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ABSTRACT: We have found that aryl boranes can be obtained from aryl sulfones, including phenyl methyl sulfone, 1,3-dimethylim-
idazol-2-ylidene borane (diMeImd-BH3) in the presence of a radical initiator. The reaction proceeds via the addition of a boryl radical 
to an aryl sulfone, followed by β-cleavage to give an aryl borane and a sulfonyl radical. The generated aryl boranes can be applied 
for Suzuki-Miyaura coupling with 4-bromophenyl methyl sulfone.

The applications of aryl boron compounds have been steadily increasing over the past decades. For instance, they are widely regarded 
as important synthetic intermediates, serving as starting materials for various functional group transformation reactions, including the 
Suzuki-Miyaura coupling reaction.1,2 Additionally, aryl boron compounds are directly used as pharmaceuticals3 and functional mate-
rials.4 
Classically, aryl boron compounds have been synthesized via reactions that exploit the electrophilicity of boron, arising from its 
empty p orbital. For instance, aryl boron compounds can be prepared by reacting aryl lithium species or Grignard reagents with 
B(OR)3 (Scheme 1).5 In recent decades, transition metal-catalyzed borylation reactions have been developed. Notable examples in-
clude Pd-catalyzed borylation of aryl halides6,7 and Ir-catalyzed C-H borylation of arenes.8–12 In the past decades, the borylations of 
aryl radicals have been also developed.13–15 However, the borylation of aryl sulfones was scarcely reported. In 2022, Hu et al. disclosed 
a copper-catalyzed borylation of aryl sulfones.16 

 
Scheme 1. Synthesis of aryl boranes. 

In 2015, we reported radical cyanation of N-heterocyclic carbene boranes (NHC-boranes) via nucleophilic addition to the cyano group 
followed by β-cleavage.17–19 After this work, various groups have since developed borylation reactions involving nucleophilic boryl 
radicals.20–23 One of us reported 1,4-hydroboration of electron-deficient arenes such as 1,4-dicyanobenzene (eq. 1).24 Recently, Leo-
roni et al. reported the oxidative C-H borylation of quinolines (eq. 2).25–27 Additionally, nucleophilic borylation reactions of per-
fluoroarenes have been developed by many research groups and flourished (eq. 3).28–32 However, to the best of our knowledge, no 
method has yet been established for the synthesis of simple aryl boranes via nucleophilic radical borylation (eq. 4).33  
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In our previous report on radical cyanation reaction, NHC-boryl radicals prefer to add electron-deficient nitriles such as malononitrile 
due to the nucleophilicity of a boryl radical.17 When phenyl sulfonyl acetonitrile was used as a cyano source, we found that cyano 
borane was obtained along with phenyl borane (Scheme 2). In this study, we found radial borylation of diMeImd-BH3

34 with simple 
aryl sulfones. The obtained aryl boranes were used for the Suzuki-Miyaura reaction with 4-bromophenyl methyl sulfone followed by 
radical borylation to achieve iterative coupling. 

 
Scheme 2. Unexpected borylation of sulfone. 

Preliminary investigations of the borylation reaction were conducted using diMeImd-BH3 with diphenyl sulfone (1aa) as a 
model substrate (Scheme 3). Since sulfinic acid was expected to form as a byproduct in this borylation reaction, various bases 
were tested to optimize the conditions (see SI). Among the bases evaluated, K2CO3 was found to be the most effective. Fur-
thermore, the reaction mixture, after borylation, was treated with methyl iodide to trap the benzene sulfinate, yielding methyl 
phenyl sulfone (1ab). For instance, when t-BuOOt-Bu was used as a radical initiator and K2CO3, the corresponding borylated 
product 2a was obtained in 47% yield with 1ab in 71% yield. However, the yield of 2a was significantly lower compared to 
the yield of methyl phenyl sulfone (1ab).  

