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ABSTRACT We report an efficient procedure to carry out palladium-catalyzed Miyaura 

borylation reactions of (hetero)aromatic halides and triflates in choline chloride (ChCl)-based 
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deep eutectic solvents (DESs). The procedure employs bis(pinacolato)diboron as a boron source 

and a catalyst prepared in situ from readily available Pd2(dba)3 and phosphine ligand XPhos. 

Reactions proceed well in different ChCl-based DESs, among which the best results were 

provided by environmentally friendly and biodegradable mixtures with glycerol and glucose. The 

reaction tolerates both EDG and EWG substituents on the substrates and can be run on different 

halides (chloride, bromide, iodide) and pseudohalides (triflate). Furthermore, for several 

substrates, the catalyst loading can be reduced to 1 mol% Pd (0.5% mol Pd2(dba)3) without 

compromising the reaction yield. Moreover, we show that the Miyaura borylation protocol in 

DES can be combined with a subsequent Suzuki-Miyaura cross-coupling reaction in a one-pot 

procedure, allowing access to various biaryl products, and demonstrating its synthetic utility by 

preparing the precursors of two compounds with reported applications in the photovoltaics 

sector. Finally, two green metrics (E-factor, EcoScale) of the new one-pot procedure in DES 

were calculated and compared with literature values, to assess the potential advantages in terms 

of waste reduction, safety, and energy consumption. 

INTRODUCTION 

The synthesis of almost every organic molecule of industrial interest, ranging from active 

pharmaceutical ingredients to agrochemicals, organic photo- and electroactive compounds, and 

polymers, requires the formation of new carbon-carbon bonds.1–4 This applies especially to the 

preparation of compounds with application in the emerging fields of organic optoelectronics and 

photovoltaics,1 whose widely conjugated scaffolds are usually constructed by connecting 

different (hetero)aromatic fragments together. Metal-catalyzed cross-coupling reactions play a 

prominent role in this field, representing an extremely powerful tool in the hands of synthetic 
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organic chemists.5 Among them, the Suzuki-Miyaura reaction6 embodies most of the ideal 

properties of a cross-coupling process, such as the employment of boronic derivatives with low 

toxicity and high air- and moisture-stability, the tolerance to many different functional groups, 

and a high reactivity under mild conditions and in presence of water, which is strictly necessary 

to ensure the proper reaction course. Although many boronic acids and esters are commercially 

available, these molecules often must be prepared, starting from an arene (Ar-H) or an aryl or 

vinyl halide (Ar-X). The classical method involves either the deprotonation of a weakly acidic 

(hetero)arene or a halogen/metal exchange, followed by transmetalation with a borylating agent 

(BA, Scheme 1, path 1). 

 

Scheme 1. Literature borylation protocols. 

The main problem is usually the employment of stoichiometric amounts of organolithium7 or 

Grignard reagents,8 which entails the production of a non-negligible amount of waste and a 

limited tolerance to some functional groups. Recently, several alternatives have been developed, 

such as the Ir- or Rh-catalysed C-H activation of arenes (Scheme 1, path 2),9,10 allowing the 

direct conversion of unfunctionalized aromatic systems, even though with some limitations in 

terms of regioselectivity. Other protocols employ different starting materials, such as 
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arenediazonium salts,11 triarylantimony diacetates,12 and N‑tosylhydrazones,13 or alternative 

activation methods, like in the Ce-photocatalyzed borylation of aryl halides.14 Despite the above 

protocols being noteworthy, the most popular way to prepare organoboron compounds remains 

the Pd-catalyzed Miyaura borylation reaction (Scheme 1, path 3),15 which usually employs aryl 

or vinyl halides (or pseudohalides) and a common borylation agent (BA), like 

bis(pinacolato)diboron (B2pin2 – Scheme 1), in combination with a weak base, like an acetate, 

and a palladium-based catalyst. Over the years, several Miyaura borylation protocols employing 

different Pd-based catalysts and bases were developed to efficiently convert aromatic iodides,16 

bromides,17–19 chlorides,20–22 sulfides23 to boronic esters. Moreover, the affinity between Miyaura 

borylation and Suzuki-Miyaura cross-coupling in terms of reaction conditions prompted many 

researchers to develop efficient one-pot synthetic protocols, to achieve the two reactions in a 

telescopic way (consecutive steps) without the need to isolate the boron-containing 

intermediates.24–28 

Despite the excellent yields, the high robustness, and the tolerance to many functional groups, 

one of the main issues in the above-mentioned Miyaura borylation examples is the widespread 

employment of flammable, toxic and/or hazardous solvents classified as volatile organic 

compounds (VOCs), such as THF, 1,4-dioxane, toluene, N,N-DMF or N,N-DMA. 29,30 Some 

recent examples report the use of non-fossil-derived media like ethanol,24,28,31 2-propanol,26 n-

butanol, tert-butanol,27 ethyl acetate,18 and isopropyl acetate15. Considering that the widespread 

diffusion of the Suzuki-Miyaura reaction in many industrial applications, including in particular 

the preparation of organic materials for electronics and photovoltaics,1 requires the preparation 

of massive amounts of boronic acids and esters, it has thus become mandatory to develop more 

sustainable borylation protocols. Important examples were reported by Lipshutz and co-workers, 
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who optimized the reaction parameters to run the Miyaura borylation under micellar conditions 

(2% TPGS-750-M) in water at room temperature.32 Later, the same authors demonstrated that the 

addition of small amounts of an organic cosolvent (e.g. 10% THF or acetone) can help to achieve 

the complete dissolution of B2pin2, improving its reactivity.33 This issue can also be overcome 

using the simpler bis-boronic acid (BBA – Scheme 1) in combination with a specific Bedford-

type palladacycle in pure water,34 enabling the straightforward borylation of different halides. To 

reduce the reaction E-factor,35 neat borylation conditions were also optimized independently by 

Nechaev et al.36 and Kiatisevi et al.:37 very good results in terms of yields were reported, but 

almost exclusively when the substrate was a simple mono-substituted aryl halide. 

