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1. Introduction 
 

Cross-coupling is the remarkable organic 
chemistry reactions that extensively chemists have 
been worked [1]. As one of the most important and 
versatile classes of reagents, aryl boronic acids/esters 
play prominent roles in modern organic synthesis and 
serves as a precursor for various cross-coupling 
reactions, most notably the Suzuki-Miyaura reaction 
[1, 2]. More significantly, this class of organoboron 
compounds also exhibit a wide range of biological 
activities (e.g., anticancer, antibacterial, antiviral 
activities) [3-5] and can even be used as sensors and 
delivery systems [6]. Considering the above facts, 
borylation is undoubtedly one of the most important 
transformations in organic chemistry, but usually 
employs hazardous and toxic halides and 
pseudohalides [7]. In order to address sustainable 

development and green strategies, synthetic chemists 
have devoted considerable effort to the discovery and 
development of convenient and less toxic alternative 
electrophilic reagents [8]. In this regard, desulfurative 
borylation of organosulfur compounds has recently 
received considerable attention as a new concept for 
the construction of aryl boronic ester derivatives. This 
strategy allows a single-step synthesis of diverse aryl 
boronic esters from various easily available and less 
toxic aromatic organosulfur compounds such as 
sulfides, sulfones, sulfoxides, sulfonium salts, sodium 
arylsulfinates, and dibenzothiophenes, through the 
cleavage of C-S bond (Fig. 1). Although several 
interesting review articles have covered some aspects 
in desulfurative functionalization reactions [9], a 
review that covers a comprehensive list of the 
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existing literature on desulfurative borylation 
reactions is not yet available. In connection with our 
recent review articles on organosulfur chemistry [10] 
and new methodologies in organic synthesis [11], 

herein, we will try to summarize the recent progress 
and developments on this appealing research arena by 
hoping that it will inspire and stimulate further 
research on the topic. 

 

 
Fig. 1. Desulfurative borylation of aromatic organosulfur compounds.

 
2. Borylation of sulfides 
 

Sulfides were used for C–B bond formation via 
Rh-catalyzed desulfanylative coupling with diborons 
by Hosoya and co-workers for the first time [12]. In 
this case, a mixture of the rhodium source 
([Rh(OH)(cod)]2), ligand [tricyclohexylphosphine 
(PCy3)] and bis(pinacolato)diboron (B2pin2; 1) was 
stirred in hexane at 80 oC for 1 h, and then alkyl aryl 
sulfides 2 were added to initiate the cross-coupling 
reaction. Under the optimal conditions, the borylation 
occurred via selective fission of the aromatic C−S 
bond and the target arylboronic acid pinacol esters 3 
were obtained in moderate to quantitative yields 

(Scheme 1). However, diphenylsulfane did not work 
well under these conditions and therefore no other 
diaryl sulfides were examined in the protocol.  The 
reaction mechanism is proposed as shown in Scheme 
2. Initially, preheating of the mixture of 
[Rh(OH)(cod)]2, PCy3 and B2pin2 generates the 
borylrhodium(I) species A. Then, oxidative addition 
of the C(aryl)–S bond in alkyl aryl sulfide 2 to the Rh 
metal center of species A followed by reductive 
elimination results in observed product 3 and 
methylthiorhodium(I) species B. The low-valent 
methylthiorhodium(I) species B then undergoes 
transmetalation with B2pin2 to regenerate the active 
borylrhodium(I) species A.
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Scheme 1. Hosoya's synthesis of arylboronic acid pinacol esters 3.

 
Concurrently, by means of the same strategy and 
using the Pd–PEPPSI–IPr ([1,3-bis(2,6-
diisopropylphenyl) imidazol-2-ylidene] (3-
chloropyridyl) palladium (II) dichloride) catalyst in 
the presence of LiN(SiMe3)2, Yorimitsu and co-
workers were able to synthesize a large library of 

arylboronic acid pinacol esters 5 from the 
corresponding methyl aryl sulfides 4 (Scheme 3) 
[13]. 
Apart from methylsulfanyl, other alkylsulfanyl 
groups such as ethylsulfanyl and dodecylsulfanyl 
groups can also be used as the leaving groups in this 
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protocol. However, the results showed that longer alkyl chains were inferior 
 

 
Scheme 2. The proposed mechanism for the formation of arylboronic acid pinacol esters 3. 

 
to methylsulfanyl as leaving groups probably because 
of their more electron-donating character. 
Interestingly, a 180% yield of arylboronate product 
was obtained when diphenyl sulfide was used as a 
substrate. 