 
Scheme 3. Initial study 

Next, the equivalents of the radical initiator and reaction time were optimized. By using 0.2 equivalents of t-BuOOt-Bu and 
heating at 140 °C (bath temp.) for 24 hours, 2a was obtained in a 79% yield (Table 1). When methyl phenyl sulfone (1ab) was 
used instead of 1aa, 2a was obtained in a comparable yield. However, when other sulfones (R = Et, i-Pr, Bn, CF3; 1ac–1af) 
were used, the yield of 2a decreased significantly. Additionally, scaling up the reaction to 5 mmol using diphenyl sulfone (1aa) 
afforded 2a in a 56% yield. 
Table 1. Optimization a,b 
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a Determined by 1H NMR using CH2Br2 as an internal standard. b Yield of product, isolated after flash column chromatography on SiO2, is 
given in parentheses. c1aa (5 mmol) 

Using the optimized conditions, the substrate scope of methyl aryl sulfones was investigated (Table 2). For substrate 1b, sub-
stituted with a methyl group at the para position, the corresponding product 2b was obtained in moderate yields (entry 1). 
When sulfone 1c bearing an electron-donating (OMe) was used, the yield of the borylated product 2c significantly decreased 
(entry 2). In contrast, methyl aryl sulfone 1d with an electron-withdrawing CF3 group provided the borylated product 2d in 
good yield (entry 3). The reaction of methyl 4-(methylsulfonyl)benzoate (1e) gave 2e in low yield (entry 4). Decreasing the 
reaction temperature to 120 °C improved the yield to 73% (entry 5). On the other hand, sulfones 1f and 1g, bearing cyano or 
nitro groups, respectively, afforded either low yields or no detectable borylated products (entries 6 and 7). For substrates 1h–
1j, substituted with Me or Ph groups at the meta or ortho positions, the corresponding products were obtained in moderate 
yields (entries 8–10). Similarly, 2-naphthyl substrates 1k provided the desired product 2k in moderate yields. When 4-bromo-
phenyl methyl sulfone (1l) was used, the desired product 2l was not obtained. Instead, 1ab, resulting from debromination, was 
isolated in 62% yield, along with debrominated and borylated product 2a in 12% yield. 
Table 2. Substrate Scope of Sulfones 

 
 entry Ar 1 2 Yield b,c 

135 1 4-C6H4CH3 1b 2b 53% (45%) 

191 2 4-C6H4OCH3 1c 2c 37% 

107 3 d 4-C6H4CF3 1d 2d 89% (74%) 

138 4 4-C6H4CO2Me 1e 2e 62% 

194 5 e 4-C6H4CO2Me 1e 2e 73% 

192 6 4-C6H4CN 1f 2fe 36% (20%) 

105 7 4-C6H4NO2 1g 2ge 0% 

232 8 3-C6H4CH3 1h 2h 65% (56%) 

186 9 2-C6H4CH3 1i 2i 74% (57%) 

200 10 2-C6H4Ph 1j 2j 68% (58%) 

190 11 2-naphthyl 1k 2k 74% (58%) 

119 12 4-C6H4Br 1l 2l 0% f 
a NHC borane (0.75 mmol), 1 (0.5 mmol), K2CO3 (1.2 mmol), t-BuOOt-Bu (0.1 mmol), o-xylene (1 mL), 24 h. b Determined by 1H NMR 
spectroscopy using CH2Br2 as an internal standard. c yield of product, isolated after flash column chromatography on SiO2, is given in 
parentheses. d 0.1 mmol scale, e 120 °C f 1ab and 2a were formed in 62% and 12% yields, respectively. 

