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ABSTRACT: Photoinduced borylation has emerged as a valuable strategy for synthesizing 

arylboronic esters. However, photochemical transformations involving inert bonds such as C(sp2)−F 

bonds are still challenging. Herein, we report a straightforward and operationally simple method for 

the activation of various inert carbon−heteroatom bonds, enabling the synthesis of diverse arylboronic 

esters without the need for transition metals or catalysts. Mechanistic investigations reveal that the 

deprotonation of DMSO plays a pivotal role in the reaction, and the excited DMSO anion can undergo 

electron transfer to the aryl substrates activated by anionic sp2−sp3 diboron compounds, i.e., [FB2pin2]
−, 

thereby facilitating the cleavage of carbon−heteroatom bonds. The reaction allows the conversion of 

diverse Caryl−hetero bonds in batch and flow reactors into the corresponding arylboronic esters. The 

products can be used in a subsequent Suzuki-Miyaura cross-coupling without isolation. 

Keywords: Borylation; Photochemistry; Inert carbon−heteroatom bonds; DMSO anion; Transition-

metal-free 
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■ INTRODUCTION 

Arylboronic esters are versatile building blocks in contemporary organic synthesis for the 

construction of complex molecules with use in materials science, agrochemicals, or as 

pharmaceuticals.[1−14] Therefore, different methods for the synthesis of arylboronate esters have been 

developed. The classical approach is the reaction of trialkyl borates with lithium or magnesium aryls, 

followed by subsequent transesterification or hydrolysis.[15,16] However, this requires protection and 

deprotection procedures. The activation of Caryl−hetero bonds may be advantageous, as it selectively 

introduces the boron moiety to the reaction site of Caryl−hetero bonds.[17−46] However, the majority of 

reports have focused on the borylation of relatively weak Caryl−hetero bonds, such as C(sp2)−I and 

C(sp2)−Br bonds, with fewer studies addressing the borylation of strong Caryl−hetero bonds, such as 

C(sp2)−F and C(sp2)−O bonds. Furthermore, the thermal borylation of inert Caryl−hetero bonds 

typically requires transition metals or harsh reaction conditions. 

Photoinduced borylation is becoming a more important approach for the synthesis of arylboronate 

esters.[47−84] Electronically excited molecules enable the generation of highly reactive intermediates 

under irradiation, thereby facilitating chemical transformations that are challenging or even 

unattainable through conventional thermal processes. Transition metal photocatalysis, organic 

photoredox catalysis, and direct photoactivation of reactants, driven by single-electron transfer 

processes, triplet energy transfer processes, and other radical processes, have been reported for the 

borylation of carbon−heteroatom bonds.[47,66] Still, the alignment of redox potentials or energy levels 

of a photocatalyst with the target molecules, and the precise matching of the photon energies with the 

electronic transitions of the reactant molecules, impose restrictions on the light-mediated synthesis of 

organoboron compounds.[47] Therefore, the photochemical borylation of relatively inert chemical 

bonds, such as the C(sp2)−F bond, characterized by high bond dissociation energy and high reduction 

potentials, remains a formidable challenge. The use of a high-energy light source (Scheme 1A), the 

use of transition metals (Scheme 1B and 1C), and the often required addition of agents (Scheme 1D) 

in the sparsely reported C−F borylation reactions[62−65] pose limitations to the practical application of 

the reaction. Thus, a straightforward and versatile strategy for the light-induced activation and 

borylation of comparatively robust aryl−heteroatom bonds is desirable. 
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As readily available and easily handled diboron reagents, anionic sp2-sp3 diboron compounds can 

be synthesized through the reaction of relatively mild bases with alkoxylborate compounds.[48,50,85,86] 

These anionic diboron compounds facilitate the transmetalation process in transition-metal-catalyzed 

borylation reactions and serve as relatively potent nucleophilic agents to expedite transition-metal-free 

borylation processes.[48,50,85,86] We herein report the formation of an anionic sp2−sp3 diboron compound 

[FB2pin2]
−, which is capable of activating aryl compounds containing inert chemical bonds. The 

activated aryl compounds are subsequently reduced by photoexcited DMSO anionic species, enabling 

the realization of borylation processes under simplified conditions without the need for transition 

metals or additional agents (Scheme 1E). Employing DMSO as the solvent, bis(pinacolato)diboron 

(B2pin2) as the boron source, and CsF as the base, the system efficiently activates C(sp2)−F, C(sp2)−Cl, 

C(sp2)−O, C(sp2)−N, and C(sp2)−S bonds under light irradiation, facilitating the selective construction 

of aryl boronates. This method offers a versatile borylation strategy for the photoinduced activation of 

robust carbon−heteroatom bonds. Furthermore, it enables borylation and subsequent Suzuki−Miyaura 

cross-coupling reactions. 