A class of potentially more sustainable solvents, alternative to the use of VOCs, but still 

unexplored for the Miyaura borylation reaction, is that of the so-called Deep-Eutectic Solvents 

(DESs).38 They are prepared by mixing at least two components, a hydrogen bond donor (HBD) 

and a hydrogen bond acceptor (HBA), in a proper molar ratio to obtain a liquid mixture with a 

lower melting point than those of the single substances, thanks to the formation of a thick net of 

hydrogen bonds.39,40 The properties of the resulting mixtures are peculiar and high solubilities 

were observed for both inorganic salts and oxides, as well as organic polar molecules, besides 

impressively high conductivity and thermal stability, and a very low volatility. These features, 

together with the possibility of using very cheap, hydrophilic, and natural molecules as DES 

components, make them one of the most promising classes of solvents in terms of health and 

safety. 

DESs have already been successfully employed as reaction solvents in many different organic 

transformations,41–43 such as, for example, oxidation reactions,44 click-cycloadditions,45 Ugi 

reactions,46 organocatalytic Michael additions,47 biomass conversion,48,49 and enzyme-catalyzed 
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transesterifications.50 Surprisingly, DESs were also revealed to be suitable media for the addition 

of highly polar organometallic reagents, like organo-lithium,51 magnesium,52 and even sodium,53 

to electrophiles, allowing very high conversions at room temperature and under air, with very 

short reaction times. Furthermore, the great potential of DESs has been fully expressed through 

their successful application as reaction media in several cross-coupling reactions,54–56 like 

Suzuki−Miyaura,57,58 Sonogashira,59 Hiyama,60 Negishi,61 Stille−Migita,62 C-H direct 

arylation,63,64 Mizoroki-Heck,65,66 Chan-Evans-Lam67 and C-N,68 C-O,69 and C-S70 couplings. 

Despite that, to the best of our knowledge, DESs have never been employed as reaction media in 

a Miyaura borylation reaction, and a one-pot borylation-Suzuki-Miyaura protocol in DES has 

never been reported. Considering these premises, taking advantage of our previous experience in 

the optimization of reaction protocols in DESs63 and our long-standing expertise in the synthesis 

of organic conjugated molecules for photovoltaic applications through cross-coupling 

reactions,71–75 we were interested in developing an efficient and robust Miyaura borylation 

protocol in DESs, and possibly combine it with a Suzuki-Miyaura coupling. The main focus of 

our work was therefore to provide a reliable procedure that could be applied, in the first place, to 

the synthesis of molecules with potential relevance in the field of organic electronics and 

photovoltaics. 

Herein, we report our studies on the Pd-catalyzed borylation of (hetero)aromatic 

(pseudo)halides, such as iodides, bromides, chlorides, and triflates, in both choline 

chloride/glycerol (ChCl/Gly) (1:2) and choline chloride/glucose (ChCl/Glu) (2:1) mixtures under 

air with bis(pinacolato)diboron (BPin)2 as a boron source (Scheme 2, path a). In addition, we 

describe a one-pot protocol for the consecutive borylation and Suzuki-Miyaura reaction of 

(hetero)aromatic bromides in ChCl/Gly (1:2) (Scheme 2, path b). The tolerance of these 
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protocols to several different functional groups like ketones, nitriles, aldehydes and esters, as 

well as the electronic nature of the (pseudo)halides, is demonstrated. Moreover, the telescopic 

procedure has been successfully applied to the synthesis of advanced intermediates of 

compounds with known applications in the photovoltaics sector, that is a fluorophore74 for 

luminescent solar concentrators (LSCs) and a photosensitizer76 for dye-sensitized solar cells 

(DSSCs). Finally, the E-factor35,77 and Eco-scale78 metrics for the new one-pot procedure in DES 

were calculated and compared with literature reports, to assess the potential advantages in terms 

of waste reduction, safety and energy consumption. 

 

Scheme 2. (a) Borylation of (hetero)aromatic (pseudo)halides in DESs. (b) one-pot borylation of 

(hetero)aromatic bromides and Suzuki-Miyaura cross-coupling with (hetero)aromatic bromides 

in DESs. 