The reaction of 4-chlorophenyl methyl sulfone (1m) and 4-fluorophenyl methyl sulfone (1n) with NHC-borane gave the 4-methyl 
sulfonyl phenyl borane 3 in 18% and 67% NMR yields, respectively (Scheme 4). For the reaction of 1n gave bis sulfones 4 in 5% 
yield. These results indicated that generated sulfinate attacks aryl fluoride via SNAr reaction to form the aryl sulfone.35 
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Scheme 4. Radical borylation of 4-chlorophenyl methyl sulfone (1m) and 4-fluorophenyl methyl sulfone (1n) 

To elucidate the reaction mechanism, DFT calculations were performed (Figure 1). NHC boryl radical A attacks at the ipso position 
of the benzene ring of a methyl phenyl sulfone (1ab), forming cyclohexadienyl radical B. The activation energy for this step is 
calculated to be 72.3 kJ/mol using the ROBHandHLYP/6-311G(d,p)//BHandHLYP/6-311(d,p) level of theory. Following this, β-
cleavege occurs, leading to the expulsion of sulfonyl radical C and the formation of borylated product 2a. This overall addition–
elimination process is predicted to be exothermic (-10.4 kJ/mol). The generated sulfonyl radical C then abstracts a hydrogen atom 
from NHC-borane with a 43.4 kJ/mol of activation energy, regenerating the boryl radical A exothermically, thus keeping a radical 
chain mechanism. Energies including solvent effects were calculated using the PCM method. As shown in the profile, solvent effects 
increase all energy barriers in this study. Interestingly, a significant solvent effect (15.7 kJ/mol) is observed on the forward process 
of attacking NHC-BH2 radical to PhSO2Me, while smaller solvent effects (0.3–5.8 kJ/mol) are found on the other energy barriers. 
Figure 1. Reaction profile for borylation of PhSO2Me with NHC-BH2 radical 

 
 
The proposed reaction mechanism is shown in Figure 2. Initially, t-BuOOt-Bu undergoes homolytic cleavage upon heating, generat-
ing t-BuO radicals. These radicals abstract a hydrogen atom from diMeImd-BH3, leading to the formation of an NHC boryl radical 
A. Subsequently, A adds to an aryl sulfone, and a subsequent cleavage reaction produces the desired product 2 along with the for-
mation of a sulfonyl radical C. The sulfonyl radical C then abstracts a hydrogen atom from NHC borane, regenerating the boryl 
radical A. The sulfinic acid generated earlier reacts with a base to form the sulfinic salt. 
Figure 2. Possible mechanism 
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The applications of the aryl boranes synthesized in this reaction are demonstrated (Scheme 5). The reaction of 2a with N-chlorosuc-
cinimide (NCS) followed by hydrolysis to form the corresponding boronic acid. Without purification, a Suzuki–Miyaura cross-cou-
pling reaction with 4-bromophenyl methyl sulfone (1l) was performed, yielding 4-(methylsulfonyl)biphenyl (1o) in 87% yield.36 
Subsequently, 1o was treated under standard borylation conditions to synthesize 2o in 59% yield. After further formation of the 
boronic acid and performing a one-pot Suzuki–Miyaura cross-coupling reaction, 4-(methylsulfonyl)terphenyl 1p was obtained in 
88% yield. 

 
Scheme 5. Suzuki-Miyaura reaction followed by borylation 

In summary, we discovered that when NHC borane and aryl sulfone are reacted in the presence of a radical initiator, NHC-aryl 
substituted boranes are obtained. The aryl boranes synthesized in this reaction can be applied to functional group transformation 
reactions such as the Suzuki–Miyaura cross-coupling reaction. Furthermore, repeated cross-coupling reactions are possible, making 
this approach highly valuable in synthetic chemistry. 

