cortés et al. reported the MW-assisted intramolecular 

direct C-H bond arylation of iodoesters 302 and iodoamides 304 to 

give, respectively, benzopyrones 303 and phenanthridinones 305.340 

Reactions were carried out using a non commercial [N,P]-pyrrole PdCl2 

complex (1 mol%), in the presence of 1.2 equiv. of sodium acetate as a 

base: working for only 20 minutes under microwave irradiation in DMF, 

the desired coupling products were obtained in moderate to excellent 

yields (38-96% for 303; 37-96% for 305) (Scheme 117). The rapid and 

easy preparation of these tricyclic lacton and lactam derivatives, only 

possible thanks to the use of microwave irradiation, is very appealing for 

synthetic organic chemists; however, the use of harmful DMF as the 

solvent, as well as the need of a non-commercial Pd complex as catalyst 

(which need to be ad hoc synthesized), represent severe limitation in 

terms of the process sustainability. 

 

Scheme 117. Microwave-assisted intramolecular direct C-H bond arylation of iodoesters 

302 and iodoamides 304 to give, respectively, benzopyrones 303 and phenanthridinones 

305, reported in 2016 by López-Cortés et al.340 

For the sake of completeness, we feel compelled to report that the Pd-

catalyzed intramolecular direct C-H bond arylation reactions of arenes 

involving the formation of a six-membered ring under MW irradiation 

were successfully used also for the synthesis of several other polycyclic 

compounds: tetracyclic heterocycles with a fused ring system of 1,4-

oxazine or 5H-phenanthridine;341 pyridazino-fused phenanthrenes;335  

benzopyran-fused flavones;342 naphthalene-fused quinolinol ligands;343 

aporphine alkaloids.344 In all these cases, the application of microwave 

irradiation as non-conventional energy source definitely allowed for the 

development of fast protocols (typically ranging between few minutes 

and 1 h). However, we will not consider these protocols in detail below: 

if from a merely synthetic point of view they could be quite appealing, 

allowing for an easily and fast preparation of many highly functionalized 

polyciclic compounds, in most cases these procedures were associated 

to the need of high loading of homogeneous metal catalysts, the use of 

toxic and harmful solvents, the production of co-products and/or by-

products thus requiring tedious purification procedures of the desired 

coupling products. 

The microwave irradiation was also found to promote some examples of 

intramolecular direct C-H arylation of arenes leading to the formation of 

seven-membered rings. In 2011, Harding et al. used a MW-assisted 
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strategy based on a intramolecular direct arylation of arenes as the key 

step for the synthesis of C-homoaporphine alkaloids.345 More in detail, 

after a fine tuning of the experimental conditions, the intramolecular 

direct C-H arylation step was carried out with Pd(OAc)2 (10 mol%) as the 

catalyst, Cy3P (40 mol%) as the ligand, K2CO3 (4.0 equiv.) as the base 

and pivalic acid (40 mol%) as an additive, in DMSO as the solvent for 15 

minutes under microwave irradiation. Once again, despite the use of 

MW allowed for very fast reactions, high catalytic loading was required 

for obtaining products in good yields. On the other hand, this specific 

work was mainly focused on the optimization of the preparation of C-

homoaporphine alkaloids, rather than on the development of highly 

sustainable synthetic protocols. 

Takagi, Mikami and co-workers reported in 2019 the preparation of 

non-planar, urea-bridged oligophenylenes with a seven-membered ring 

endowing the chiral groups. The main backbone 307 was synthesized 

by intramolecular Pd-catalyzed direct C-H arylation of N,N’-dihexyl-N-

(2-bromophenyl)-N’-phenylurea 306 in the presence of Pd(OAc)2 as 

catalyst, K2CO3 as base and pivalic acid as additive.346 The best yield 

was obtained after 6 h for ligand-free reaction under MW irradiation; 

under similar conditions, lower yield was observed after 24 h working 

in the presence of the sole thermal heating at 145 °C (Scheme 118). 

 
Scheme 118. Intramolecular Pd-catalyzed direct arylation of N,N’-dihexyl-N-(2-bromophenyl)-

N’-phenylurea 306 assisted by microwave irradiation: synthesis of 307, intermediate in the 

preparation of urea-bridged oligophenylenes. 

4.2.2. Microwave-assisted direct C-H bond arylation of N-heteroarenes. 

Among five-membered monocyclic N-heteroarenes, only few examples 

of microwave-assisted direct C-H bond arylation of pyrroles have been 

reported in the literature, performed in the context of more extended 

investigations of MW-assisted arylation of several heteroarenes, using 

palladium,347 rhodium326,348 or manganese197 catalysts. 

Triazoles and imidazoles have been more investigated as substrates for 

MW-assisted direct arylation reactions. In 2007, Oshima et al. reported 

the C5 regioselective direct C-H arylation of 1,4-disubstituted 1,2,3-1H-

triazoles 308 with aryl chlorides as arylating agents, carried out in the 

presence of Pd(OAc)2/PCy3 as the catalytic system, K2CO3 as the base 

and a toluene/DMF mixture as the reaction medium, affording under 

microwave the desired 5-arylated products 309 in good yields after 

only 15 minutes (Scheme 119).349 Interestingly, the application of 

microwave irradiation was here very appealing, since it allowed to 

activate the less reactive aryl chlorides,whose use in organic synthesis 

is more favourable than other typical arylating agents, because they are 

less expensive and readily available compared to the corresponding aryl 

bromides and iodides. 

Very recently, Liu and co-workers developed an appealing route to 1,5-

disubstituted-1,2,3-1H-triazoles, which are less accessible than more 

common 1,4-disubstituted-1H-1,2,3-triazoles (which instead are easily 

prepared by Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition). Their 

synthetic approach was based on the direct C-H arylation of 1-benzyl-

1,2,3-triazoles with functionalized aryl bromides in the presence of 

Pd(OAc)2/P(t-Bu)3-HBF4 as the catalytic system, K2CO3 as the base and 

DMF as the reaction solvent under microwave irradiation at 100 °C for 

30 minutes.350 

 

Scheme 119. Microwave-assisted C5 regioselective direct C-H arylation of 1,4-disubstituted 

1,2,3-1H-triazoles 308 with aryl chlorides, reported In 2007 by Oshima et al.349 

Few examples of rhodium-catalyzed C2 regioselective direct C-H bond 

arylation of 4,5-diaryl-1H-imidazoles under microwave irradiation at 

250 °C for 40 min was reported in 2006 by Ellman and co-workers.351 

Actually, despite the appealing use of microwave irradiation, authors 

were not interested here in the development of a highly sustainable 

synthetic method, as demonstrated by the use of o-dichlorobenzene as 

reaction medium. 

In more recent examples, palladium catalysis has found applications in 

microwave-assisted direct C-H bond arylation reactions of imidazole 

derivatives. In 2011, Lee et al. developed a C5 regioselective direct C-

H arylation of imidazoles with aryl bromides and chlorides using a 

moderate loading (2.5 mol %) of a preformed electron-rich palladium 

acetate complex bearing both phosphine and N-heterocyclic carbene 

ligands, KOAc as the base and DMA as the solvent under microwave 

irradiation at 140 °C.352 The microwave irradiation effectively promoted 

reactions, affording C5 arylated products in comparable or slightly 

higher yields but in markedly shorted reaction times (2 h vs. 18 h) with 

respect to conventional thermal heating.  

In the same year, Kappe and co-workers showed that the reactivity of 

imidazole ring in the C5 regioselective Palladium-catalyzed direct C-H 

bond arylation increased significantly using microwave heating at 180 

°C compared to previous literature conditions based on thermal 

heating (Pd(OAc)2/PCy3 was used as the catalytic system in the 

presence of K2CO3 as the base, pivalic acid as additive in DMF).353  

 
Scheme 120. Palladium-catalyzed C5 regioselective direct C-H bond arylation of the L-histidine 

derivative 310 under microwave irradiation. 

In 2013, Jain et al. described the C5 regioselective direct C-H arylation 

of fully protected L-histidine 310 with aryl iodides: reactions were 

performed in DMF under microwave irradiation at 140°C for 45-60 



CRITICAL REVIEW  

 

Please do not adjust margins 

Please do not adjust margins 

 

Scheme 121. Microwave-assisted synthesis of fused imidazole monomers 316-319 by palladium-catalyzed intramolecular direct C-H bond arylation of derivatives 312-315. 

minutes, using Pd(CH3CN)2 (10 mol%) as the catalytic precursor, PCy3 

(20 mol%) as the ligand, K2CO3 (3.0 equiv.) as the base and pivalic acid 

(40 mol%) as additive, thus affording 5-aryl-L-histidines 311 in 61-86% 

yields.354 From a synthetic point of view, the present protocol was very 

appealing: excellent C5-regioselectivity and total chiral integrity were 

reported in addition to high yields, functional groups tolerance and 

short reaction times. However, some issues still remain in the frame of 

the Green Chemistry, in particular the need of high catalytic loading, the 

use of DMF as harmful reaction medium and the need of an excess of 

aryl iodide. Moreover, very low yields were obtained when the aryl 

bromides were used as coupling partners (Scheme 120). 