RESULTS AND DISCUSSION 

To begin our investigation, we first examined the effect of varying the main parameters of the 

Miyaura reaction in DES aiming to find the optimal conditions to obtain the desired borylation 

product. To speed up the process, in this initial stage of the work, the reaction yields were 
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assessed only through 1H-NMR spectroscopy using nitromethane as an internal standard (see 

Supporting Information for details), whereas yields of the various isolated products were 

determined later when the scope of the reaction was explored (see below). As a model substrate, 

we selected 4-bromoanisole (1a), due to its low cost, good reactivity, and well-resolved aromatic 

peaks in its 1H-NMR spectrum, which made it easy to follow the reaction progress and calculate 

the yield. Bis(pinacolato)diboron (BPin)2 was chosen as a typical borylating agent15 in 

combination with Pd2(dba)3 as the palladium precursor and potassium acetate (AcOK) as the 

stoichiometric base, while the solvent system was constituted by the commonly used choline 

chloride/glycerol (ChCl/Gly) DES mixture54 in a 1:2 weight-to-weight ratio. Reactions were 

carried out at a temperature of 110 °C and with a substrate concentration of 0.5 M. Preliminary 

tests conducted with simple phosphine ligands, such as PPh3, PCy3 and P(2-MeOPh)3, 

highlighted an incomplete conversion of the starting material, while a much better result was 

obtained with bulky biaryl derivative XPhos79,80 (Figure S2), which was therefore chosen as the 

ligand for the screening of the other reaction parameters (amount of Pd precursor and ligand, 

amount of base, reaction time) as reported in Table 1. Using 2 mol % of Pd2(dba)3 and 1.5 eq of 

base (Table 1, Entry 1) the desired product 2a could be obtained in 84% yield. Increasing the 

amount of base till to 3.0 eq. allowed to progressively increase the yield up to 99% (entries 2-4). 

Nevertheless, a similar result could also be obtained by keeping the amount of base at 1.5-2.0 eq. 

and simply extending the reaction time to 1 h (entries 6-7). Indeed, with a longer reaction time, 

the yield fell below 90% only when as little as 1.2 eq. of base were used (entry 5). Finally, 

decreasing the catalyst loading to 1 mol %, even using 3.0 eq. of base, caused a slight reduction 

of the yield (entry 8) which dropped to 78% when the loading was reduced to 0.5 mol% (entry 

9). 
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Table 1. Screening of initial conditions of the Pd-catalyzed Miyaura borylation in DES. 

 

Entrya x y Time (h) Yield (%)b 

1 2.0 1.5 0.5 84 

2 2.0 2.0 0.5 84 

3 2.0 2.5 0.5 92 

4 2.0 3.0 0.5 99 

5 2.0 1.2 1.0 89 

6 2.0 1.5 1.0 94 

7 2.0 2.0 1.0 97 

8 1.0 3.0 0.5 95 

9 0.5 3.0 0.5 78 

10 2.0c 2.0 1.0 0 

11 2.0d 2.0 1.0 10 

12 2.0 - 1.0 6 
a Reactions were run on 0.5 mmol of substrate 1a at a 0.5 M concentration in DES (1 mL); b 

Determined via 1H-NMR spectroscopy using nitromethane as internal standard (see General 

Remarks Section in Supporting Information for details); c No palladium pre-catalyst was added; d 

No ligand was added. 

For this reason, in the subsequent optimization studies, 2 mol% of catalyst, 1.5 eq. of base and 

a reaction time of 1 h were consistently applied (see below, Table 2). Finally, we carried out a 

few control experiments demonstrating that no borylation product was obtained in the absence of 

palladium and that removing either the phosphine ligand or the base caused a massive drop in the 

reaction yield (entries 10-12). Having adjusted the reaction conditions according to the first 

round of experiments, we then assessed the effect of varying the nature of the reagents and the 

solvent systems employed.  
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Table 2. Variation of the reagents and solvents used in the Pd-catalyzed Miyaura borylation in 

DES. 

 

Entrya 
[Pd] 

source 
Ligand Base Solventb 

Yield 

(%)c 

1 Pd2(dba)3 XPhos AcOK 
ChCl / 

Gly (1:2) 
94d 

2 PdCl2 XPhos AcOK 
ChCl / 

Gly (1:2) 
25 

3 Pd(OPiv)2
e XPhos AcOK 

ChCl / 

Gly (1:2) 
56 

4 Pd2(dba)3 XPhos NaOAc 
ChCl / 

Gly (1:2) 
85 

5 Pd2(dba)3 SPhos AcOK 
ChCl / 

Gly (1:2) 
61 

6 Pd2(dba)3 DavePhos AcOK 
ChCl / 

Gly (1:2) 
71 

7 Pd2(dba)3 JohnPhos AcOK 
ChCl / 

Gly (1:2) 
42 

8 Pd2(dba)3 XPhos AcOK 

ChCl / 

H2O 

(1:3.3) 

82 

9 Pd2(dba)3 XPhos AcOK 

ChCl / 

Urea 

(1:2) 

70 

10 Pd2(dba)3 XPhos AcOK 
ChCl / 

Res (1:1) 
39 

11 Pd2(dba)3 XPhos AcOK 
ChCl / 

Glu (2:1) 
91f 

a Reactions were run on 0.5 mmol of substrate 1a at a 0.5 M concentration in DES (1 mL); b 

abbreviations: Gly = glycerol, Res = resorcinol, Glu = glucose;  c Determined via 1H-NMR 

spectroscopy using nitromethane or ethylene carbonate as internal standards (see General 