AUTHOR INFORMATION 
Corresponding Author 
* Takuji Kawamoto – Department of Applied Chemistry, Yamaguchi University, Ube, Yamaguchi 755-8611, Japan 

 

Authors 

Ryo Komatsu – Department of Applied Chemistry, Yamaguchi University, Ube, Yamaguchi 755-8611, Japan 

Tsubasa Morioka – Department of Applied Chemistry, Yamaguchi University, Ube, Yamaguchi 755-8611, Japan 

Akio Kamimura – Department of Applied Chemistry, Yamaguchi University, Ube, Yamaguchi 755-8611, Japan 

Hiroshi Matsubara – Department of Chemistry, Graduate School of Science, Osaka Metropolitan University, Sakai, Osaka 599-
8531, Japan 

Dennis P. Curran – Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, United States 

Funding Sources 
Any funds used to support the research of the manuscript should be placed here (per journal style). 
Notes 
Any additional relevant notes should be placed here. 

t-BuOOt-Bu

Δ
t-BuO

t-BuOH

R
S
OO

R
S
OO B

HH
N

N
B
H

HH
N

N

R
S
OH

O

B
HH

N

N

B
H

HH
N

N

K2CO3

SO2R

B
N

N

H
H

R
S
OK

O

A

1

B

2
C

diMeImd-BH3

S
OO

BN

N

H H
1) NCS (2 equiv)
1) THF, rt, 15 min
1) then H2O

2) 

    1l (1 equiv)
2) Pd(PPh3)4 (5 mol %)
2) Cs2CO3 (2 equiv)
2) 66 °C, 60 h

2a 1o
87%

1p
88%

K2CO3 (2.4 equiv)
t-BuOOt-Bu (0.2 equiv)

o-xylene (1 mL)
140 °C, 24 h

2o
59%

HH
N

N

B S
OO

S
OO

Br

1) NCS (2 equiv)
1) THF, rt, 15 min
1) then H2O

2) 

    1l (1 equiv)
2) Pd(PPh3)4 (5 mol %)
2) Cs2CO3 (2 equiv)
2) 66 °C, 60 h

S
OO

Br

https://doi.org/10.26434/chemrxiv-2024-zbfbj ORCID: https://orcid.org/0000-0002-1845-4700 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zbfbj
https://orcid.org/0000-0002-1845-4700
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

ACKNOWLEDGMENT  
This work was partially supported by a Grant-in-Aid for Scientific 
Research (C) (22K05116) and the Electric Technology Research Foundation of Chugoku.  

REFERENCES 
1. Miyaura, N., Yamada, K. & Suzuki, A. A new stereospecific cross-coupling by the palladium-

catalyzed reaction of 1-alkenylboranes with 1-alkenyl or 1-alkynyl halides. Tetrahedron Lett. 20, 
3437–3440 (1979). 

2. Suzuki, A. & Miyaura, N. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron Com-
pounds. Chem. Rev. 95, 2457–2483 (1995). 

3. Felipe, G., Fernandes, S., Alexander, W., Leandro, J. & Santos, D. European Journal of Medicinal 
Chemistry Boron in drug design : Recent advances in the development of new therapeutic agents. 
Eur. J. Med. Chem. 179, 791–804 (2019). 

4. Wan, L., Cheng, Z., Liu, F. & Lu, P. Recent advances and prospects for organoboron-based ther-
mally activated delayed fluorescence emitters. Mater. Chem. Front. 7, 4420–4444 (2023). 

5. Berger, S. M., Ferger, M. & Marder, T. B. Synthetic Approaches to Triarylboranes from 1885 to 
2020. Chem. Eur. J. 27, 7043–7058 (2021). 

6. Ishiyama, T., Murata, M. & Miyaura, N. Palladium(0)-Catalyzed Cross-Coupling Reaction of 
Alkoxydiboron with Haloarenes: A Direct Procedure for Arylboronic Esters. J. Org. Chem. 60, 
7508–7510 (1995). 

7. Murata, M., Watanabe, S. & Masuda, Y. Novel Palladium ( 0 ) -Catalyzed Coupling Reaction of 
Dialkoxyborane with Aryl Halides : Convenient Synthetic Route to Arylboronates lation between 
arylmagnesium or -lithium reagents and or bromides 1 , giving the corresponding products 3 Bear-
ing in mind. Journal of Organic Chemistry 62, 6458–6459 (1997). 