This result suggests that the leaving 
benzenethiolate species should undergo the second 
borylation with another equivalent of B2pin2. 
Unfortunately, replacing B2pin2 with some other 
diboron reagents [e.g., bis(neopentyl 

glycolato)diboron, bis(hexylene glycolato)diboron, 
bis-(catecholato)diboron] led to lower yields or even 
no desired product at all. Four years later, Yamanaka 
and Kuninobu along with their co-workers unraveled 
that when the same reaction was performed in the 
presence of a catalytic amount of [Ir(OMe)(cod)]2 and 
5-phenyl-2 2'-bipyridine ligand, ortho-selective C−H 
borylation took place and the respective 2-
borylthioanisoles were produced in moderate to high 
yields [14]. 

 

 
Scheme 3. Yorimitsu's synthesis of arylboronic acid pinacol esters 5. 

 
Following these works, Seo, Lee, and co-

workers disclosed that using the CoI2/L1/TBAI/Mg 
catalytic system, the reaction of thioanisoles 6 and 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HBpin, 7) 
proceeded smoothly in THF at 50 oC to afford 
arylboronic acid pinacol esters 8 in fair to excellent 

yields (Scheme 4a) [15]. Mechanistic studies suggest 
that a Grignard reagent is generated as an 
intermediate via a C−S bond activation process, 
which subsequently trapped with HBpin electrophile 
(Scheme 4b). 
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Scheme 4. (a) Seo-Lee's synthesis of arylboronic acid pinacol esters 8; (b) plausible mechanism for the formation of 

arylboronates 8. 
 
3. Borylation of sulfonium salts  
 

In 2018, Yorimitsu and co-workers published 
one of the earliest reports on the desulfurative 
borylation of aryl sulfonium salts using the merge of 
Pd(OAc)2 and XPhos with K3PO4 as the catalytic 
system [16]. They showed that the treatment of 
various aryl methyl sulfides 9 with methyl triflate 
(MeOTf) in 1,2-DCE, resulted in the formation of the 
corresponding aryl sulfoniums A through 
methylation. After removal of all volatiles, addition 
of the catalytic mixture and B2pin2, and subsequent 
heating at 60 °C gave the desired arylboronate esters 
10 in moderate to high yields, ranging from 32% to 

84% (Scheme 5). Owing to the mild reaction 
conditions, a wide range of functional groups such as 
fluoro, chloro, cyano, nitro, trimethylsilyl, ester, 
ether, amide, ketone, and aldehyde functionalities 
were well tolerated. In order to extend the substrate 
scope of the protocol, the authors subjected a series of 
aryl dodecyl sulfides to the same reaction conditions. 
Interestingly, aryl dodecyl sulfide derivatives 
afforded the expected arylboronate ester products in 
better yields than the corresponding aryl methyl 
sulfides. They explained this observation by more 
solubility and more reluctantly of 
aryl(dodecyl)methylsulfoniums to demethylation than 
aryldimethylsulfoniums. 

 

 
Scheme 5. Yorimitsu's synthesis of arylboronate esters 10. 

 
Subsequently, Gao, Du, Tang and co-workers 

developed an alternative desulfurative borylation of 
aryl sulfonium salts under transition-metal-free, 
photo-irradiation conditions [17]. Thus, in the 
presence of 5.0 equiv of pyridine, the reaction of 
various aryldimethylsulfonium sults 11 with B2pin2 at 

