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Metal-free and Redox-neutral Conversion of 

Organotrifluoroborates to Radicals Enabled by Visible Light  

Wenbo Liu,[a] Peng Liu,[a], [b] Leiyang Lv,[a] and Chao-Jun Li*[a] 

Abstract: Converting organoboron compounds to corresponding 

radicals has broad synthetic applications in organic chemistry. To 

achieve these transformations, various strong oxidants such as 

Mn(OAc)3, AgNO3/K2S2O8 and Cu(OAc)2 in stoichiometric amount are 

required through single electron transfer mechanism. Herein, we 

establish a distinct strategy to generate both aryl and alkyl radicals 

with organotrifluoroborates as the precursors via the SH2 process. 

This strategy is enabled by using water as the solvent and visible light 

as the energy input and diacetyl as the promoter in the absence of 

any metal catalyst or redox reagent, thereby eliminating the metal 

waste. To demonstrate its synthetic utility, an efficient acetylation to 

prepare valuable aryl (alkyl) methyl ketones is developed and 

applications to construct other C-C, C-I, C-Br, C-S bonds are also 

feasible. Experimental evidences suggest that triplet diacetyl serves 

as the key intermediate in this process.  

Organoboron compounds are versatile in organic synthesis. 

Early boron chemistry mainly focused on organoboranes, which 

carry some limitations including: (1) they are pyrophoric, which 

makes them difficult to handle; (2) in most cases, only one 

substituent in the boranes is delivered into the products, which 

reduces the atom economy especially when the organoboranes 

are valuable. In this regard, organoboronic acids, esters and 

trifluoroborates are more advantageous because of their stability, 

low toxicity, and ease of preparation, storage and handling.[1] 

Many elegant and powerful reactions involving these boron 

compounds have been established including Suzuki cross 

coupling,[2] Petasis reaction,[3] Chan-Lam coupling[4] and the 

Hayashi-Miyaura reaction,[5] in which the boron compounds serve 

as the nucleophiles. Besides the nucleophiles, organoboron 

compounds can also be the precursors of radicals.[6] 

Radicals are important intermediates in organic synthesis.[7] 

Approaches that generate radicals from readily available 

precursors are highly desirable. Benefited from the Suzuki 

coupling and other boron-based reactions, numerous 

organoboronic acids and trifluoroborates have been 

commercialized and readily accessible. Thus, developing efficient  

Figure 1. Traditional approaches to convert boron compounds to radicals and 

this work. 

methods that convert these boron compounds to radicals is 

significant. Hitherto, the main strategy to convert these boron 

compounds to radicals is through the single electron transfer 

(SET) mechanism with transition metals as the oxidants. For 

example, Demir reported that aryl boronic acids were converted 

to aryl radicals in the presence of Mn(OAc)3 at high temperature.[8] 

Baran showed that aryl boronic acids and trifluoroborates were 

oxidized to aryl radicals by AgNO3/K2S2O8 at room temperature.[9] 

In addition to aryl boronic compounds, alkyl counterparts can also 

be oxidized to the corresponding alkyl radicals with suitable 

oxidants. For instance, Fensterbank and Molander demonstrated 

that alkyl trifluoroborates were oxidized to alkyl radicals with 

stoichiometric amount of Cu(OAc)2 (Figure 1a top).[10] 

Nonetheless, the engagement of stoichiometric strong metal-

based oxidants not only significantly limits the functional group 

compatibility but also generates large amounts of waste, which 

provokes serious environmental concerns. Upon these issues, 

Akita, Molander and others introduced photo-redox catalysts to 

oxidize alkyl trifluoroborates to alkyl radicals, thereby eliminating 

the generation of metal wastes (Figure 1a bottom).[11] However, 

due to higher oxidative potential, these benign photo-redox 

protocols fail to transform aryl trifluoroborates jnto radicals 

although the more reactive aryl (triol)borate can be oxidized under 

photo-redox conditions as demonstrated by Akita.[11c] Moreover, 

through using the Lewis base catalysis strategy, Ley has reported 

that electron-rich aryl boronic acids can be converted into the aryl 

radicals under photo-redox conditions.[12] In this context, we wish 

to report a general approach to convert both aryl/alkyl 

trifluoroborates to the aryl/alkyl radicals promoted by visible light 

without any photo-redox catalyst or strong oxidants. This 

approach via the bimolecular homolytic substitution (SH2) 

mechanism both acquires practical advantages and provides a 

complementary mechanistic alternative to SET. The success of 
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this protocol hinges upon using water as the solvent and diacetyl 

as the visible light responsive promoter (Figure 1b).  