8. Cho, J. Y., Tse, M. K., Holmes, D., Maleczka, R. E. & Smith, M. R. Remarkably selective Iridium 
catalysts for the elaboration of aromatic C-H bonds. Science (1979) 295, 305–308 (2002). 

9. Ishiyama, T. et al. Mild Iridium-Catalyzed Borylation of Arenes. High Turnover Numbers, Room 
Temperature Reactions, and Isolation of a Potential Intermediate. J. Am. Chem. Soc. 124, 390–391 
(2002). 

10. Wright, J. S., Scott, P. J. H. & Steel, P. G. Iridium-Catalysed C−H Borylation of Heteroarenes: 
Balancing Steric and Electronic Regiocontrol. Angew. Chem. Int. Ed. 60, 2796–2821 (2021). 

11. Bisht, R. et al. Metal-catalysed C-H bond activation and borylation. Chem. Soc. Rev. 51, 5042–
5100 (2022). 

12. Yu, I. F., Wilson, J. W. & Hartwig, J. F. Transition-Metal-Catalyzed Silylation and Borylation of 
C-H Bonds for the Synthesis and Functionalization of Complex Molecules. Chem. Rev. 123, 
11619–11663 (2023). 

13. Mo, F., Jiang, Y., Qiu, D., Zhang, Y. & Wang, J. Direct conversion of arylamines to pinacol boro-
nates: A metal-free borylation process. Angew. Chem. Int. Ed. 49, 1846–1849 (2010). 

14. Zhang, L. & Jiao, L. Pyridine-catalyzed radical borylation of aryl halides. J. Am. Chem. Soc. 139, 
607–610 (2017). 

https://doi.org/10.26434/chemrxiv-2024-zbfbj ORCID: https://orcid.org/0000-0002-1845-4700 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zbfbj
https://orcid.org/0000-0002-1845-4700
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

15. Wang, S., Wang, H. & König, B. Photo-induced thiolate catalytic activation of inert Caryl-hetero 
bonds for radical borylation. Chem 7, 1653–1665 (2021). 

16. Huang, M. et al. Cu-mediated vs. Cu-free selective borylation of aryl alkyl sulfones. Chem. Com-
mun. 58, 395–398 (2022). 

17. Kawamoto, T., Geib, S. J. & Curran, D. P. Radical Reactions of N -Heterocyclic Carbene Boranes 
with Organic Nitriles: Cyanation of NHC-Boranes and Reductive Decyanation of Malononitriles. 
J. Am. Chem. Soc. 137, 8617–8622 (2015). 

18. Kawamoto, T., Oritani, K., Curran, D. P. & Kamimura, A. Thiol-Catalyzed Radical Decyanation 
of Aliphatic Nitriles with Sodium Borohydride. Org. Lett. 20, 2084–2087 (2018). 

19. Kawamoto, T. et al. Hydrodecyanation of Secondary Alkyl Nitriles and Malononitriles to Alkanes 
using DiMeImd-BH 3. J. Org. Chem. 85, 6137–6142 (2020). 

20. Taniguchi, T. Boryl Radical Addition to Multiple Bonds in Organic Synthesis. Eur. J. Org. Chem. 
2019, 6308–6319 (2019). 

21. Biremond, T., Riomet, M., Jubault, P. & Poisson, T. Photocatalytic and Electrochemical Borylation 
and Silylation Reactions. Chem. Rec. 23, 1–15 (2023). 

22. Peng, T.-Y., Zhang, F.-L. & Wang, Y.-F. Lewis Base–Boryl Radicals Enabled Borylation Reac-
tions and Selective Activation of Carbon–Heteroatom Bonds. Acc. Chem. Res. 56, 169–186 (2023). 

23. Guo, X. & Lin, Z. Boryls, their compounds and reactivity: a structure and bonding perspective. 
Chem. Sci. 3060–3070 (2024) doi:10.1039/d3sc06864a. 