In 2016 Takagi et al. reported the synthesis of π-conjugated polymers 

whose basic building blocks were the fused imidazole monomers 316-

319; these were synthesized by microwave-assisted intramolecular 

direct C-H arylation of derivatives 312-315, performed in DMSO at 180 

°C (for 1.5 h) or at 130 °C (for 13 h) using Pd(OAc)2, PPh3 and K2CO3 

(Scheme 121).355 

Microwave-assisted direct C-H arylation protocols of five-membered 

N-heterocycles including O or S atoms have been also developed. In 

2008, Piguel et al. reported a ligand-free palladium/copper co-mediated 

direct C2 arylation of 5-aryloxazoles with aryl bromides under MW 

irradiation, affording a variety of 2,5-diaryloxazole derivatives in good 

yields (57-76%) and very short reaction time (4-15 minutes).356 Very low 

yield was found for the coupling of 5-phenyloxazole with bromobenzene 

in the same experimental conditions (Pd(OAc)2/CuI as the catalytic 

system, in the presence of K2CO3 as the base and DMF as the solvent) 

but under thermal heating at 150 °C instead of microwave irradiation 

(11% vs. 81%).  

In 2013, Yum et al. reported an appealing comparative work, where the 

ligand-free C5 regioselective Pd-catalyzed direct C-H bond arylation of 

2,4-disubstituted thiazoles 320 were carried out under conventional or 

MW-assisted heating.357 In the first case, reactions were performed in 

Pd(OAc)2 (5.0 mol%) as the catalytic system, in the presence of LiCl (1.0 

equiv.) as additive and Cs2CO3 (1.0 equiv.) as base, in DMF as the 

solvent under thermal heating at 150 °C, affording the corresponding 

5-arylated thiazoles products 321 after 24 h in 7-94% yields. In the 

other case, the reactions were performed with Pd(OAc)2 (5 mol%) as the 

catalyst, K2CO3 (1.0 equiv.) as the base, in NMP under microwave 

irradiation at 180 °C, affording the same products 321 after only 10 

minutes in 21-93% yields (Scheme 122). As expected, the products 

yields of the microwave-assisted reactions were slightly higher but the 

reaction time dramatically shorter with respect to the reactions under 

conventional thermal heating. 

 

Scheme 122. Ligand-free C5 regioselective Palladium-catalyzed direct C-H bond arylation of 2,4-

disubstituted thiazoles 320, carried out under conventional or MW-assisted heating. 

A C5 regioselective Pd-catalyzed direct C-H bond arylation of thiazoles 

with iodoarenes, performed at 115 °C under MW irradiation, in H2O as 

a solvent for 1.5 h, was reported by Wünsch et al.152 In 2017, Hu et al. 

described a MW-assisted, C5 regioselective direct C-H arylation of 3-

substituted 1,2,4-oxadiazoles 322 with aryl iodides, in the presence of 

Pd(OAc)2/PPh3 as catalytic system and silver acetate as base, affording 
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3,5-diaryl-1,2,4-oxadiazole derivatives 323, obtained in most cases in 

high yields (Scheme 123).358 If the application of microwave irradiation 

allowed for high yields in short reaction times, the use of large amounts 

of palladium and, above all, silver species (respectively 20 mol% and 3.0 

equiv.) represent a severe issue in terms of sustainability, since they 

could easily contaminate the coupling products. 

 

Scheme 123. C5 regioselective direct C-H arylation of 3-substituted 1,2,4-oxadiazoles 322 with 

aryl iodides assisted by microwave irradiation. 

A tandem SNAr reaction/MW-assisted direct C-H arylation protocol for 

the synthesis of several pyrazolofuropyrazine scaffolds starting from 5-

hydroxypyrazoles and 2,3-dichloropyrazine was reported in 2018 by 

Nakamura and co-workers.359 After the first SNAr step, PdCl2(PPh3)2 and 

NaOAc were added and the resulting reaction mixture was kept under 

MW at 160 °C for 1 h, affording the expected products in very low yields 

(10-32%). Therefore, in this case the use of microwave was not of 

particular help in achieving high yields of the direct arylation products. 

Moving to six-membered monocyclic N-heteroarenes, direct C-H bond 

arylation reactions of pyridine and diazine-based derivatives have been 

deeply investigated under microwave irradiation. In 2008, Itami et al. 

demonstrated that the coupling of electron-deficient N-heterocycles 

(pyridine, pyridazine, pyrimidine and pyrazine derivatives) with aryl 

iodides can be promoted by potassium t-butoxide under microwave 

irradiation without the need of transition metal catalysts.360 Despite 

the very short reaction time to achieve fully conversion (5 min at 50°C), 

reactions required a large excess of the N-heteroarene (40 equiv.), thus 

limiting its effective sustainability, and can afford mixtures of different 

regioisomers.  

In 2010, Guchhait et al. developed a microwave-assisted protocol for the 

oxidative direct C-H bond arylation of a variety of heteroarenes, 

including pyridine and pyrimidine derivatives, with (hetero)arylboronic 

acids in the presence of Mn(OAc)3.197 Despite the use of boronic acids 

as arylating agents did not represent the best choice in terms of the 

Green Chemistry, the choice of ethanol, which is the the result of a quite 

extensive solvent screening, in combination with the use of microwave 

irradiation, confirmed a general sustainability for this method. 

In 2020, Kozak and co-workers investigated the oxidative direct C-H 

bond arylation of pyrazine, pyridazine and pyridine derivatives with 

arylboronic acids using K2S2O8 as the oxidant and FeSO4 as the catalyst, 

in a H2O/CH2Cl2 solvent mixture under microwave heating at 70 °C for 

25 min.161 The use of an iron species as catalyst (which is typically less 

expensive than palladium and other more common metal catalysts for 

direct C-H arylation protocols), in combination with the choice of 

microwave irradiation is definitely favourable; however, on the other 

hand several issues in the frame of the Green Chemistry still remain: 

the use of dichlorometane as not sustainable co-solvent; the need of 

high loading of the homogeneous iron catalyst (20 mol%), which could 

contaminate coupling products; the use of boronic acids as arylating 

agents with modest waste prevention. 

More frequently, Palladium-based catalysts were used in microwave-

assisted direct arylation reactions of pyridine and diazine derivatives. 

In 2008 Alvarez-Builla et al. studied the synthesis of a new class of 

pyrazolopyridines 326 by palladium-catalyzed intramolecular direct C-

H arylation of pyridinium N-aminides 324 or related N-acyl salts 325, 

performed with Pd(OAc)2 as the catalyst, K2CO3 as the base, LiCl and n-

Bu4Br as additives, under microwave irradiation at 150 °C for 80 min or 

at 170°C for 10 min.361 MW irradiation was crucial for obtaining the final 

products 326 in higher yields and shorter times compared with the use 

of the sole thermal heating. In fact, compound 326 (Y = CH, Z = Cl) was 

obtained in good yield (72%) at 170 °C under MW irradiation after only 

10 minutes, while it was isolated in lower yield (47%) after 48 h under 

conventional thermal heating (Scheme 124). 

 

Scheme 124. Synthesis of pyrazolopyridines 326 by Pd-catalyzed intramolecular direct C-H 

arylation of pyridinium N-aminides 324 or related N-acyl salts 325 assisted by microwave 

irradiation. 

In 2009, Beccalli et al. reported a palladium-catalyzed intramolecular 

direct C-H bond arylation of functionalized nicotinamides, leading to 

polyazacyclic systems using ligand-free conditions, carried out using 

Pd(OAc)2 as the catalyst, KOAc as the base and Bu4NCl as additive, in 

DMA as the solvent.362 Interestingly, authors reported that, by keeping 

the same experimental conditions, MW irradiation could considerably 
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shorten the reaction time with respect to conventional heating (45 min 

under MW heating at 120 °C vs. 24 h under thermal heating at 100°C).  