room temperature under irradiation of ultraviolet 
(UV) light, furnished the corresponding arylboronate 
esters 12 within 12 h (Scheme 6). Unfortunately, this 
synthetic strategy was not applicable to benzyl and 
alkyl sulfonium salts, as they were rapidly 
decomposed. The authors suggested mechanism for 
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this C–B bond forming reaction is depicted in 
Scheme 7. The transformation may start with the 
photoexcitation of aryl sulfonium 11 to form an 
excited state species A, which after cleavage of the 
activated C(sp2)−S bond via a reductive single 
electron transfer (SET) process affords the key aryl-
radical B. Concurrently, nucleophilic addition of 
pyridine to the boron center of B2Pin2 leads to the 

formation of a hereroleptic complex C. Thereafter, 
the reaction complex C with aryl-radical B through a 
boron transfer process affords the desired product 12 
and a pyridine-complexed boryl-radical D. Finally, 
the open-shell intermediate D converts to the 
corresponding pyridinium E through a SET oxidative 
process.

 
 

 
Scheme 6. Photoinduced, transition-metal-free borylation of aryldimethylsulfonium sults 11 with B2pin2. 

 

 
Scheme 7. Proposed mechanism for the reaction in Scheme 6. 

 
In 2020, Peng and Wang developed an 

interesting photocatalyzed para-selective borylation 
of monosubstituted arenes 13 enabled by 
thianthrenation of arenes to provide the 
desired arylboronate esters 15 (Scheme 8) [18]. Aryl 
thianthrenium salts A were generated in situ in a 
regioselective manner by mixing arenes 13 with 
thianthrene 14 under mild conditions, followed by 
4CzIPN-catalyzed borylation of these reactive 
intermediates with B2Pin2 via cleavage of the C–S 
bond. This strategy was compatible with electron-rich 

arenes and complex bioactive molecules, 
demonstrating its versatility for late-stage 
functionalization of drug molecules. However, when 
electron-poor substrates (e.g., acetophenone, methyl 
benzoate) were employed under the optimal reaction 
conditions, only trace amounts of the desired products 
were obtained. In a related study, Ritter and co-
workers disclosed an example of arylboronate ester 
synthesis through the light-mediated borylation of the 
corresponding aryl thianthrenium tetrafluoroborate 
[19]. 
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Scheme 8. Peng-Wang's synthesis of arylboronate esters 15. 

 
Subsequently, the Rueping group reported a 

similar photochemical para-selective C−H borylation 
of arenes 16 via dibenzothiophenation using 
dibenzothiophene-S-oxide 17, followed by 
complexation with B2cat2 under the photochemical 
conditions and borylation of in situ generated electron 

donor-acceptor (EDA) complex with B2Pin2 (Scheme 
9) [20]. The reaction showed excellent functional 
group tolerance and also successfully applied in the 
late stage borylation of complex natural product 
derivatives, such as estrone and vitamin E. 

 

 
Scheme 9. Rueping's synthesis of arylboronate esters 18. 
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4. Borylation of sodium arylsulfinates 
 

The first and only example of the desulfitative 
borylation of sodium arylsulfinates with diborons has 
been reported by Qiu-Ye and co-workers in 2021 
[21], when sodium arylsulfinates 19 underwent 
borylation with bis(pinacolato)diboron or 
bis(neopentylglycolato)diboron in the presence of 
PdCl2/XPhos/Ag3PO4 combination as the catalytic 
system to form the respective arylboronates 
20 (Scheme 10). Both electron-donating and electron-
withdrawing groups were compatible with the 
transformation, affording the expected products in 
modest to good yields. However, ortho-substituted 
arylsulfinates were not compatible with the current 
protocol, presumably due to the steric hindrance. 
Regarding the influence of diborons, the reactions 
using B2pin2 afforded better yields compared to those 
used B2neop2 as the diboron source. In order to 
demonstrate the synthetic applicability and 

practicality of their borylation methodology, the 
authors also studied the possibility of synthesizing 
biaryl derivatives through the cascade 
borylation/Suzuki-Miyaura coupling process. Thus, a 
library of biaryl products were effectively synthesized 
in moderate yields through the tandem Pd-catalyzed 
Suzuki-Miyaura cross-coupling reaction of a series of 
crude borylation products with corresponding aryl 
halides. A possible mechanism for this borylation 
reaction is illustrated in Scheme 11. The reaction 
starts with the generation of palladium arylsulfinate 
A through the ligand exchange of the in situ formed 
Pd(II) complex with the sodium arylsulfinate 19. 
Subsequently, this intermediate undergoes SO2 
extrusion to give intermediate B, which after 
transmetalation affords palladium species C. Finally, 
reductive elimination of this complex C leads to the 
formation of final product 20 and Pd(0), which the 
later can be oxidized in situ by Ag(I) salt 
to regenerate the active Pd(II) species.