24. Dai, W., Geib, S. J. & Curran, D. P. 1,4-Hydroboration Reactions of Electron-Poor Aromatic Rings 
by N-Heterocyclic Carbene Boranes. J. Am. Chem. Soc. 142, 6261–6267 (2020). 

25. Kim, J. H. et al. A radical approach for the selective C–H borylation of azines. Nature 595, 677–
683 (2021). 

26. Basak, A., Karak, S. & Banerjee, R. Covalent Organic Frameworks as Porous Pigments for Photo-
catalytic Metal-Free C-H Borylation. J. Am. Chem. Soc. 145, 7592–7599 (2023). 

27. Wang, Z., Chen, J., Lin, Z. & Quan, Y. Photoinduced Dehydrogenative Borylation via Dihydrogen 
Bond Bridged Electron Donor and Acceptor Complexes**. Chem. Eur. J. 29, (2023). 

28. Takahashi, K. et al. Revisiting Polyfluoroarenes as Radical Acceptors: Radical C-F Bond Boryla-
tion of Polyfluoroarenes with N-Heterocyclic Carbene Boranes and Synthesis of Borane-Contain-
ing Liquid Crystals. Org. Lett. 22, 2054–2059 (2020). 

29. Xia, P.-J. et al. Photocatalytic C–F Bond Borylation of Polyfluoroarenes with NHC-boranes. Org. 
Lett. 22, 1742–1747 (2020). 

30. Xu, W., Jiang, H., Leng, J., Ong, H. W. & Wu, J. Visible-Light-Induced Selective Defluoroboryla-
tion of Polyfluoroarenes, gem-Difluoroalkenes, and Trifluoromethylalkenes. Angew. Chem. Int. Ed. 
59, 4009–4016 (2020). 

31. Xie, F., Mao, Z., Curran, D. P., Liang, H. & Dai, W. Facile Borylation of Alkenes, Alkynes, Imines, 
Arenes and Heteroarenes with N ‐Heterocyclic Carbene‐Boranes and a Heterogeneous Semicon-
ductor Photocatalyst. Angew. Chem. Int. Ed. 62, (2023). 

https://doi.org/10.26434/chemrxiv-2024-zbfbj ORCID: https://orcid.org/0000-0002-1845-4700 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zbfbj
https://orcid.org/0000-0002-1845-4700
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

32. Pan, Q.-J., Miao, Y.-Q., Cao, H.-J., Liu, Z. & Chen, X. Visible Light-Induced 1,2-Diphenyldisul-
fane-Mediated Defluoroborylation of Polyfluoroarenes. J. Org. Chem. 89, 5049–5059 (2024). 

33. Nishida, T., Yonekura, K., Maeda, K., Shirakawa, E. & Taniguchi, T. Photoinduced B-H Arylation 
of N-Heterocyclic Carbene Boranes with Sulfonyl(hetero)arenes. Org. Lett. 10.1021/acs.or-
glett.4c04181 (2024) doi:10.1021/acs.orglett.4c04181. 

34. Gardner, S., Kawamoto, T. & Curran, D. P. Synthesis of 1,3-Dialkylimidazol-2-ylidene Boranes 
from 1,3-Dialkylimidazolium Iodides and Sodium Borohydride. J. Org. Chem. 80, 9794–9797 
(2015). 

35. Ullmann, F. & Pasdermadjian, G. Ueber eine neue Synthese aromatischer Sulfone. Ber. Dtsch. 
Chem. Ges. 34, 1150–1156 (1901). 

36. Takahashi, K., Geib, S. J., Maeda, K., Curran, D. P. & Taniguchi, T. Radical trans-hydroboration 
of substituted 1,3-diynes with an N-heterocyclic carbene borane. Org. Lett. 23, 1071–1075 (2021). 

  
 

 
 

https://doi.org/10.26434/chemrxiv-2024-zbfbj ORCID: https://orcid.org/0000-0002-1845-4700 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-zbfbj
https://orcid.org/0000-0002-1845-4700
https://creativecommons.org/licenses/by-nc-nd/4.0/