In 2012, Hanna Jr. et al. reported the direct C-H bond arylation of 

pyridine N-oxide with 2-bromoacetanilides, carried out in the presence 

of Pd(OAc)2/P(t-Bu2Me)·HBF4 as the catalytic system and K2CO3 as the 

base in toluene under microwave heating at 140 °C for 1-3 h, giving the 

corresponding C2 arylated products in 51-76% yields.363 

Among bicyclic N-heteroarenes, quinoline and indole derivatives have 

been largely investigated as substrates for direct C-H bond arylation 

reactions under microwave irradiation. In 2006, Maes et al. reported 

the synthesis of 5-methyl-5H-indolo[2,3-c]quinolines starting from 3-

bromoquinoline and 2-bromoanilines by a three step protocol involving 

a Buchwald-Hartwig amination, a regioselective intramolecular direct 

arylation and a final methylation.364 The intramolecular direct C-H bond 

arylation step was performed at 180 °C under microwave irradiation: N-

(2-bromophenyl)quinolin-3-amines 327 afforded the final 7H-indolo[2,3-

c]quinolines 328 in good yields, allowing to reduce both the reaction 

time (10 min vs 1h) and the catalyst loading (1 mol% vs 23 mol%) with 

respect to thermal heating at 160 °C (Scheme 125). Few years later, 

the same protocol was extended to the synthesis of 11H-indolo[3,2-

c]isoquinolines.365  

 

Scheme 125. Microwave irradiation-assisted intramolecular direct C-H bond arylation of N-(2-

bromophenyl)quinolin-3-amines 327: synthesis of 7H-indolo[2,3-c]quinolines 328, described In 

2006 by Maes et al.364 

A very appealing investigation was reported in 2017 by Yuan et al., who 

reported a straightforward microwave-assisted protocol for the Minisci 

reaction of quinolines 329, that is a Ag(I)-catalyzed radical coupling with 

aromatic carboxylic acids, performed in the presence of a suitable 

oxidizing agent; in fact, the coupling typically occurred through the 

decarboxylation of the aryl carboxylic acids to give the corresponding 

radicals, which are the real arylating species, thanks to the synergistic 

action of the silver catalyst and the oxidant.366 In this case, reactions 

were carried out by using AgNO3 (10 mol%) as the catalyst, K2S2O8 (3.0 

equiv.) as the oxidant and trifluoroacetic acid (1.0 equiv.) as additive, 

in acetonitrile under microwaves irradiation at 90 °C. The present 

protocol exhibited broad substrate scope and good functional group 

tolerance on both carboxylic acids and quinolines 329, affording the 2-

arylquinoline derivatives products 330 in moderate to good yields (35-

74%). However, it is worth to emphasize that a mixture of 2-substituted 

and 4-substituted quinoline derivatives was obtained starting from 

quinolines unsubstituted in the C4 position (Scheme 126). 

The microwave-assisted direct arylation of quinoline and isoquinoline 

with phenylboronic acid catalyzed by Mn(OAc)3, performed in ethanol 

as a sustainable solvent, was reported in 2010 by Guchhait et al.197 

Itami and co-workers instead described the MW-assisted direct C-H 

bond arylation of quinoxaline with iodobenzene in the presence of 

potassium t-butoxide (1.5 equiv.) as base, although it required a large 

excess (40 equiv.) of the starting heteroarene.360  

 

Scheme 126. Microwave-assisted Minisci reaction of quinolines 329 for the preparation of 2-

arylquinoline derivatives 330. 

In 2007, Fagnou et al. reported that palladium, in the presence of a 

copper oxidant, can catalyze the oxidative direct C-H arylation of N-

acetylindoles with benzenes.367 Under thermal heating a prolonged 

reaction time (24 h) was necessary to get to completation the reaction 

of N-acetylindole 331 with benzene affording 332-333-334 in overall 61% 

yield (332:333:334 = 27:1:0.3) with 10 mol% of Pd(TFA)2; on the contrary, 

microwave heating at 140°C provided 332 in 87% yield in only 5 h 

(Scheme 127). 

 

Scheme 127. Microwave-assisted protocol for the oxidative direct C-H bond arylation of N-

acetylindole 331 with benzene described in 2007 by Fagnou and co-workers.367 

In 2012, James and co-workers developed an efficient macrocyclization 

reaction by the intramolecular, microwave-assisted Palladium-catalyzed 

C2 regioselective direct C-H bond arylation of tryptophan indole moiety 

with iodophenyl-containing amino acids.368 More in detail, from 15- to 

25-membered peptidic macrocycles were obtained in 40-75% yield by 

treatment of the starting materials with Pd(OAc)2, ortho-nitrobenzoic 

acid and AgBF4 under microwave irradiation at 130 °C for 30 min. Using 

the same catalytic system, conventional thermal heating required 

longer reaction times (12 h) at higher temperature (150 °C), confirming 

the high efficiency of MW irradiation as an highly efficient source of 

energy in promoting direct C-H bond arylation of highly functionalized 

substrates. 

A general protocol for the C2 regioselective direct C-H bond arylation 

of NH-free indoles 335 with arylsulfinic acids as non-conventional 

arylating agents was presented in 2013 by Wang et al.: reactions were 

carried with PdCl2 (5 mol%) as the catalyst, silver acetate (2.0 equiv.) as 
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the oxidant and H2SO4 (2.0 equiv.) as additive, for 40 minutes under 

MW irradiation at 100 °C, affording 2-arylindoles 336 in moderate to 

high yields (41-83%).369 The microwave irradiation had a beneficial 

effect on reaction time and yields: under thermal heating at 100 °C, the 

reaction of indole with phenysulfinic acid afforded 2-pheylindole in 

lower yield (61% vs. 82%) and longer reaction time (24 h vs. 40 min) 

compared to under microwave irradiation (Scheme 128). 

 

Scheme 128. Microwave-assisted C2 regioselective direct C-H bond arylation of NH-free 

indoles 335 with arylsulfinic acids, reported in 2013 by Wang et al.369 

In 2016, Marsden and co-workers studied a MW-assisted intramolecular 

direct C-H arylation of 2-(N-Indolyl) amides decorated with bromoaryl 

moieties to give indole-fused benzodiazepines.370 Working under MW 

irradiation with typical direct C-H bond arylation conditions, i.e., in the 

presence of Pd(OAc)2 as the catalytic precursor, PPh3 as the ligand, 

potassium acetate as the base and TBAB as additive, in toluene as the 

solvent, the target molecules were obtained in 36-87% yields after only 

15 minutes. In this case, no comparative studies between MW and 

thermal heating have been performed: in fact, authors were here 

mainly interested in the development of an efficient method for the 

preparation of indole-fused benzodiazepines, in order to achieve the 

synthesis of the hexahydropyrrolindole core of psychotrimine, rather 

than to study more environmental friendly conditions. 

Microwave-assisted protocols for the direct C-H arylation of bicyclic N-

heteroarenes with two or more nitrogen atoms were also developed. 

Two studies involving rhodium catalysis have been reported by Ellman 

and co-workers. In 2006, they developed a microwave-promoted direct 

C-H bond arylation protocol between 1H-benzo[d]imidazole 337 and 

aryl halides, using Rh catalysts371 in the presence of 9-cyclohexylbicyclo-

[4.2.1]-9-phosphanonane ligand and ortho-dichlorobenzene as the 

solvent, affording the corresponding C2 arylated products 338.351 The 

same products can also be obtained in good yields by thermal heating 

of the reaction mixtures in [D8]THF in sealed tubes (150°C for 24 h), but 

the microwave irradiation allowed to reduce reaction times to only 40 

minutes and eliminated the safety hazards associated with sealed-tube 

conditions (Scheme 129). The microwave protocol was then also 

extended to the direct C-H arylation of diverse other N-heterocycles 

including 1-methyl-1H-benzo[d]imidazole and benzo[d]oxazole. The 

same group in 2008 also developed a set of phosphepine ligands and 

investigated their activity in the Rh-catalyzed direct C-H arylation of 

many heteroarenes, including 1H-benzo[d]imidazole, benzo[d]oxazole 

and benzo[d]thiazole, with aryl bromides under MW irradiation.348 

With respect to their previous protocol, performed under MW at 250 

°C for 40 min, temperature was here reduced to 200 °C but extending 

the reaction time to 2 h, using a THF/ortho-dichlorobenzene solvent 

mixture. If in both these works the use of microwave irradiation was 

very efficient, especially if compared with the conventional thermal 

heating, we do not feel like considering these two works of particular 

interest in the frame of the Green Chemistry: first of all, the use of toxic 

and harmful ortho-dichlorobenzene as a solvent hardly fit with the 

sustainability criteria; moreover, the need for not commercial Rh 

ligands could definitely impact on the overall cost of the process. 

 

Scheme 129. Microwave-promoted direct C-H arylation protocol of 1H-benzo[d]imidazole 337 

with aryl bromides, reported in 2006 by Ellman and co-workers.351 

In the frame of palladium-mediated processes, in 2006 Berteina-Raboin 

et al. reported an interesting comparative study between thermal and 

microwave heating for the Pd-catalyzed C3 regioselective direct C-H 

arylation of imidazo[1,2-a]pyridines with aryl bromides, demonstrating 

that the use of MW significantly shortened reaction times.372 More 

in detail, reactions were carried out in the presence of Pd(OAc)2 as the 

catalyst, Ph3P as the ligand and K2CO3 as the base: 3-aryl imidazo[1,2-

a]pyridine products were obtained when both reagents were warmed 

at 100°C for 4 h using dioxane as the solvent, or irradiated at 130-150 

°C for only 1-3.5 h in a mixture of dioxane-ethanol. On one hand, if the 

use of MW here allowed for a reduction of the reaction times, on the 

other similar products yields were found with both heating. 

The synthesis of 2,3-diarylimidazo[1,2-a]pyridines 342 was reported 

in 2014 by the same group through a MW-assisted one-pot process in 

PEG-400 medium, which is more interesting from the point of view of 

Green Chemistry as it used a more sustainable reaction medium.264 The 

protocol was based on the formation of 2-arylimidazo[1,2-a]pyridines 

342 by a condensation step of 2-aminopyridines 339 with α-bromo 

ketones 340, followed by Palladium-catalyzed direct C-H arylation of 

the resulting intermediate 341 with aryl bromides at the C3 position. 