Remarks section in Supporting Information for details); d Reproduced from Table 1, entry 6 for 

comparison; e PivO = pivalate (2,2-dimethyl-propanoate); f 2.0 eq. of base were used. 
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To this end, a series of reactions were set up using different bases, Pd sources, phosphine 

ligands, and DES (Table 2). First, we examined the replacement of Pd2(dba)3 with alternative 

palladium sources. In particular, we were interested in determining the reaction outcome when 

using PdCl2, since it is the cheapest and most widely available palladium salt. Despite that, it is 

scarcely employed as a pre-catalyst due to its low solubility in common organic solvents. On the 

contrary, we already showed that PdCl2 could be successfully used in direct arylation reactions in 

ChCl-based DES, thanks to the in situ formation of PdCl4
2− ions allowing its complete 

dissolution.63 Unfortunately, in the case of borylation, use of PdCl2 as a pre-catalyst was 

unsuccessful, leading to a significantly lower yield of 2a compared to Pd2(dba)3 (entry 2). A 

slightly better result was obtained by using the pivalate salt Pd(OPiv)2 (entry 3). By comparing 

the 1H-NMR spectra of the crudes obtained in the three cases (see Chart S4 in the Supporting 

Information, showing the aromatic regions) it could be hypothesized that the lower yield of 2a 

registered when a Pd(II)-precatalyst was used was mainly due to an incomplete conversion of the 

starting material after the reaction time of one hour. Indeed, for both PdCl2 and Pd(OPiv)2, the 

signals of 4-bromoanisol (1a) at 7.37 and 6.77 ppm were still clearly visible, which was not the 

case for Pd2(dba)3. Furthermore, in the case of PdCl2, an even more complex mixture was 

obtained after workup, as shown by the presence of other byproducts, such as 4,4'-

dimethoxybiphenyl (signals at 7.47 and 6.95 ppm). The result could be explained considering 

that, as reported in the literature,81 the reactivity of palladium(0) catalysts can be dramatically 

enhanced or decreased depending on the pre-catalyst employed, especially if a PdII/Pd0 reduction 

process is involved during catalyst formation. It is therefore reasonable to presume that different 

palladium(0) complexes of different reactivity could be formed in the reaction mixture, 

especially in a complex coordinating environment like that of a DES. Moreover, we must 
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underline that the combination of a Pd(II)-based pre-catalyst with XPhos was already shown to 

give an incomplete conversion of the starting materials in our previous work on direct arylation 

reactions in ChCl-based DES,63 and the only literature work applying similar conditions for 

Suzuki-Miyaura cross-couplings indeed employed a preformed XPhos Pd G2 catalyst.82 

Switching the base from potassium to sodium acetate was also unsuccessful, although a fair yield 

of the product could still be obtained (entry 4). Finally, a series of other monodentate biaryl 

phosphine ligands of the same family of XPhos was tested, namely SPhos, DavePhos, and 

JohnPhos (entries 5-7, see Chart S2 for their structures). Such compounds have a bulky and 

electron-donating nature, which allows them to stabilize highly reactive monoligated L-Pd(0) 

intermediates during the catalytic cycle of cross-coupling reactions, often leading to increased 

reaction rates.79 We found that XPhos, having the bulkiest biaryl fragment, provided the highest 

yield of product 2a, while the use of the other, less sterically encumbered ligands led to clearly 

inferior results. The optimization process was then completed by evaluating the effect of 

different DES mixtures. To this end, ChCl as the hydrogen bond acceptor (HBA) was combined 

first with water (Table 2, entry 8) and then with three additional hydrogen bond donors (HBDs), 

namely urea, resorcinol, and glucose, in different weight-to-weight ratios (Chart S3, entries 9-

11), and the results were compared with those obtained with the original ChCl/Gly (1:2) mixture 

(Table 2, entry 1). Replacing glycerol with water or urea led to a moderate decrease in the 

reaction yield (entries 8-9). Unlike what was observed in our previous work on Pd-catalyzed 

direct arylation reactions,63 the use of resorcinol proved unsuccessful, and only a low yield of 

compound 2a was obtained at the end of the reaction (entry 10). On the other hand, the 

employment of glucose as HBD provided a much better result since a very similar yield of 

product was obtained compared to the case of the glycerol-based mixture (entry 11). The latter 
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result was especially interesting, since glucose is relatively cheap, its production from biomass is 

notoriously well-established,83 and ChCl/Glu mixtures have been reported to be readily 

biodegradable:84 As a consequence, glucose-based DES could represent promising reaction 

media to improve the sustainability of chemical reactions compared to other solvent systems.85 

For this reason, in the subsequent part of our study we investigated the use of both the ChCl/Gly 

(1:2) and the ChCl/Glu (2:1) mixtures. 