 

Scheme 1. Photochemical approaches enabling C(sp2)−F borylation. (A) Direct cleavage of the C−F 

bonds using an UV-C light source. (B) Borylation of C−F bonds under Rh/Ni dual-metal catalysis. (C) 

Ir-catalyzed C−F borylation. (D) C−F bond photoactivation using thiolate catalyst. (E) A versatile 

borylation strategy for the photoinduced activation of robust carbon−heteroatom bonds in the absence 

of transition metals and catalysts.  
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■ RESULTS AND DISCUSSION 

Reaction Optimization and Synthesis  

We initiated our investigation for fluorobenzene (a1) activation by employing B2pin2 (b1) as the 

boron source (Tables 1 and S1). After screening different solvents and bases (Tables 1, S2, and S3), it 

was evident that DMSO and CsF exhibited the best performance, leading to the production of the target 

arylboronate compound c1 with a yield of 90%. No product was detected without the addition of CsF 

confirming the crucial role of the base in the reaction (Table 1, entry 2). When the reaction was carried 

out at 25 °C or 60 °C under dark conditions (Table 1, entries 3 and 4), no reaction occurred, ruling out 

the possibility of a thermal pathway. The reaction was almost completely inhibited when exposed to 

air (Table 1, entry 5). Additionally, the introduction of water greatly quenched the reaction (Table S1, 

entry 6). The use of longer wavelength light sources resulted in lower product yields (Table S4). 

After obtaining the optimal reaction conditions, we investigated the compatibility of our 

methodology with diverse aryl fluorides (Scheme 2, a1-a16). Apart from electron-donating groups 

such as methyl (a2-a4), ethyl (a5), methoxy (a6), and hydroxy (a7), the introduction of alkyl alcohol 

(a8) and alkene (a9) substituents also led to the successful synthesis of the desired aryl boronic esters 

under standard reaction conditions. In addition, phenyl (a10), t-butoxycarbonyl-protected alkylamine 

substituent (a11), amide-protected alkyl substituent (a12), and t-butoxycarbonylamide (a13) did not 

impede the smooth progression of the reaction. Electron-deficient aryl ethers (a14), fluorobenzenes 

(a15) containing electron-withdrawing groups, and 2-fluoro-9H-fluorene (a16) were also well 

accommodated under the reaction conditions.  

We effectively implemented this strategy for the activation of C(sp2)−O bonds (a17-a25). tert-Butyl 

phenyl carbonate compounds containing various substituents, including methyl (a18-a20), ethyl (a21), 

tert-butyl (a22), and methoxy (a23) groups, undergo C(sp2)−O bonds cleavage under the optimized 

conditions, leading to the generation of the target products. The use of a benzodioxole skeleton (a24) 

is also effective in borylation reactions. The trifluoromethanesulfonate moiety (a25) is an effective 

leaving group in the transformation.  
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Table 1. Control experiments for the reaction of a1 with b1a 

 

Entry Deviations from Optimized Conditions Yield of c1 

1 None 90% 

2 No CsF n.d. 

3 No light, 25 ℃ n.d. 

4 No light, 60 ℃ n.d. 

5 air instead of N2 ＜1% 

6 CH3CN instead of DMSO ＜1% 

7 DMF instead of DMSO ＜1% 

8 DMA instead of DMSO ＜1% 

9 DCM instead of DMSO ＜1% 

10 THF instead of DMSO ＜1% 

aOptimized conditions: compounds a1 (0.1 mmol), b1 (0.2 mmol), and CsF (0.2 mmol) in the presence 

of 1 mL of DMSO under 385 nm LED (0.6 W) light irradiation at 25 ℃ under N2 atmosphere for 16 

h. Yields were determined by GC-MS analysis with n-dodecane as an internal standard and are the 

average of two runs. n.d., the product was not detected. 