After the first condensation step, performed in only 10 minutes under 

basic conditions thanks to use of microwave, bromoarene (1.5 equiv.), 

Pd(OAc)2 (1 mol%) and KOAc (4.0 equiv.) were added, and the resulting 

mixture was left for 1 h under microwave irradiation, affording the final 

2-arylimidazo[1,2-a]pyridines 342 in 36-83% yields (Scheme 130). In 

our opinion, such protocol was quite appealing in the context of the 

Green Chemistry: in addition to the use of microwave as efficient source 

of energy, able of drastically reducing the energy requirements of both 

condensation and direct arylation step, the use of PEG-400 as 

sustainable solvent was highly favourable; moreover, the development 

of one-pot processes, allowing for a reduction of the isolation and/or 

purification steps, is a further highly desirable feature which perfectly 

fits with the principles of the Green Chemistry. 
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Scheme 130. Synthesis of 2,3-diarylimidazo[1,2-a]pyridines 342 by microwave-assisted one-

pot condensation/direct C-H arylation process in PEG-400 as the solvent. 

Examples of microwave-assisted C3 arylation on the imidazolyl[1,2-

a]pyridine moiety with non-commercially available Pd catalysts, such 

as preformed palladium acetate complex bearing phosphine and N-

heterocyclic carbene ligands352 and (SIPr)Pd(allyl)Cl complex [SIPr: (N,N’-

bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene)]373 were 

also reported. As can be easily foreseen, if on one hand in all these 

studies the use of microwave offered the possibility of reducing the 

energy requirements, on the other the choice of non-commercially 

available catalysts, which are often the result of quite long and tedious 

synthetic procedures, may have a negative impact on the overall cost 

of these direct C-H bond arylation. 

In 2006, Van der Eycken and co-workers developed a Pd-catalyzed, 

microwave-assisted direct C-H arylation of 2-substituted imidazo[1,2-

a]pyrimidines with aryl bromides affording 2,3-substituted imidazo[1,2-

a]pyrimidines; switching the energy source from thermal heating to 

microwave irradiation, while keeping equal all other experimental 

conditions (i.e., Pd(OAc)2 as the catalyst, PPh3 as the ligand, Cs2CO3 as 

the base in 1,4-dioxane as the solvent) a relevant increase of yield (96% 

vs. 56%) and a drastic reduction of reaction time (30 min vs. 72h) was 

found in the arylation of 2-phenylimidazo[1,2-a]pyrimidine with 

bromobenzene.374 A similar conclusion was found in 2010 by Berteina-

Raboin and co-workers for the C3 regioselective direct C-H bond 

arylation of imidazo[1,2-b]pyridazines with aryl bromides.375  

In 2012, Guillaumet et al. developed a protocol for the C3 regioselective 

direct C-H bond arylation of imidazo[1,2-b]pyrazoles 343 with aryl 

bromides as arylating agents, carried out with 10 mol% of Pd(OAc)2 and 

20 mol% of Cy3P as the catalytic system, 2.0 equiv. of K2CO3 as the base 

in 1,4-dioxane as the solvent.376 A preliminary comparative study on 

selected substrates clearly showed that MW irradiation allowed to 

obtain higher yields in shorter reaction time (1 h vs. 41 h) with respect 

to the conventional thermal heating (reflux). Therefore, the use of such 

MW-assisted protocol was extended to a variety of aryl bromides with 

both electron-withdrawing and electron-donating groups also in the 

ortho position, affording the corresponding 3-arylated imidazo[1,2-

b]pyrazole products 344 in good to excellent yields (60-94%); however, 

the use of heteroaryl bromides resulted instead in low yields of the 

desired coupling products (Scheme 131). 

 

Scheme 131. Microwave-assisted direct C-H bond arylation of imidazo[1,2-b]pyrazoles 343 

with aryl bromides, described in 2012 by Guillaumet et al.376 

In 2013, the same authors reported a similar protocol for C7 or C3/C7 

regioselective direct C-H bond arylation of imidazo[1,2-b]pyrazole 

derivatives with aryl bromides and chlorides; the method is based on use 

of Pd(OAc)2 and PCy3HBF4 as the catalytic system and Cs2CO3 as the base 

in 1,4-dioxane for 4 h under microwave irradiation at 160 °C.377 In 

general, the use of aryl chlorides in organic synthesis is more favourable 

than other typical arylating agents, because they are less expensive and 

readily available compared to the corresponding bromides and iodides. 

The possibility of activation of the less reactive Ar-Cl bond was here 

possible thanks to the use of microwave irradiation, thus confirmating 

its high efficiency in promoting some direct C-H arylation protocols 

which hardly could be performed under conventional thermal heating. 

In 2016, Nakamura et al. reported the direct arylation of imidazo[1,5-

a]pyridines with 5-iodofuran-2-carbaldehyde or 5-bromothiophene-2-

carbaldehyde in the presence of Pd(OAc)2 and CsOAc in DMA under 

microwave irradiation at 100 °C for 1.5 h.378 Authors demonstrated that 

the microwave heating could accelerate reactions: with lower 

temperature (100 °C vs. 150 °C) and shorter reaction time (1.5 h vs. 12 

h) the coupling products were obtained with improved yields with 

respect to conventional thermal heating (47% vs 30%), when 1-(4-

(trifluoromethyl)phenyl)imidazo[1,5-a]pyridine was reacted with 5-

iodofuran-2-carbaldehyde. 

In the context of microwave-assisted protocols for the direct C-H bond 

arylation of bicyclic N-heteroarenes with two or more nitrogen atoms, 

examples of palladium catalysis in the presence of copper-based co-

catalysts have also been developed. A protocol for the direct C-H bond 

arylation of free-(NH2) adenines 345 with aryl halides under MW 

activation was reported in 2008 by Alami et al.: starting substrates 

were selectively arylated at the C8 position by reaction with aryl halides 

(iodides, bromides and chlorides) using Pd(OAc)2/C as the catalyst in 
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association with CuI and Cs2CO3 as the base in NMP for 15 min at 160 

°C under MW, to give the corresponding products 346 (Scheme 132).59 

The benefit of microwave irradiation was demonstrated: the reaction 

between 9-benzyl-9H-purin-6-amine and p-iodoanisole under thermal 

heating (160 °C, 15 min) resulted in a low conversion, while in the 

presence of microwave the coupling product was obtained in high yield 

(90%).  

 

Scheme 132. Direct C-H bond arylation of free-(NH2) adenines 345 with aryl halides under 

MW activation, reported in 2008 by Alami and coworkers.59 

A Pd-Cu complex was also used as catalyst in the microwave-assisted 

synthesis of C8-(hetero)aryl inosines, reported in 2014 by Pérez-Pérez 

et al.379 The target molecules were obtained in good yields (46-61%) by 

the reaction of 2’,3’-O-isopropylideneinosine with a variety of aryl 

iodides under microwave conditions (120 °C, 1 h) using Pd(OAc)2 (5 

mol%) and CuI (3.0 equiv.) as the catalytic system, in the presence of 

Cs2CO3 and piperidine, in DMF as the solvent. The possibility of easily 

achieving the direct arylation on highly functionalized heteroarenes, 

thanks to microwave irradiation, is highly desirable. However, the use 

of harmful DMF as a solvent, as well as the need of a large amount of CuI 

as the co-catalyst, represent severe issues in the context of the Green 

Chemistry. 

Bicyclic N-heteroarenes also containing sulfur or oxygen atoms were 

also investigated as substrates for direct C-H bond arylation reactions 

under microwave irradiation. Few examples of Rh-catalyzed direct C-H 

arylation of benzo[d]oxazole and benzo[d]thiazole with aryl bromides 

were reported by Ellman and co-workers in 2008.348 Actually, despite 

the use of microwave irradiation was definitely appealing, authors 

were not interested here in the development of a highly sustainable 

synthetic method, demonstrated by the use of ortho-dichlorobenzene as 

reaction medium. 

Lee et al. studied in 2012 the palladium-catalyzed direct C-H arylation of 

thieno[3,4-b]pyrazines with bromothiophenes using Pd(OAc)2/Bu4NBr as 

the catalytic system and potassium acetate as the base, in DMFas the 

solvent under MW heating at 80°C: they found that a mixture of di- and 

tri-arylated products was generated by arylation of both C5 and C7 

positions of thiophene moiety and C2 position of pyrazine core.380 

Under microwave irradiation the same arylated products (in the same 

molar ratio) were obtained in shorter reaction time (5 min vs. 12 h) with 

respect to the thermic conditions.  

2-Arylbenzothiazoles were synthesized in good yields (73-85%) by 

Kumar et al. in 2014 by the C2 regioselective direct C-H bond arylation of 

benzo[d]thiazole with diaryliodonium triflates, performed in the 

presence of CuI and t-BuOLi, in 1,4-dioxane as a solvent and under 

microwave irradiation, at 130 °C for 30 min.381 Unfortunately, control 

experiments using conventional heating in the same experimental 

conditions have not been carried out. Moreover, the use of iodonium 

salts as arylating agents was poorly favourable in the context of the 

Green Chemistry, since they are typically characterized by a low atom 

economy and waste prevention. 