 
 

 
Scheme 10. Pd-catalyzed desulfitative borylation of sodium arylsulfinates 19 with diborons. 

 
 

Pd(II)X2
Ar SO2Na

Ar SO2Pd(II)X

SO2

Ar Pd(II)XAr Pd(II)B(OR)2

Ar B(OR)2

Pd(0)L

Ag(0)

Ag3PO4

XB(OR)2

base

(RO)2B

base

B(OR)2

A

C B

19

20

 
Scheme 11. Plausible mechanism for the reaction in Scheme 10. 
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5. Borylation of sulfoxides 
 

Following the early study by Hayashi [22], in 
2017, Yorimitsu and co-workers reported the first 
general protocol for the synthesis of aryl boronic 
esters 22 via desulfurative coupling of diaryl 
sulfoxides 21 with B2pin2 catalyzed by a phosphine-
ligated palladium catalyst, SPhos Pd G2 (Scheme 
12a) [23]. The reactions were performed in refluxing 
THF at a catalyst loading of 5 mol%. Generally high 
yields were achieved when electron-rich diaryl 
sulfoxides were used; however, electron-poor diaryl 
sulfoxides were not suitable coupling partners under 
these conditions, resulting in low yields. Instead of 
diaryl sulfoxides, methyl phenyl sulfoxide was 
reluctant to undergo the borylation, and afforded only 

12% NMR yield although it was fully consumed. 
Under similar conditions, the borylation with B2nep2 
proceeded sluggishly resulting in poor yield of final 
products. The plausible reaction mechanism for this 
borylation is shown in Scheme 12b. It consists of the 
following key steps: (i) initial formation of 
arylpalladium(II) intermediate A via oxidative 
addition of diaryl sulfoxide 21 to the palladium(0) 
species; (ii) boryl transfer from highly reactive borate 
complex C to intermediate A to form borate species 
B; (iii) reductive elimination of intermediate B to 
generate the desired product 22 and borate species D; 
(iv) dissociation of D into the boryl sulfenate E and 
LiN(SiMe3)2; (v) initiation of the second catalytic 
borylation with boryl sulfenate E and another 
molecule of B2pin2.

 
 

S

R

O

R + (Bpin)2

21 22

8 examples (40-81%)

SPhos Pd G2 (5 mol%)
LiN(SiMe3)2 (6 equiv)

THF, N2, 80 oC, 20 h

R= H, 4-Me, 4-Ph, 4-OMe, 4-SiMe3, 2-Me,
2,3-(CH=CH)2, 3,4-(CH=CH)2
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Scheme 12. (a) Pd-catalyzed double borylation of diaryl sulfoxides 21 with B2pin2; (b) Mechanism proposed to explain the 

formation of aryl boronic esters 22. 
 

Subsequently, in a related method, Marder and 
co-workers disclosed the efficient coupling between 
di(hetero) aryl sulfoxides 23 and bis 
(neopentylglycolato) diboron (B2nep2; 24) catalyzed 

by [Ni(COD)2] in the presence of ICy·HBF4 
(ICy=1,3-dicyclohexylimidazolin-2-ylidene) ligand 
(Scheme 13a) [24]. The reaction provides an efficient 
method to convert sulfoxides into boronic acid 
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neopentyl glycol esters 25. The method is 
characterized by excellent functional group tolerance 
in that functionalities, such as methoxy, thiomethyl, 
fluoro, chloro groups, and even trifluoromethyl group 
are well compatible under this catalyst system, 
demonstrating the generality of the protocol. 
However, sterically-hindered substrates, such as 
bis(1,3,5-trimethylphenyl) sulfoxide are not 
compatible with this reaction. Considering the failure 
when utilizing sterically-hindered substrates, the 
authors nicely extended their methodology to 