Chlorobenzene compounds containing cyano (a26), ester (a27), ketone (a28), and pyrrole (a29) 

functionalities were effectively borylated. Naphthalene (a30) and indole (a31) chlorides convert 

smoothly in the reaction. 

Several sulfur-containing aromatic compounds were reacted under the optimized conditions. 

Thioanisole derivatives (a32-a35) and aryl disulfides (a36, a37) give C(sp2)−B bonds. The method 

converts also sulfinyl (a38) and sulfonyl groups (a39-a49) into the corresponding borylated 

compounds. Notably, drug molecules and intermediates such as antibacterial sulfanilamide (a45) and 

anti-infective dapsone (a46) are also compatible. Furthermore, C(sp2)−Br (a50) and C(sp2)−I (a51) 

bonds also underwent efficient borylation under the optimized conditions. The efficient borylation of   
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Scheme 2. Substrate scope for the borylation reactions. aIsolation conditions: a (0.1 mmol), B2pin2 

(0.2 mmol), and CsF (0.2 mmol) in the presence of 1 mL of DMSO under 385 nm LED (2.2 W) light 

irradiation at 60 ℃ under N2 atmosphere for 16 h. Reported isolated yields obtained by combining 5 

parallel reactions. bThe reaction was conducted at 25 ℃. cTetramethylammonium fluoride (Me4NF) 

was used instead of CsF. 

phenyltrimethylammonium chloride (a52) is also within the scope of compatibility of this strategy. 

However, nitrobenzene (a53) and aniline derivatives (a54) showed resistance to the reaction conditions. 

To improve the practicality of our approach, we tested the direct coupling of the boronated products 

without isolation, resulting in a carbon−heteroatom borylation/Suzuki-Miyaura cross-coupling 

sequence and the effective synthesis of the C(sp2)−C(sp2) coupling products (d1-d5). 

Using a flow photochemical system, the reaction of fluorobenzene to aryl boronic ester was 

performed on a larger scale yielding 0.8 g of product c1 (see SI section II for details). 
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Investigation of the Reaction Mechanism 

To gain insight into the mechanism of the photo-induced borylation of carbon−heteroatom bonds, 

several spectroscopic experiments were performed. Initially, UV-vis spectra of different combinations 

of reagents were recorded. The addition of CsF to DMSO resulted in absorption above 340 nm, 

whereas no absorption is detected above 300 nm when CsF is added to CH3CN (Scheme 3a, 3b and 

Figures S1, S2). It has been reported that DMSO can react with different bases to deprotonate and form 

the dimsyl anion, which displays absorption above 340 nm,[87] closely resembling our experimental 

results. Subsequently, we added different bases to DMSO, demonstrating nearly identical absorption 

spectra (Scheme 3a and Figure S1), confirming the presence of the dimsyl anion. The combination of 

fluorobenzene with CsF or B2pin2 individually did not result in any change from the spectra of the 

individual compounds, indicating that fluorobenzene does not interact with either of them. However, 

a combination of CsF and B2pin2 showed a new absorption band in the visible region, which appears 

as well when CsF, B2pin2 and fluorobenzene are mixed. Intrigued by this observation, we employed a 

451 nm light source, emitting near the newly formed absorption band, to conduct the standard reaction 

and monitor its progress at different time intervals (Table S4, entries 3-5). It was observed that the 

reaction essentially did not proceed, demonstrating that the light absorption associated with the new 

absorption band does not dictate the progress of the reaction. 

Additionally, the UV-vis spectra of different reagent combinations in acetonitrile (Scheme 3b and 

Figure S2) showed that a weak absorption appeared only when CsF, fluorobenzene, and B2pin2 were 

mixed, confirming the presence of interactions in the system. However, we didn’t explore further these 

interactions, since the reaction was not proceeding under these conditions. 

B2pin2 can react with various bases to form anionic sp2–sp3 diboron compounds, including CsF and 

Me4NF.[48,50,85,86] The conclusion has been substantiated by our NMR studies, observing the 

characteristic resonance of [FB2pin2]
− at approximately 9 ppm in the 11B NMR (Figures S3-S6, Table 

S8). These NMR spectra indicated that, in the absence of irradiation, the standard reaction system 

predominantly undergoes the reaction between B2pin2 and the base. 