Liu, Zhan and co-workers reported in 2013 the microwave-assisted 

Pd(OAc)2-catalyzed direct arylation of thiazolo[3,2-b]-1,2,4-triazoles 

347 with aryl bromides under ligandless conditions: optimization studies 

on selected substrates showed that the microwave irradiation allowed 

to markedly improve yields of the coupling products 348 and to reduce 

reaction time (30 min vs. 16 h) compared to conventional heating at 

160°C (Scheme 133).382 The combination of MW with the use of 

ligandless condition is certainly appealing, but the choice of DMF as a 

solvent represent a severe limit to the sustainability of the method, as 

well as the need of a quite high loading of an homogeneous metal 

catalyst.  

 

Scheme 133. Microwave-assisted Pd(OAc)2-catalyzed direct arylation of thiazolo[3,2-b]-1,2,4-

triazoles 347 with aryl bromides under ligandless conditions reported in 2013 by Liu, Zhan and 

co-workers.382 

In 2014, Jing et al. described a Pd-catalyzed C5 regioselective direct C-H 

arylation of 6-phenyl substituted imidazo[2,1-b]thiazoles 349 with a 

range of aryl bromides under microwave irradiation.383 The protocol 

was based on the use of Pd(OAc)2/PPh3 as the catalytic system and 

K2CO3 as the base, in DMFas the solvent, under microwave irradiation at 

130 °C for 90 minutes, affording the 5-arylated imidazo[2,1-b]thiazole 

products 350 in 20-98% yields (Scheme 134). By using conventional 

thermal heating, only lower yields of products 350 in longer times (13 h) 

were detected. 

 

Scheme 134. Microwave-assisted Pd-catalyzed direct C-H arylation of imidazo[2,1-b]thiazoles 

349 with aryl bromides. 
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Scheme 135. Synthesis of naphthalene diimide co-polymers P352a-c by direct C-H bond arylation polymerization of furan- and thiophene-flanked naphthalene diimides monomers 351 

under microwave irradiation. 

Finally, Routier and co-workers reported a direct arylation protocol to 

functionalize 2,6-bisarylimidazo[2,1-b]-[1,3,4]thiadiazoles at the C5 

position using aryl bromides, based on the use of microwave irradiation 

as essential energy source to allow high yields of the desired coupling 

products.384 Reaction were carried out in dioxane or toluene using an 

excess of aryl bromide (1.5 equiv.), Pd(OAc)2-Xantphos as the catalytic 

system and Cs2CO3 as the base under microwave irradiation at 150 °C 

for 1 h. 

4.2.3. Microwave-assisted direct C-H bond arylation of O-heteroarenes. 

A limited number of studies of microwave-mediated direct C-H bond 

arylation of O-heteroarenes have been described in the literature. For 

the sake of completeness we feel compelled to report that, in the field of 

more extended investigations of MW-assisted arylation of several 

heteroarenes, few examples of the application of furan and benzofuran 

derivatives as starting materials in protocols involving palladium,347,353 

rhodium326,385 or manganese197 catalysts under microwave irradiation 

have been successfully performed, leading to the corresponding 2-

arylated products in moderate to good yields. 

A more appealing investigation was reported in 2014 by Sommer and 

co-workers, who described the synthesis and properties of naphthalene 

diimide copolymers P352 prepared by selective direct α-arylation of 

furan- and thiophene-flanked naphthalene diimides 351 and 1,4-

dibromo-2,3,5,6-tetrafluorobenzene (Scheme 135).386 The reactions 

were carried out in the presence of Pd(OAc)2 and potassium pivalate 

under microwave irradiation at 100 °C for 2 h, affording materials which 

displayed high electron mobilities despite their oligomeric character 

(P352a: Mn = 6.6 Kg mol-1, P352b: Mn = 7.2 Kg mol-1, P352c: Mn = 7.8 Kg 

mol-1). 

4.2.4. Microwave-assisted direct C-H bond arylation of S-heteroarenes. 

Large efforts have been devoted to the development of protocols for 

the microwave-assisted direct arylation of thiophene derivatives, due to 

their importance as structural moieties in the synthesis of biologically 

active compounds and functional materials for organic electronics. 

Examples of microwave-assisted rhodium-catalyzed direct C-H arylation 

reactions of thiophenes and bithiophenes with aryl iodides as arylating 

agents were reported by Itami and co-workers.326,385 Unfortunately, 

these protocols were associated to the use of large amounts of silver 

carbonate as base, which could easily be responsible of a severe metal 

contamination of the coupling products, as well as to the need of ortho-

xylene as a poorly environmentally friendly reaction medium. 

More frequently, palladium species were used as catalysts for direct C-

H bond arylation reactions of thiophene derivatives. In 2005, Beccalli et 

al. synthesized tricyclic fused quinolones and naphthyridones by 

intramolecular Pd-catalyzed direct C-H arylation of several heterocycles, 

including thiophene-2-carboxylic acid and thiophene-3-carboxylic acid 

derivatives, assisted by microwave irradiation.347 More in detail, these 

reactions were performed with Pd(PPh3)4 as the catalyst and KOAc as 

the base, in DMA under microwave irradiation at 140°C, affording the 

target molecules in very shorter times with respect to conventional 

heating (12-30 min vs. 24h). 

In 2011, Kappe et al. developed a microwave-assisted procedure for the 

Pd-catalyzed direct C-H arylation of thiophenes and benzothiophenes 

with (hetero)aryl bromides.353 From a sustainability point of view, on 

one hand the protocol was quite appealing as it required low catalyst 

and ligand loadings (1 mol% of Pd(OAc)2 and 2 mol% of PCy3) and short 

reaction time (10-60 min) under microwave irradiation at 180 °C; 

however, on the other hand the use of toxic DMF as the solvent was a 

severe issue. The procedure appeared more interesting from a merely 

synthetic point of view, since it allowed to isolate products in good yields 

also in the case of systems that were reported as unsuccessful in the 

literature with conventional thermal heating procedures. 

In 2017, Cravotto and coworkers reported an eco-friendly protocol for 

the direct C-H arylation of thiophenes with aryl iodides and bromides as 

arylating agents, performed in GVL as non-toxic and biomass-derived 

solvent, in ligand-free conditions and under microwave irradiation.258 

The procedure required a very low catalyst loading (Pd(OAc)2 0.2 mol% 

in the presence of KOAc as the base), but an excess of the thiophene 

derivative (2.0 equiv. with respect to the aryl halide) and the microwave 

irradiation at 140 °C for 2 h were needed to afford the desired coupling 

products. In particular, modest to good yields were reported by using 

electron-deficient aryl bromides (8-82%), while the use of aryl iodides 

and the addition of pivalic acid as additive were required for electron 

donating groups (42-52%). In our opinion the present protocol is quite 

appealing in the frame of Green Chemistry, thanks to the combination 

of the typical advantages of microwave heating with the use of GVL as 

a highly sustainable solvent and the need of very low metal loading, 

under ligand-free conditions. 

Microwave-assisted direct C-H bond arylation of thiophene derivatives 

were also applied for the synthesis of π-conjugated oligomers with 

intriguing optoelectronic properties. In 2014, Melucci et al. prepared 

9,10-dithienylanthracene-based materials by using MW-assisted direct 
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C-H arylation reactions of thiophene, bithiophene or end-substituted 

analogues with 9,10-dibromoanthracene.387 The target molecules were 

obtained in yields ranging from 31% to 81% in only 5 minutes under 

microwave irradiation at 150°C, in the presence of Pd(OAc)2 as the 

catalyst and PCy3HBF4 as the ligand, K2CO3 as the base, pivalic acid as 

additive and DMF as the solvent. For comparison, the same reactions 

were also performed under thermal heating, affording comparable 

yields only after 24 h at 110 °C 

In 2014, Welch and co-workers synthesized a H-aggregated thiophene-

phthalimide based small molecule 357 by two different synthetic 

pathways, based on a microwave-assisted palladium-catalyzed direct 

C-H bond arylation protocol, performed with Pd(OAc)2 (5 mol%) as the 

catalyst, K2CO3 (1.5 equiv.) as the base, PivOH (30 mol%) as additive, in 

DMA as the solvent, under MW heating for only 10 minutes.388 In one 

case, mono-arylation reaction of the thiophene derivative 353 with 

bromothiophene 354 afforded the desired π-conjugated product 357 in 

74% yield; in the other case, bis-arylation of bithiophene 355 with the 

bromophthalimide 356 gave the same product 357 in 57% yield 

(Scheme 136). As a comparison, the same reactions carried out under 

conventional thermal heating produced yields similar to those 

obtained under microwave heating (84 and 68% vs. 74 and 57%), but 

in longer reaction times (2 h vs. 10 min). In a following study, the use 

of MW irradiation in combination with the recoverable commercial 

SiliaCat® DPP-Pd catalyst was successfully applied by the same authors 

to the synthesis of a very similar small molecule organic semiconductor, 

differing only in the alkyl chains of phthalimide moieties (see section 

2.1.4).68 

 

Scheme 136. Synthesis of 357 by two different pathways based on a microwave-assisted 

palladium-catalyzed direct C-H bond arylation protocol. 