At this stage, we turned our attention to the exploration of the substrate scope. Accordingly, we 

selected a series of aromatic and heteroaromatic bromides containing different functional groups 

(1a-q) and subjected them to the optimized reaction conditions (Table 1, entry 7), monitoring 

their transformation to the corresponding pinacol boronic esters 2a-q (Table 3). To properly 

determine the yields of the borylation products, the latter were isolated whenever full conversion 

of the starting material was observed. In any case, yields of isolated products were somewhat 

lower than those assessed by 1H-NMR spectroscopy, probably due to the imperfect stability of 

the esters under the purification conditions. However, as mentioned in the introduction, this issue 

could be overcome by directly employing compounds 2 for a subsequent cross-coupling 

transformation through a one-pot protocol, as it was ascertained in the final part of our studies 

(see below). Compared to 4-bromoanisole (1a), simple bromobenzene (1b) provided a slightly 

lower yield of product (entry 5), which was further reduced in the case of 2-methyl-1-

bromobenzene (1c, entry 7), probably due to the effect of steric bulk in ortho position; the 2-

fluorenyl function (1d), on the other hand, was well tolerated, leading to a fair yield of the 

corresponding boronic ester (entry 9). Other O- and S- based electron-donating groups placed in 

different positions on the benzene ring (1e-g) were equally accepted, giving the corresponding 

products in 71-82% isolated yields (entries 11, 13, and 15). Of particular note was the possibility 
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to convert bromide 1g, bearing a long alkyl chain on the substituent, since this kind of substrates 

are often difficult to react in DES, essentially due to their poor solubility in such media. The 

methodology found a first limitation in the borylation of substrate 1h, bearing a free -OH group, 

which was only partially converted to the product, giving a 1H-NMR yield of 50% (entry 17, 

product not isolated); probably, this outcome was due to the establishment of several tight 

hydrogen bonds between 1h and the components of the DES solvent, shielding it and reducing its 

reactivity towards the palladium catalyst. 

Table 3. Scope of the Pd-catalyzed Miyaura borylation reaction in DES. 

 

Entrya R = x Time (h) DES 
1H-NMR 

Yield (%)b 

Isolated 

Yield (%) 

1 

 

2.0 1 ChCl / Gly (1:2) 98 85 

2 0.5 6 ChCl / Gly (1:2) 90 74 

3c 2.0 1 ChCl / Gly (1:2) 95 82 

4 2.0 1 ChCl / Glu (2:1) 91 77 

5 

 

2.0 1 ChCl / Gly (1:2) 82 74 

6 2.0 1 ChCl / Glu (2:1) 66 48 

7 

 

2.0 1 ChCl / Gly (1:2) 63 47 

8 2.0 1 ChCl / Glu (2:1) 24 n.d.d 

9 

 

2.0 1 ChCl / Gly (1:2) 81 68 

10 2.0 1 ChCl / Glu (2:1) 84 73 

11 

 

2.0 1 ChCl / Gly (1:2) 97 71 

12 2.0 1 ChCl / Glu (2:1) 99 65 

13 

 

2.0 1 ChCl / Gly (1:2) 93 82 
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14 2.0 1 ChCl / Glu (2:1) 71 68 

15 

 

2.0 1 ChCl / Gly (1:2) 86 72 

16 2.0 1 ChCl / Glu (2:1) 99 82 

17 

 

3.0 1 ChCl / Gly (1:2) 50 n.d.d 

18 

 

2.0 1 ChCl / Gly (1:2) 86 72 

19 0.5 6 ChCl / Gly (1:2) 78 65 

20 2.0 1 ChCl / Glu (2:1) 93 83 

21 

 

2.0 1 ChCl / Gly (1:2) 74 61e 

22 2.0 1 ChCl / Glu (2:1) 97 78 

23 

 

2.0 1 ChCl / Gly (1:2) 96 89 

24 0.5 6 ChCl / Gly (1:2) 88 76 

25 2.0 1 ChCl / Glu (2:1) 97 89 

26 

 

2.0 1 ChCl / Gly (1:2) 90 78 

27 0.5 6 ChCl / Gly (1:2) 84 71 

28 2.0 1 ChCl / Glu (2:1) 99 90 

29 

 

2.0 1 ChCl / Gly (1:2) 77 72 

30 0.5 6 ChCl / Gly (1:2) 70 62 

31 2.0 1 ChCl / Glu (2:1) 98 90 

32 

 

3.0 1 ChCl / Gly (1:2) 39 n.d.d 

33 

 

2.0 1 ChCl / Gly (1:2) 85 65 

34 2.0 1 ChCl / Glu (2:1) 98 81 

35 

 

2.0 1 ChCl / Gly (1:2) 61 51 

36 2.0 1 ChCl / Glu (2:1) 71 63 

37 

 

2.0 1 ChCl / Gly (1:2) 34 n.d.d 

a Reactions were run on 0.5 mmol of substrate 1a at a 0.5 M concentration in DES (1 mL); b 

Determined via 1H-NMR spectroscopy using nitromethane or ethylene carbonate as internal 

standards (see Supporting Information for details); c Reaction run on 1.0 g of substrate 1a (5.35 

mmol); d n.d.: not determined; e Traces of dibenzylideneacetone from pre-catalyst Pd2(dba)3 were 

still present in the isolated product 2j as shown by 1H-NMR spectroscopy; f Reactions run with: 

(BPin)2 (2.4 eq.), AcOK (4.0 eq.). 
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A series of substrates bearing electron-withdrawing substituents such as nitrile (1i), aldehyde 

(1j), ketone (1k), and methyl ester (1l,m) reacted swiftly, allowing to obtain the corresponding 

products in 61-89% isolated yields (entries 18, 21, 23, 26, 29). Also in this case, the conversion 

of a substrate with an unprotected carboxylic acid group (1n) was more problematic, and the 

resulting boronic ester was formed only in 39% 1H-NMR yield despite the use of a higher 

catalyst loading. 1,4-Dibromobenzene (1o) could also be efficiently converted by using a double 

amount of (BPin)2 and base, and the corresponding di-boronic ester 2o was formed in moderate 

yield (entry 33). Finally, it was observed that 3-bromothiophene 1p was sufficiently reactive 

under the present conditions, giving the corresponding product in 51% isolated yield (entry 35), 

while a worse result was obtained with 3-bromopyridine (1q), whose conversion was not 

complete, giving a 1H-NMR yield of 34% (entry 37, product not isolated). 