Subsequently, in situ NMR studies[88] were conducted on the model reaction system (Scheme 3c), 

involving the photochemical reaction of fluorobenzene with B2pin2 in the presence of Me4NF in 

DMSO-d6. Due to the limited solubility of CsF in DMSO and the comparable reaction outcomes 
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Scheme 3. Mechanistic studies. (a) UV-vis absorption spectra of reaction components in DMSO. (b) 

UV-vis absorption spectra of reaction components in CH3CN. (c) Reaction system studied by in situ 

NMR. (d) 1H NMR monitorization shows the formation of an intermediate. (e) The structure of the 

intermediate as confirmed by 1H and DOSY NMR. (f) 1H-19F HOESY of the reaction mixture after 3 

h of illumination. (g) NOE Pattern observed in the reaction mixture. (h) Trapping of dimsyl anion with 

benzophenone. (i) The reaction doesn’t proceed in the absence of B2pin2. (j) Trapping of phenyl radical 

with TEMPO. (k) Proposed reaction mechanism. 

between Me4NF and CsF in the standard reaction (Table S3, entry 11), Me4NF was selected as a 

substitute for the NMR investigation. 

The kinetics of the model reaction were tracked in real-time using 1H NMR over 26 hours, as 

depicted in Scheme 3d and Figure S7. As fluorobenzene, the starting material, gradually depleted, a 
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new set of signals rose and intensified, reaching their maximum concentration at 10 hours of 

illumination. 

These signals are attributed to an intermediate, followed by gradual attenuation, which coincided 

with the increase in signals corresponding to the formation of product c1 after 10 hours of reaction, 

indicating the correlation between the generated new compound and the product. 

Diffusion-ordered spectroscopy (DOSY) studies (Figure S9, Table S9) revealed that the intermediate 

compound is an adduct between compound c1 and fluoride (fluorinated arylboronic acid ester anion), 

[PhBpinF]− (Scheme 3e). Comparison of the 1H and 19F NMR spectra of a 1:1 mixture of c1 and the 

base with those of the reaction system (Figures S10 and S11) demonstrated matching chemical shifts 

with the structure attributed as intermediate, confirming this inference. Based on the observed data, it 

suggests a subsequent defluorination process of the intermediate after 10 h of reaction. 

In the 1H–19F HOESY NMR study of the reaction mixture after 3 hours of illumination, an 

interaction between the fluorine atom of fluorobenzene and the protons of [B2pin2F]− was observed 

(Scheme 3f and 3g), confirming the dual role of B2pin2 as both a borylating agent and in substrate 

activation. 

A benzophenone trapping reaction was utilized to demonstrate the existence of the dimsyl anion, 

resulting in the formation of 2-(methylsulfinyl)-1,1-diphenylethan-1-ol (I1).[87,89] We added 

benzophenone to the solution of CsF in DMSO and successfully detected the presence of I1 using 

HRMS (Scheme 3h and Figure S13), further confirming that CsF can deprotonate DMSO to generate 

the dimsyl anion. 

A control experiment proved that without B2pin2, fluorobenzene did not react and benzene was not 

produced (as shown in Scheme 3i). This demonstrates that the photoexcited dimsyl anion is not able 

to break the C−F bond of fluorobenzene by itself and that B2pin2 plays a crucial role in this process.  

After adding TEMPO to the standard reaction system, the reaction progress was almost completely 

inhibited. In addition, the intermediate phenyl radical captured by TEMPO was detected by GC-MS 

(Scheme 3j and Figure S14), confirming that the reaction proceeds via a radical process. 

In the GC-MS analysis (Figure S15) conducted directly without any workup after the completion of 

the standard reaction, compounds BpinOBpin and dimethyl sulfide were detected. The oxygen atom 

of BpinOBpin is expected to originate from the active intermediate of DMSO.[90] In addition, 

compound CD3-Bpin was detected by GC-MS when DMSO-d6 was used as the solvent (Figure S16). 
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These results demonstrate that the subsequent decomposition process of the active intermediate in 

DMSO is inevitable. This could explain why catalytic amounts of DMSO, as confirmed in our control 

experiments (Table S2, entry 8), cannot drive the reaction to completion. 