Moreover, the same group reported the synthesis and optoelectronic 

characterization of a series of diketopyrrolopyrrole (DPP) based small 

molecules 359, bearing electron-deficient phthalimide or naphthalimide 

end-capping units, obtained by direct C-H bond arylation reaction of bis-

thienylDPP 358 with naphthalimide and phthalimide bromides under 

microwave irradiation at 170 °C for 17 min (Scheme 137).389 All the 

compounds were found to have narrow optical band gaps ranging from 

1.66 to 1.73 eV, high thermal stabilities and n-type charge carrier 

mobilities. 

 

Scheme 137. Microwave-assisted synthesis of diketopyrrolopyrrole-based small molecules 359 

by direct C-H arylation reaction of bis-thienylDPP 358 with naphthalimide and phthalimide 

bromides. 

In 2016, Maes et al. developed a microwave-assisted protocol for the 

preparation of push-pull molecular chromophores 364-366 based on 

the C2 regioselective direct C-H bond arylation of the thiophene ring of 

an asymmetric triphenylamine-monosubstituted 2,5-dithienyl-

thiazolo[5,4-d]thiazole precursor 360 with the brominated bithiazole 

(361), quinoxaline (362) or isoindigo (363) units.390 In particular, the 

direct arylation reactions were carried out with Pd(OAc)2 (4 mol%) as 

the catalyst, PCy3·HBF4 (8 mol%) as the ligand, K2CO3 (3.0 equiv.) as the 

base, PivOH (1.0 equiv.) as additive, in toluene under MW irradiation 

(Scheme 138). In 2017, they extended the same direct C-H arylation 

protocol to the synthesis of new 2,5-dithienylthiazolo[5,4-d]thiazole-

based small molecules.391 It is worth to emphasize that, despite the use 

of MW as non-conventional and highly efficient source of energy, in 

both these studies authors were not interested in the development of 

a sustainable synthetic protocol, but rather to the characterization of the 

obtained π-conjugated materials. 

3,4-Ethylenedioxythiophene (EDOT) has been often used as a monomer 

in direct C-H bond arylation polymerization reactions under microwave 

irradiation. In 2013, Lee and co-workers synthesized several conjugated 

copolymers via direct C-H arylation of EDOT 367 or bis-EDOT 368 with 

dithienyl-benzothiadiazole derivatives: polymerization reactions were 

performed in DMF in the presence of Pd(OAc)2, KOAc and Bu4NBr 

affording the target polymers P369-P372 in yields comparable to those 

obtained by Stille reactions, i.e., 82-95% vs 88-97% (Scheme 139).392
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Scheme 138. Synthesis of chromophores 364-366 based on the microwave-assisted C2 regioselective direct C-H bond arylation of the thiophene ring of 360 with brominated bithiazole 

(361), quinoxaline (362) or isoindigo (363) units. 

 

Scheme 139. Synthesis of π-conjugated copolymers via direct C-H bond arylation polymerization of EDOT 367 or bis-EDOT 368 with dibrominated dithienyl-benzothiadiazole derivative, 

performed under microwave irradiation. 
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Kanbara et al. reported in 2013 the direct C-H bond arylation-based co-

polymerization of EDOT 373 with 9,9-dioctyl-2,7-dibromofluorene 374, 

performed under typical direct C-H bond arylation conditions (1.0 mol% 

of Pd(OAc)2 as the catalyst, 2.5 equiv. of potassium pivalate as the base 

and DMA as the solvent), assisted by microwave irradiation as an 

efficient energy source, affording poly[(3,4-ethylenedioxythiophene-2,5-

diyl)-(9,9-dioctylfluorene-2,7-diyl)] (PEDOTF) P375 in high yield (Scheme 

140)393. In general, an increase of molecular weight (Mn) was detected 

on decreasing the concentration of the monomers; moreover, a 

dramatic decrease in the molecular weight of P375 was observed when 

conventional thermal heating was used instead of microwave irradiation. 

 

Scheme 140. Microwave-assisted co-polymerization of EDOT 373 with 9,9-dioctyl-2,7-

dibromofluorene 180b by direct C-H bond arylation reaction, reported in 2013 by Kanbara et 

al.393 

In a following study, the same group investigated also the effects of 

different synthetic methods (that is, Suzuki-Miyaura coupling under 

thermal heating; direct C-H arylation under thermal heating; direct C-H 

bond arylation under microwave irradiation) on the purity and optical 

features of P375 co-polymers; once again, the MW-assisted direct C-H 

bond arylation polymerization was found to afford pure and high-

molecular-weight PEDOTF co-polymers with improved optoelectronic 

performances.394 For the last class of polymers, the effects of terminal 

groups, residual amount of palladium catalyst and molecular weight 

(Mn) on the photovoltaic characteristics were also explored.395 In 2016, 

the same group reported the synthesis of π-conjugated polymers by 

microwave-assisted direct C-H bond arylation co-polymerization of 

EDOT with dibrominated phenyl-, pyridyl- and thiazolyl-flanked 

DPPs.396 Reactions were carried out using Pd(OAc)2 (1 mol%) as the 

catalyst and potassium pivalate as the base in DMA under microwave 

irradiation at 100 °C for 1 h, affording the target polymers in 37-94% 

yields. As for most of the investigation related to the synthesis of π-

conjugated systems, also in these works the authors were not mainly 

focused on the development of sustainable protocols: reactions were 

typically carried out with homogeneous Pd(OAc)2 (although often under 

ligand-less conditions) and in poorly sustainable solvents, therefore their 

overall interest in the frame of the Green Chemistry appears in our 

opinion quite low. 

In 2016, Michinobu et al. investigated the co-polymerization of 376 

with a series of 3,6-dibromocarbazoles 377 by a ligand-free and MW-

assisted direct C-H arylation polymerization; as in the previous cases, 

microwave irradiation dramatically shortened reaction times compared 

to thermal heating.397 Under the optimized conditions (1.0 mol% of 

Pd(OAc)2 as the catalyst, 2.5 equiv. of potassium pivalate as the base and 

DMA as the solvent, MW at 80 °C for 30 min), polymer P378 was 

obtained in 87% yield, with a molecular weight Mn = 5600 g mol−1 and 

a PDI of 1.9 (Scheme 141). Microwave heating dramatically shortened 

the reaction time compared to conventional heating: indeed, the 

polymer P378 was obtained in 72% yield with a molecular weight Mn 

= 3000 g mol−1 and PDI = 1.6 under conventional heating at 100 °C for 

6 h. 

 

Scheme 141. Co-polymerization of 376 with 3,6-dibromocarbazoles 377 by a ligand-free, 

microwave-assisted direct C-H bond arylation polymerization.  

In addition to EDOT, only a few other S-heteroarene-based monomers 

have been used as C-H substrates in the microwave-assisted direct C-H 

bond arylation polymerization. Lee et al. synthesized donor-acceptor co-

polymers by direct arylation reactions of thieno[3,4-b]pyrazines with 

dibrominated thiophene and bithiophene derivatives, performed in 

the presence of Pd(OAc)2 as the catalyst, KOAc as the base and Bu4NBr 

as additive in DMF as the solvent, under microwave heating (5 min at 100 

°C, 5 min at 120 °C, and 30 min at 150 °C).380 In a following study, the 

authors also reported the MW assisted co-polymerization of 2,3-

dimethylthieno[3,4-b]pyrazine monomer 379 with 4,7-bis(5-bromo-3-

hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole 380 and 4,7-bis(5-bromo-

4-hexylthiophen-2-yl)benzo[c] [1,2,5]thiadiazole 381, leading to the 

desired co-polymers P382-P383 in high yields after short reaction time 

(Scheme 142).392  

In 2014, Sommer et al. used thiophene-flanked naphthalene diimides as 

monomers in microwave assisted direct C-H arylation with 1,4-dibromo-

2,3,5,6-tetrafluorobenzene.386 In 2016 Yang et al. investigated the use 

of MW for promoting the polymerization of indacenodithiophene with 

dibrominated dithienoquinoxalines via direct C-H arylation, carried out 

under phosphine-free conditions using Pd(OAc)2 as the catalyst and 

K2CO3 as the base in DMA as the solvent.398 Interestigly, they found 

that the microwave irradiation greatly accelerates the reaction rate, 

but simultaneously stimulates the formation of insoluble cross-linked 

ill-defined structures with respect to conventional heating. 
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Scheme 142. Co-polymerization of 2,3-dimethylthieno[3,4-b]pyrazine 379 with dibrominated monomers 380 and 381 by microwave-assisted direct C-H bond arylation reactions, reported 

in 2013 by Lee et al.392 

Cravotto and co-workers reported the MW assisted direct C-H bond 

arylation homo-polymerization of 2-bromo-3-hexylthiophene, using low 

catalyst loading (Pd(OAc)2, 0.2 mol %), K2CO3 as the base and pivalic acid 

as additive, in GVL as sustainable solvent at 100 °C for 3h; under these 

conditions, poly(3-hexyl)thiophene was isolated in 75% yield with Mn = 

25 kDa.258 In our opinion this protocol is very appealing in the frame of 

the Green Chemistry, thanks to the combination of the typical 

advantages of microwave heating with the use of GVL as highly 

sustainable solvent and the need of very low palladium loading, under 

ligand-free conditions. 