To prove the possibility of reducing the catalyst loading, several of the above substrates 

(1a,i,k,l,m) were also treated under the same reaction conditions, but using 0.5 mol% Pd2(dba)3 

in combination with 1 mol% XPhos as the catalytic mixture (thereby with a four-fold reduction 

of the catalyst amount). By extending the reaction time to 6 h, the corresponding products could 

be obtained in isolated yields of 62-76%, which were only slightly lower compared to those of 

the reactions using the typical amount of catalyst (entries 2, 19, 24, 27, 30). In addition, the 

borylation of compound 1a could also be scaled up to convert 1.0 g (ca. 5.35 mmol) of the 

substrate, without a significant decrease in the final yield of 2a (entry 3). As shown in Table 3, 

for most of the substrates 1a-q we also tested the possibility of replacing the ChCl/Gly (1:2) 

solvent mixture with the DES obtained by combining ChCl and glucose in a 2:1 weight-to-

weight ratio. Gratifyingly, in most cases, the reactions proceeded equally well in both media, and 

only in the case of substrate 1c and, partially, 1b,f the 1H-NMR yields were significantly lower 
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(entries 6, 8, 14). Indeed, in many other cases the opposite was true, and higher isolated yields of 

the borylation products could be obtained in the glucose-based solvent system: see, for example, 

substrates 1g,j,m,o (entries 16, 22, 31, 34).  

In the next part of the study, we tested the recyclability of the ChCl/glycerol (1:2) DES used in 

the process, focusing once again on the borylation of model substrate 1a (Scheme 3). 

 

  

 

 

 

 

 

Scheme 3. Investigation of DES recycling for the borylation of compound 1a. Conversion and 

yield were determined via 1H-NMR spectroscopy using nitromethane as internal standard. 

To this end, after the first reaction was over, the product was extracted with cyclopentyl methyl 

ether (CPME), and the DES was kept under vacuum for 3 h. New fresh substrate and reagents 

were then added to the recovered eutectic mixture and the whole procedure was repeated (see 

Section S6 in Supporting Information for details). Interestingly, the conversion and yield of the 

desired product remained almost unchanged in the 2nd cycle of reaction; however, in the 
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subsequent cycle, although the conversion was still high, the yield decreased by approx. 20%. 

This could indicate a loss of selectivity of the catalyst, perhaps due to the precipitation of 

palladium in the form of nanoparticles. In any case, further insights will be needed to improve 

this aspect of the catalytic system. 

Having explored the functional group tolerance of the reaction on a series of different 

(hetero)aromatic bromides, we then focused on the possibility of using different halides or 

pseudohalides as substrates. This would improve the synthetic utility of the Miyaura borylation 

in DES since, for example, aryl chlorides are more readily available and cheaper than the 

corresponding bromides, and many aromatic compounds with good oxygen-based leaving 

groups, such as triflates, can be simply obtained from the corresponding commercially available 

phenols.86,87  The different substrates were tested under optimized conditions and the results of 

the reactions are shown in Table 4. In general, efficient conversion of aryl chlorides required the 

use of a higher catalyst loading of 3 mol% Pd2(dba)3 and 6 mol% XPhos, except in the case of 

compound 3i (entry 6), which could be reacted using 2% mol of Pd precursor. In most cases, fair 

to high isolated yields of the corresponding boronic esters were obtained, with the worst result 

provided once again by the ortho-substituted chloride 3c (entry 5), confirming that the catalyst 

presented some sensitivity to the steric bulk of the substrate. Substitution in meta-position, 

instead, was well-tolerated (entry 7). As expected, iodobenzene 4b was also a competent 

substrate for the reaction (entry 3), although the isolated yield of product 2b was not very 

different from that obtained starting from the corresponding chloride. Finally, triflates reacted 

also well in the Pd-catalyzed Miyaura borylation, with substrate 5b even providing a higher yield 

of product 2b compared to its halide analogues (entry 4). 
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Table 4. Testing of different halides and pseudohalides as substrates for the Pd-catalyzed 

Miyaura borylation in DES. 

 

Entrya R = X = x 
1H-NMR 

Yield (%)b 
Isolated 

Yield (%) 

1 

 

Cl (3a) 3.0 86 68 

2 

 

Cl (3b) 3.0 75 63 

3 I (4b) 2.0 77 63 

4 OTf (5b) 3.0 80 66 

5 

 

Cl (3c) 3.0 65 55 

6 

 

Cl (3i) 2.0 96 90 

7 

 

Cl (3r) 3.0 88 72 

8 

 

OTf (5s) 3.0 99 80 

a Reactions were run on 0.5 mmol of substrate at a 0.5 M concentration in DES (1 mL); b 

Determined via 1H-NMR spectroscopy using nitromethane as internal standard (see Supporting 

Information for details). 