Based on these investigations, a plausible mechanism for the photoinduced borylation of 

carbon−heteroatom bonds is proposed (Scheme 3k and Figure S17). Firstly, the base CsF reacts with 

DMSO to generate the dimsyl anion (In-1). Simultaneously, CsF can form anionic sp2−sp3 diboron 

compounds [FB2pin2]
− with B2pin2, which can interact with and activate reactants bearing leaving 

groups (In-2). Under light irradiation, the excited dimsyl anion undergoes single-electron transfer with 

activated aromatic compounds, accompanied by the departure of the leaving group anion and the 

formation of an aryl radical (In-3). The aryl radical, in the presence of [FB2pin2]
− and F−, generates a 

fluorinated aryl boronic ester anionic compound (In-4). This anion accumulates in the early 

development of the reaction, and then dissociates to yield the desired neutral ester. We speculate that 

the reason for this is the formation of FBpin in the reaction: FBpin radical anion is formed as a by-

product of the coupling of the phenyl radical to [B2pin2F]− and is subsequently oxidized to the neutral 

FBpin compound. Then, it coordinates the excess of fluoride present in the reaction medium, thus 

generating the anion [F2Bpin]−.[91] As the reaction progresses, the amount of free fluoride decreases; 

as a result, FBpin, displaying a higher Lewis acidity than ArBpin, removes the fluoride from 

[ArBpinF]−, restoring the neutral ester. 

■ CONCLUSION 

In conclusion, the photochemical borylation reaction of inert carbon−heteroatom bonds has been 

achieved under simple and mild reaction conditions. Photocatalysts or transition metals are not 

required. The experimental results demonstrate that the key to activating strong carbon−heteroatom 

bonds lies in the reaction of DMSO with the base to generate the dimsyl anion, as well as the pre-

activation of leaving groups by the anionic sp2−sp3 diboron compound. The application of the method 

in synthesis has been demonstrated by a borylation/Suzuki-Miyaura coupling reaction sequence and 

its use in continuous-flow photochemical synthesis, providing a straightforward and effective approach 

to the construction of arylboronic esters. 
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Experimental Section 

Procedures for the optimization of the reaction conditions 

Unless specified otherwise, a mixture of B2pin2 (0.2 mmol) and base (0.2 mmol) was added to an oven-

dried 5 mL snap vial equipped with a magnetic stirring bar. Then 1 mL solvent (DMSO or other organic 

solvents) was added to the vial by syringe. Fluorobenzene (0.1 mmol) was subsequently added into 

the reaction system by syringe. The solution was then bubbled with N2 for 3 min. Then, the cap was 

sealed with parafilm. The reaction mixture was stirred and irradiated with a 385 nm (0.6 w or 2.2 W) 

LED (for the screening of the light sources, 0.6 W of 365 nm, 385 nm, 400 nm, 451 nm LEDs were 

used) at 25 °C (for the control experiments, reactions were also conducted under 60 °C) for 16 h. 

Saturated brine (2 mL) was added to the system and diluted with ethyl acetate (2 mL), and then filtered 

through a plug of celite (Ø 3 mm × 8 mm). After addition of n-dodecane (0.2 mmol) as an internal 

standard for calibration, the product yield was determined by GC-MS.  

Procedures for the isolation of the final products 

Unless specified otherwise, five parallel reactions of B2pin2 (0.2 mmol) and CsF (0.2 mmol) were 

added to five oven-dried 5 mL snap vials equipped with magnetic stirring bars, separately. Then 1 mL 

DMSO was added to each vial by syringe. Compound a (0.1 mmol) was subsequently added into the 

reaction system. The solution was then bubbled with N2 for 3 min. Then, the cap was sealed with 

parafilm. The reaction mixture was irradiated with a 385 nm LED (2.2 W) at 60 °C for 16 h (to optimize 

and adjust specific reaction conditions, refer to the substrate scope section in the main text, where 

deviations from the standard procedure are described). Saturated brine (3 mL) was then added to each 

reaction system and extracted with ethyl acetate (2 mL × 3). The combined organic phase was then 

dried over sodium sulfate and concentrated under vacuum. The residue was purified by silica gel flash 

chromatography to give the desired product. 
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