regioselective borylation of unsymmetrical diaryl 
sulfoxides by means of steric bias. Thus, a panel of 
10 (hetero)aryl boronic esters were synthesized in 
moderate-to-good yields from corresponding 2,6-
dimethylphenyl aryl sulfoxides and B2nep2 under the 
standard conditions. Concurrently, König's research 
team informed a metal-free protocol for desulfurative 
borylation of sulfoxides 26 with B2pin2 using the 
merge of 30 mol% of sodium cyclohexanethiolate 
(CySNa) with 2 equiv. CsF under irradiation with a 
385–390 nm LED at 30-35 oC (Scheme 13b) [25].

 

 
Scheme 13. (a) Ni-catalyzed desulfurative borylation of di(hetero)aryl sulfoxides 23 with B2neop2; (b) photo-induced 

borylation of di(hetero)aryl sulfoxides 26 reported by König. 
 

 
Scheme 14. Pd-catalyzed borylation of diphenyl sulfone 28. 

 
6. Borylation of Sulfones  
 
       Although desulfonative borylation of 
alkyl/benzyl sulfones has been well established [26-
29], reports on desulfonative borylation of aryl 
sulfones are very scarce. To the best of our 
knowledge, only one example of such a reaction was 
reported in the literature till date. In 2017, in the same 
paper describing Pd-catalyzed double borylation of 
diaryl sulfoxides with diborons [23], Yorimitsu's 
research group also utilized the same catalytic system 
towards the desulfonative borylation of diphenyl 
sulfone 28 with B2pin2 and obtained the respective 

borylated product 29 in 46% yield (Scheme 14). 
Unfortunately, after about seven years of this report, 
the scope and limitations of this page of aryl boronic 
acid synthesis have not yet been investigated. 
 
7. Borylation of dibenzothiophenes 
 

In 2017, Yorimitsu and co-workers reported an 
elegant bimetallic Rh/Cu-catalyzed ring-opening 
diborylation of dibenzothiophenes with diboron 
through aromatic metamorphosis to access 2,2′-
diborylbiaryl compounds [30]. They disclosed that in 
the presence of 5 mol % [Rh(cod)Cl]2, 1 mol% 
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CuCl(IPr), and 3 equiv. of CsF, dibenzothiophene 
derivatives 30 underwent a couple of sequential 
borylation reactions with B2pin2 to afford the 
corresponding 2,2′-diborylbiaryls 31 in up to 49% 
yields (Scheme 15). This process involved the 
cleavage of two C–S bonds and the subsequent 
formation of two C–B bonds. As a proof-of-principle, 
2,2′-diborylbiphenyl was converted into a series of 

6,6-disubstituted fulvene derivatives through two-fold 
Pd-catalyzed cross-coupling reactions with gem-
dibromoethylenes, and dibenzofuran via the formal 
Cu-mediated replacement of the sulfur atom of 2,2′-
diborylbiphenyl with an oxygen atom under basic 
conditions. According to the authors proposed 
mechanism (Scheme 16), thiarhodacycle A might be 
the key intermediate for this transformation.

 
 

 
Scheme 15. Yorimitsu's synthesis of 2,2′-diborylbiaryls 31. 

 

 
Scheme 16. Mechanistic proposal for the formation of 2,2′-diborylbiaryls 31. 

 
Four years later, the same research group 

unraveled the preparation of borole 33 through the 
desulfurative dilithiation of dibenzothiophene 32 with 
lithium powder under basic condition, followed by 

trapping of 2,2’-dilithiobiphenyl intermediate with 
dimethyl (2,4,6-triisopropylphenyl)boronate (Scheme 
17) [31]. 
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Scheme 17. Yorimitsu's synthesis of borole 33. 

 
8. Conclusion 

 
This review highlights the recent progress and 

development on desulfurative borylation of aromatic 
organosulfur compounds. This new approach may 
serve as a complementary methodology for 
construction of aryl boronic ester derivatives which 
conventionally rely on the use on toxic aryl 
(pseudo)halides. Although considerable successes 
have been achieved so far in this area, additional 
development of novel borylating agents and further 
investigation of scope and limitation of existing 
methods is highly warranted. 
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