As mentioned above, with a view to streamline the use of the prepared boronic esters by 

avoiding their purification, we then investigated the possibility to directly perform cross-

coupling transformations using the crude borylation products, taking advantage of a telescopic 
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protocol. To test this hypothesis in DES, we carried out a series of one-pot Miyaura borylation / 

Suzuki-Miyaura cross-coupling sequences, forming a new C-C bond between two different aryl 

bromides added consecutively to the reaction mixture (Scheme 4).  

 

Scheme 4. Scope of the one-pot Miyaura borylation / Suzuki-Miyaura cross-coupling sequence 

in DES (yields refer to the amount of isolated products after purification). 

The choice of the substrates was mainly dictated by our will of exploring the synthesis of bi-

(hetero)aryls having rings with different electronic properties, which could serve as good models 

of compounds with actual application in organic electronics. Importantly, no further addition of 
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catalyst was made after the first reaction was complete, and, apart from the second bromide, only 

the addition of a slight excess of an aqueous base such as potassium carbonate was required to 

allow the cross-coupling reaction taking place. In a first series of experiments, several different 

bromides (blue in Scheme 4) were converted to the corresponding boronic esters in the usual 

ChCl / glycerol (1:2) solvent mixture and then reacted with a slight excess of 4-

bromobenzonitrile (1i) to form the corresponding biaryls in fair to high yields. Subsequently, to 

quickly check the reaction scope also on the side of the Suzuki-Miyaura reaction, 4-

bromoanisole (1a) was subjected to the borylation under the usual conditions, and the resulting 

boronic ester 2a was reacted with a few different aryl bromides (orange in Scheme 4), providing 

also in this case the desired products in good yields up to 77%. Notably, this procedure allowed 

to access D-A type structures, such as compounds 6 and 14, and permitted the formation of a 

new C-C bond with a triphenylamine (TPA) unit (compound 15), which appeared relevant in the 

context of the synthesis of functional organic compounds with light-harvesting or charge 

transport properties. 

At this stage, two typical green metrics values, E-factor35 and Eco-scale,78 were calculated for 

the developed one-pot Miyaura borylation / Suzuki-Miyaura cross-coupling protocol in 

ChCl/Gly (1:2), and the results were compared to the literature (Table 5). To make this 

evaluation fair, since several different syntheses of products 6-15 are reported in the literature, 

we selected for comparison the procedures showing the closest analogy to the synthetic pathway 

followed here. Thus, as a first choice, we picked other one-pot Miyaura borylation / Suzuki-

Miyaura cross-coupling protocols; in their absence, we selected different one-pot metalation / 

cross-coupling procedures and, finally, if alternatives were not present, simple Suzuki-Miyaura 

cross-couplings. When more than one literature procedure looked appropriate for comparison, all 
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of them were taken into account for the green metrics calculations (e.g. products 12 and 19 in 

Table 5). Details of the calculations are reported in the Supporting Information. 

Table 5. Green Metrics of the one-pot Miyaura borylation / Suzuki-Miyaura cross-coupling 

reactions and the corresponding literature comparison. 

Product 

E-factor 

(excluding 

purification)a 

E-factor 

(excluding 

purification) 

(lit.)b 

E-factor 

(including 

purification)a 

Eco-

Scalea 

Eco-

Scale 

(lit.)b 

Literature 

ref. 

6 17 89 319c 85.5 10 88 

7 21 23 368c 70 62.5 89 

8 19 107 351c 78 12.5 90 

9 24 69 433c 73.5 80 91 

10 19 34 340c 80 – 2 92 

11 35 42 621c 50.5 44 80 

12 23 
28 

416c 61 
61 93 

40 50.5 94 

13 23 27 416c 76.5 38 95 

14 23 30 411c 74.5 64.5 96 

15 23 43 2878d 51 73 97 

17 35 28 6985d 42 56.5 98 

19 14 
38 

2439d 66 
59 99 

375 58 100 
a Calculated using the experimental data reported in the Supporting Information; b Calculated 

using the experimental data reported in the corresponding articles; c Purified by recrystallization; 
d Purified by column chromatography.  

Initially, only the contribution of the reaction process was considered in the calculation of the E-

factor, excluding the work-up and purification procedures, to make a reasonable comparison with 

the corresponding literature protocols developed in organic volatile solvents. Based on these 

premises, values ranging from 17 to 35 were obtained (products 6–15, column 2, Table 5), 

always lower than those of the literature references (products 6–15, column 3, Table 5), 

demonstrating that a lower waste production in synthesis of these biaryls is realized when the 

one-pot Miyaura borylation / Suzuki-Miyaura cross-coupling in DES is employed. Finally, to 
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estimate the overall synthetic process, the E-factor calculations were repeated taking into account 

the work-up and purification contributions too (products 6–15, column 4, Table 5). As expected, 

all the values increased significantly, but were still comparable to standard values of other 

literature cross-coupling reactions on a laboratory scale.101,102 Regarding the Eco-scale 

calculations, for all compounds 6-15 values fell in the 50.5–85.5 range and can be considered 

“excellent” (Eco-scale > 75, compounds 6, 8, 10, 13) or “acceptable” (Eco-scale > 50, 

compounds 7, 9, 11, 12, 14, 15), according to the original paper by Van Aken and coworkers.78 

In most cases, Eco-scale values were superior or comparable (compounds 6-8, 10-14) to those of 

literature precedents, especially because the present protocol does not require the use of toxic 

and flammable reagents and solvents, such as, for example, 1,4-dioxane, N,N-DMF, cesium 

fluoride and cesium carbonate (see Supporting Information for details). The main exceptions are 

the syntheses of compounds 9 and 15, whose smaller Eco-scale values are mainly due to the 

inferior yields compared to those reported in the reference works. 