The valuable support of microwave irradiation in promoting direct C-H 

bond arylation polymerization of S-hereroarenes under sustainable 

conditions was further testified in the last years. In 2018, Michinobu et 

al. reported the synthesis of hole-transporting π-conjugated polymers by 

microwave-assisted direct C-H bond arylation of the thiophene rings of 

bis-thienylDPP derivatives with dibrominated electron-donating co-

monomers, using Pd(OAc)2 as the catalyst, KOAc as the base in DMA as 

the solvent, under MW irradiation at 120 °C for 1 h.399 

In 2019, Drozdov and co-workers used three monomers (bithiophene, 

cyclopenta[2,1-b:3,4-b']dithiophene and bis-thienylDPP derivatives) as 

C-H substrates in the microwave assisted direct C-H bond arylation 

polymerization with suitable dibromo(hetero)arenes, using Pd(OAc)2, 

K2CO3, pivalic acid in NMP under MW irradiation at 110 °C for 10-12 h.400 

As shown in this section, in many of the synthetic protocols reported in 

the literature until now microwave irradiation offered the possibility to 

obtain the desired coupling products under milder experimental 

conditions and shorter reaction times than to those of the conventional 

thermal heating. Conseguently, the MW irradiation confirmed its utility 

in the development of direct C-H arylation reactions which comply 

essential prerogatives dictated by Green Chemistry. However, the use of 

environmentally not benign solvents (in particular, DMF, DMA, NMP) 

additives (silver salts) and coupling partners (e.g. diaryliodonium salts) 

and/or the need of a large excess of reactants still represent critical 

points in the context of the Green Chemistry. 

4.3. Other non-conventional energy sources in direct C-H bond 

arylation of (hetero)arenes 

As described above, photochemical protocols and microwave-assisted 

methods have been widely used in the context of direct C-H bond 

arylation of (hetero)arenes as an alternative to conventional thermal 

heating. However, in the last decade new appealing approaches based 

on the use of other non-conventional energy sources have started to be 

explored for direct C-H bond arylation of (hetero)arenes. These include: 

electrochemical- ultrasound-, mechanochemical- and infrared irradiation-

promoted protocols, which aim to reduce the energy requirements 

and to shorten the reaction time, in compliance with the Principle 6 of 

Green Chemistry. Although these studies are still limited, their interest in 

sustainable organic chemistry is large, and interesting development can 

be predicted. 

4.3.1. Electrochemical direct C-H bond arylation of (hetero)arenes. 

Electrochemical organic synthesis has been recognized as a sustainable 

approach for the oxidation and reduction of organic compounds: in 

fact, the toxic oxidizing and reducing agents used in traditional redox 

reactions are replaced by the electric current; in other words, voltage-

applied electrodes represent a green and more eco-friendly source of 

electrons with respect to classic redox reagents.401 

However, recently organic synthesis discovered a significant interest in 

indirect electrochemical processes, i.e., reactions involving the use of 

suitable redox mediators to achieve indirect processes.402 In particular, 

the possibility to apply indirect electrochemical methods for the carbon-

carbon bond formation is very appealing: electrochemical processes can 

favour different mechanistic pathways with respect to the same 
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reactions performed under the sole thermal heating, sometimes 

resulting in different selectivities. However, very little has been studied 

so far concerning indirect electrochemical processes for the carbon-

carbon bond, especially in the specific case of direct C-H bond arylation 

of (hetero)arenes. 

The first example of electrochemical direct C-H arylation was reported in 

2016 by Zhu and co-workers: they described the C2 regioselective 

direct C-H arylation of N-substituted and NH-free pyrroles 384 with aryl 

halides (iodides, bromides and also a few examples of chlorides), carried 

out in an electrochemical cell with a glassy carbon cathode and a zinc 

anode, in 1-ethyl-3methyl-imidazolium bis((trifluoromethyl)sulfonyl) 

imide/DMSO mixture as a reaction medium, using a catalytic amount (10 

mol%) of perylene-3,4,9,10-tetracarboxylic acid diimide derivatives as 

the redox mediator.403 Interestingly, working at room temperature and 

under constant-current electrolysis conditions (4 mA), α-arylated 

products 385 were obtained in 50-72% yields (Scheme 143). Although 

the protocol showed the advantage of working at room temperature 

and the presence of an organic redox mediator, the need for a large 

excess of the starting pyrroles (25-50 equiv.) clearly limited its actual 

sustainability. 

 

Scheme 143. Electrochemical C2 regioselective direct C-H arylation of pyrroles 384 with aryl 

halides, developed in 2016 by Zhu and co-workers in 2016.403 

Looking for sustainable experimental conditions for the synthesis of 

asymmetrical bi(hetero)aryl scaffolds via direct C-H functionalization, in 

2017 Chupakhin et al. reported the first electrochemical oxidative 

direct arylation of N-heteroarenes (N-methylacridinium, quinazoline, 

pyrimidine, [1,2,5]oxadiazolo[3,4-b]pyrazine) with nucleophilic arenes, 

performed in a two-compartment cell, wherein anode and cathode 

(both consisting of a platinum wire) were separated by a membrane of a 

tracing paper, at room temperature in acetonitrile as the solvent, in the 

presence of NEt4BF4 as the supporting electrolyte and of potassium t-

butoxide (1.0 equiv.) in order to increase the nucleophilic character of 

the arenes.404 This protocol was very attractive from the point of view of 

the Green Chemistry, for several reasons: first, both coupling parters did 

not require any preactivation, thus reducing the synthetic steps; second, 

the electrochemical oxidative process did not require stoichiometric 

amounts of oxidants (typically represented by silver-based species); 

third, working at room temperature, the asymmetrical bi(hetero)aryl 

products were obtained in good yields (63-90%). 

More recently, Amaya et al. reported the electrochemical direct C-H 

arylation of heteroarenes 386 (N-Boc-pyrrole, furan and thiophene) with 

aryldiazonium salts as arylating agents, performed in a sample tube 

containing a stainless steel plate cathode and a carbon anode under 

constant current electrolysis (5 mA), in DMSO as the solvent and in the 

presence of sodium tetrafluoroborate (1.0 equiv.) and MeSO3H (1.0 

equiv.), at room temperature under air for 20 min.405 The reactions, 

which afforded the corresponding C2 arylated products 387 in good 

yields, were quite convenient as they did not require the use of metal 

catalyst but only of organic additives, although an excess (10 equiv.) 

of the heteroarene was required (Scheme 144). 

4.3.2. Ultrasound-assisted direct C-H bond arylation of (hetero)arenes. 

Ultrasound is the part of the sonic spectrum which ranges from about 

20 kHz to 10 MHz. Ultrasound has been used in various fields, from the 

industrial engineering to the medical diagnostics, and they have been 

successfully applied also in the context of organic synthesis. In fact, this 

non-conventional energy source represents a cleaner, safer and 

cheaper method for reagents activation in a chemical reaction with 

respect to conventional thermal heating; moreover, it has also been 

proved to be effective in terms of selectivity, reaction time and 

operational simplicity.406 

 
Scheme 144. Electrochemical direct C-H arylation of heteroarenes 386 with aryldiazonium salts 

as arylating agents, performed under constant current electrolysis (5 mA), described by Amaya 

et al.405 

Ultrasonic waves require an elastic medium for the propagation: when 

ultrasound propagates, particles in this medium oscillate and transfer 

their energy along the direction of propagation. In particular, in the 

presence of a liquid medium, the longitudinal vibrations of molecules 

generate compressions and rarefactions, i.e., an alternation of high 

pressure and low pressure, giving rise to the formation of microbubbles 

which expand and finally collapse during the compression phase, thus 

generating shock waves. Their collapse can generate, although only 

locally and for microseconds, temperatures > 2000 K and pressures > 

500 bar. This phenomenon of microbubbles formation and collapse, 

known as cavitation, is responsible for most of the beneficial effects of 

ultrasound on the chemical reactions.407 

The advantagious effects of ultrasound in organic synthesis can occur 

with different mechanisms depending on the use of homogeneous or 

heterogeneous experimental conditions. In the case of homogeneous 

systems, sonication is able to affect reactions proceeding via radical 

formations (mostly they do not affect ionic reactions); under these 

conditions, microbubbles generated during the cavitation process act as 

microreactors, where reagents can enter and react under high 

temperature and pressure. In heterogeneous systems, the reactions are 

mostly influenced by mechanical effects of cavitation, such as surface 

cleaning, particle size reduction and improved mass transfer; moreover, 

close to the solid-liquid interface, microbubbles collapse can generate 

jets of liquid, which hit the solid surface with force.408 

To the best of our knowledge, only one example of ultrasound-assisted 

direct C-H bond arylation of (hetero)arenes has been reported in the 
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literature: in 2012, Li et al. proposed a mild and efficient intramolecular 

direct arylation of 388 in a continuous flow capillary microreactor with 

the assistance of ultrasonic irradiation; reactions were performed with 

Pd(OAc)2 (5 mol%) as the catalyst, in the presence of K2CO3 or KOAc (2.0 

equiv.) as the base, in DMA/H2O (10:1 v/v) mixture at 90 °C, affording the 

corresponding coupling products 389 in good yields after 3-6 h (Scheme 

145).409 

Despite the use of relatively milder reaction conditions, we believe that 

there is little room for improvement of ultrasound-assisted direct C-H 

arylation in the context of sustainability. In fact, the above mentioned 

study clearly showed that ultrasound did not represent an energy 

source intense enough to promote these reactions on its own, but its 

combination with thermal heating is mandatory. Probably, further 

improvements in ultrasound-assisted direct C-H bond arylation in terms 

of sustainability may be obtained by using more reactive arylating 

agents (aryldiazonium salts, diaryliodonium salts, etc.). 