To explore the possibility of applying the one-pot procedure described above to the synthesis of 

molecules with proven application in the field of organic electronics and/or photovoltaics, we 

finally attempted the preparation of two such compounds (Scheme 5). The first of them, 

compound 17, was originally employed as a strong red emitter in OLEDs103 and has constituted 

the progenitor of a series of luminescent materials obtained by intercalation of different 

conjugated units between the donor TPA and the acceptor benzothiadiazole moieties.104–106 In 

addition, it can also serve as the precursor for the preparation of the yellow emitter DQ1, whose 

employment as fluorophore for high-efficiency luminescent solar concentrators (LSCs) was 

recently demonstrated.74,107 To synthesize compound 17, borylation of bromide 1t (Scheme 5, 

top) needs to be carried out first. Gratifyingly, when this substrate was subjected to the optimized 
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reaction conditions (as in Table 2, Entry 1) for a time of 24 h, the corresponding boronic ester 2t 

was efficiently formed in 93% yield (as determined from the 1H-NMR spectrum of the crude 

using nitromethane as internal standard). Comforted by this result, we thus used compound 1t for 

the one-pot reaction protocol: thus, after the first step was complete, 4,7-dibromobenzo-2,1,3-

thiadiazole (16) was immediately added to the reaction mixture together with potassium 

carbonate and a small additional quantity of catalyst. Finally, the desired product 17 could be 

isolated in 42% yield. 

 

Scheme 5. Examples of application of the one-pot Miyaura borylation / Suzuki-Miyaura 

coupling procedure in DES to the synthesis of compounds with applications in organic 

electronics and photovoltaics. 
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In this case green metrics (see table 5) resulted slightly worse than those calculated for the 

synthesis reported in the literature (see Supporting Information for calculations).98 However it 

should be outlined that such comparison is only partial, taking into account only the Suzuki-

Miyaura cross-coupling step, since no one-pot procedure starting from halides like 16 and 1t was 

ever reported in the literature before. However, the poor E-factor and Eco-scale values can be 

explained considering the lower yields of the two steps, which are anyway still reasonable for a 

telescopic process. As a second example, we focused on compound 19, which is the direct 

precursor of dye L1, originally employed by Sun and co-workers as a standalone sensitizer for 

dye-sensitized solar cells76 and also recently reported as a co-sensitizer to other dyes in the 

context of studies on indoor photovoltaics.108 To prepare it, once again bromide 1t was converted 

into the corresponding boronic ester and the latter was reacted with 2-bromo-5-formythiophene 

(18) according to the same protocol, providing the desired product in 74% isolated yield 

(Scheme 5, bottom). In this case, the E-factor values are coherent with our previous results 

(Table 5), furthermore the comparison of the only reaction contribution with the selected 

literature references was favorable (14 vs. 38 and 375), despite they are not telescopic processes. 

Similarly, the Eco-scale value of 66 turned out to be higher than those calculated from literature 

examples (58-59), which featured higher yields but employed toxic and flammable solvents. 

Noteworthy, both comparisons are always advantageous, regardless of the nature of the cross-

coupling reaction, direct arylation99 or Suzuki-Miyaura.100 

CONCLUSIONS 

The Pd-catalyzed Miyaura borylation of (hetero)aromatic halides and pseudohalides with 

bis(pinacolato)diboron has been investigated in Deep-Eutectic Solvents (DESs) for the first time. 

The reaction can be carried out smoothly in just one hour under air, using Pd2dba3 as the 
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precatalyst, XPhos as the ligand and potassium acetate as the base, both in a typical choline 

chloride/glycerol (1:2) mixture and in a less usual choline chloride/glucose (2:1) mixture, which 

is very promising in terms of sustainability, due to its high biodegradability and the well-

established glucose production from biomass. The reaction has been successfully performed 

starting from different halides, from bromides and iodides to the less reactive chlorides, as well 

as triflates, and was proven to tolerate several functional groups like ethers, thioethers, ketones, 

aldehydes, esters, nitriles, and arylamines. To avoid boronic esters purification, we developed 

also a straightforward telescopic borylation / Suzuki-Miyaura cross-coupling protocol in choline 

chloride/glycerol (1:2) for the direct synthesis of bi-(hetero)aryls. The quality of this procedure 

was semi-quantitatively assessed by calculating E-factor and Eco-scale values: most of the 

syntheses can be ranked as “excellent” or “acceptable” and showed higher Eco-scale values and 

lower E-factors than the corresponding literature examples using VOCs, highlighting their 

potential progress in terms of waste reduction, safety as well as energy consumption. This is 

especially significant when considering the foreseen application of the work to the preparation of 

conjugated molecules relevant to the electronics and photovoltaics field, in which such aspects of 

the compounds syntheses are often neglected. 
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