 
Scheme 145. Ultrasound-assisted intramolecular direct C-H bond arylation of haloethers 388, 

reported in 2012 by Li and co-workers.409 

4.3.3. Mechanochemical direct C-H bond arylation of (hetero)arenes. 

Mechanochemistry is concerned with chemical reactions accomplished 

by the application of mechanical energy, typically by means of high-

energy ball milling, which provides green, clean and high sustainable 

synthetic methods for the preparation of target molecules and for the 

improvement of the efficiency in complex processes.410 

The effects of mechanical action are quite different from those of the 

conventional thermal heating: by milling two or more solid substances 

the break of their ordered crystalline structures occurs; at the collision 

points, these solids deform and even melt, forming hot points where 

molecules can reach very high vibrational excitation states leading to 

bond breakage. These phenomena typically take place in intervals of 

about 10-7 seconds, known as plasma phase, followed by a longer post-

plasma phase (of ~ 10-6 seconds) where relaxation processes dissipate 

the energy responsible for most of the products formed.411 

Mechanical milling responsible for mechanochemical-assisted chemical 

transformations can be performed in different ways. The simplest is 

the manual grinding with the laboratory mortar and pestle: however, 

these hand milling processes can only support a limited number of 

mechanochemical reactions, which do not require to overcome a high-

energy barrier; moreover, their reproducibility is limited. For this reason, 

a more appealing approach is the use of dedicated instrumentations: 

high-energy vibrators such as high-speed attritors or stainless steel ball 

mills of high impact are typically used for prolonged high energy 

mechanochemical-assisted processes.412 

Despite the increasing interest towards greener and more sustainable 

protocols for direct C-H arylation of (hetero)arenes, the number of 

studies based on the use of mechanochemical methods is still very 

low, and limited to indoles and 1H-indazoles as substrates. In 2019, 

Banerjee and co-workers described a mechanochemical protocol for 

the C2 regioselective direct C-H bond arylation of indoles 390 with 

aryl iodides as arylating agents.413 In particular, reactions were carried 

out with Pd(OAc)2 (5 mol%) as the catalyst, silver acetate (1.2 equiv.) 

as the base, acetic acid (0.5 equiv.) as an additive and PEG-400 as the 

grinding auxiliary, in a mixer mill working at 30 Hz frequency for 2-4 h. 

The protocol was very clean, fast and sustainable, affording the desired 

2-arylated indoles 391 in very good yields (Scheme 146). 

 

Scheme 146. Mechanochemical C2 regioselective direct C-H bond arylation of indoles 390 with 

aryl iodides developed in 2019 by Banerjee and co-workers:413 reactions were performed in 

a mixer mill working at 30 Hz frequency. 

In 2020, Su and co-workers reported a C3 regioselective oxidative direct 

C-H heteroarylation of N-substituted 1H-indazoles with unactivated 

heteroarenes as arylating agents, performed with Pd2(dba)3 (20 mol%) 

as the catalyst, Cu(OAc)2·H2O (1.5 equiv.) as sacrificial oxidant, Na2SO4 

as both the base and the grinding auxiliary in a planetary mill working at 

900 rpm; after 4 cycles of 30 min of milling and 2 min of break, the 

desired 3-heteroaryl-1H-indazoles were obtained in moderate yields 

(25-45%) and good regioselectivity.414  

4.3.4. Infrared irradiation-assisted direct C-H bond arylation of 

(hetero)arenes. Most of the above mentioned non-conventional energy 

sources, despite their invaluable advantages in the context of Green 

Chemistry, often requires the access to dedicated and quite expensive 

instrumentations (e.g., microwave reactors, apparatus for ultrasound 

sonication, ball mill machines for mechanochemical processes, etc.). The 

infrared (IR) irradiation has been very recently demonstrated as an 

appealing and powerful alternative to them: it is a highly efficient form 

of heating emitted from an inexpensive lamp (i.e., a tungsten filament 

sealed in a quartz envelope with a halogen gas), characterized by high 

heat transfer rate, good heating homogeneity, low energy consumption 

and short heating time.415 Thanks to these properties, the application of 

IR irradiation to organic reactions could provide relevant advantages, 

including reduced energy requirements, shortened reaction times and 

even access to new mechanistic pathways, in addition to its potential 

compatibility with solvent-free protocols. Therefore, IR irradiation could 

soon become a very useful tool for fast, cheap and sustainable synthesis 

respecting the Principle 6 of Green Chemistry,416 whose true potential to 

date is still almost unexplored, especially in the field of Palladium-

catalyzed coupling chemistry. 
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Scheme 147. First application of IR irradiation as non-conventional and highly efficient source of energy in the direct C-H bond arylation of hetero(arenes), under solvent-free and non-

anydrous conditions, reported in 2021 by our group:282 reactions of benzo[b]thiophene 392a, thieno[3,4-c]pyrrole-4,6-dione 392b, 1,2,3-1H-triazole 392c and pentafluorobenzene 392d 

with aryl iodides.  

Very recently our group explored for the first time the application of 

IR irradiation as non-conventional, eco-friendly and efficient source of 

energy for promoting the direct C-H arylation of (hetero)arenes 392 

(benzo[b]thiophene 392a, thieno[3,4-c]pyrrole-4,6-dione 392b, 1,2,3-

1H-triazole 392c, pentafluorobenzene 392d) with aryl iodides.282 

Reactions were performed with low amounts of a palladium catalyst 

(homogeneous Pd(OPiv)2 or supported Pd/AlO(OH)), PPh3 as the ligand 

and Ag2CO3 as the base, in solvent-free and non-anhydrous conditions 

and under air, affording the corresponding coupling products 393 in good 

yields and very short reaction time, ranging from 15 minutes to 2 h 

depending on the specific (hetero)arene (Scheme 147). A comparative 

study of solvent-free direct arylation protocols energy consumption 

under IR irradiation or under conventional thermal heating confirmed 

that the IR irradiation is a more efficient and less expensive source of 

energy, in compliance with the Principle 6 of Green Chemistry (Design for 

energy efficiency). 

We are convinced that the use of IR irradiation in organic reactions in 

the place of traditional thermal heating can provide general advantages 

in the context of Green Chemistry, i.e., reduced energy consumption, 

shortened reaction times and even access to different mechanistic 

pathways, in addition to its compatibility with solvent-free conditions. 

Therefore, IR irradiation may become a precious tool for fast, cheap 

and sustainable synthesis: a powerful enabling technology which can 

help to usher in a greener era of organic synthesis. 

5. Conclusions 

In conclusion, in the present review we have reported an up-to-date 

overview of all the sustainable protocols adopted in the context of direct 

C-H bond arylation of (hetero)arenes, describing with a critical eye their 

advantages and limitations related to the Twelve Principles of Green 

Chemistry. 

In the first section, we have discussed all the solid supported metal 

catalysts applied to direct C-H bond arylation of (hetero)arenes, giving 

particular emphasis to all the studies carried out to verify their reusability 

and heterogeneity (recycling tests, metal leaching analyses, hot filtration 

tests, kinetic studies, etc.). In the second part, we considered methods 

for the direct arylation of (hetero)arenes involving non-toxic and eco-

friendly reaction media (water, alcohols, biomass-derived solvents, ILs, 

DESs) or under solvent-free conditions, discussing not only their 

impressive advancements in terms of sustainability with respect to 

traditional toxic solvents, but also their specific issues related to reagents 

solubility, need for harsh experimental conditions, residual toxicity, etc. 

In the third section, we gave a comprehensive overview on the 

application of non-conventional energy sources in direct C-H bond 

arylation reactions of (hetero)arenes: photochemical strategies, 

microwave-assisted protocols, electrochemical methods, as well as 

ultrasound-, mechanochemical- and infrared irradiation-promoted 

approaches; their advantages in the context of Green Chemistry were 

compared (when possible) with the corresponding performances of the 

traditional thermal heating. 

Considering the central role of direct C-H bond arylation reactions in 

synthetic organic chemistry, significant future progress is expected in the 

next few years, focusing more and more on green and sustainable 

experimental conditions. We hope this review will encourage the wider 

scientific community involved in the synthesis of compounds involving 

the (hetero)aryl moieties for any use to pursue synthetic protocols 

inspired by the new paradigms of sustainable and environmental 

friendly production. 
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