    Our work was inspired by the well-established organoborane 

chemistry, which engages the SH2 at the boron center initiated by 

an oxygen radical (Figure 2a).[13] However, this SH2 process is 

only applicable to the highly reactive pyrophoric organoboranes 

and the specialized catechol boronic esters. Regular boronic 

acids and esters, particularly aryl boronic acids and esters, are 

not suitable [6, 14] because: (1) the conjugation of two oxygen lone 

pairs with the empty p orbital of boron atom decreases the Lewis 

acidity of aryl boronic acid (and ester); (2) a high energy barrier 

needs to overcome to generate the highly reactive aryl radical 

(Figure 2b). Upon these challenges, we hypothesized that ArBF2, 

which can be generated from ArBF3 salt in situ,[15] might be 

sufficiently reactive towards oxygen radical to undergo the SH2 

process due to its stronger Lewis acidity (Figure 2c). With these 

concerns in mind and motivated by Davies’ seminal investigation 

on triplet ketones,[16] we envisioned that organotrifluoroborate 

might interact with the triplet diacetyl to produce the radicals via 

the SH2 process.  

 
Figure 2. Research design. (a) Oxygen radical reacting with organoborane via 

SH2 process to form radical, (b) challenges to convert aryl boronic compounds 

via SH2 process, (c) research proposal to convert aryl trifluoroborates to aryl 

radicals via triplet diacetyl promoted by visible light. 

To evaluate this hypothesis shown in Figure 2c, we selected 

diacetyl as the photo-sensitizer because: (1) it is visible light 

sensitive; (2) it is cheap and readily available and (3) it is non-

toxic since it is widely exploited as the food additive. In addition, 

water was chosen as the solvent because: (1) water is not a 

hydrogen donor for radical and (2) the hydrophobic effect[17] would 

favor the interaction between the triplet ketone and ArBF2. Based 

on the persistent radical effect [18], TEMPO was added to trap the 

radical intermediate, thereby serving as a convenient and reliable 

indicator of the radical intermediate via forming the 

TEMPO/radical adduct. The compact fluorescence lamp (CFL) 

was chosen as the light source and the reaction temperature was 

selected as 4 °C to alleviate the potential protodeboronation.[19] 

When 4-biphenyltrifluoroborate was subjected to the test 

conditions, it was found that the biphenyl/TEMPO adduct can be 

detected in 56% yield (Scheme 1). Control experiments showed 

that no radical adduct was formed without diacetyl (Scheme 1).   

These two experiments suggest the generation of aryl radical from 

aryl trifluoroborate under the light irradiation assisted by diacetyl. 

In contrast, other common boronic compounds including biphenyl 

boronic acid, pinacol ester and MIDA ester cannot form the 

corresponding radical under these conditions, thereby signifying  

 

Scheme 1. Radical trapping experiments with TEMPO. 

Table 1. Synthesis of aryl (alkyl) methyl ketone from 

trifluoroborate and diacetyla 

 
[a] Reactions were performed at 0.1 mmol scale unless otherwise specified, with 

1.5 equivalent of AcOH, 1 mL water at 4 °C under the irradiation of 2 × 34 Watts 

household CFL lamp for 24 hours unless otherwise specified. All the yields refer 

to the isolated average yields of two parallel runs. [b] Under Condition B (See 

SI) 
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the importance of F atom in this triplet diacetyl engaged SH2 

process. Moreover, other water-insoluble diketones such as 2,3-

hexanedione and 3,4-hexanedione cannot promote the 

generation of radical, which implies the unique reactivity of 

diacetyl in this process (Scheme 1). 

To evaluate the synthetic utility of this approach generating 

radicals, we turned attention to the radical addition of diacetyl 

because this will represent an interesting reaction, in which 

diacetyl serves both as radical promoter and reactant.[20] 

Therefore, it can be envisioned that at least two equivalents of 

diacetyl are needed since one equivalent acts as the radical 

promoter and the other as the acylation reagent. More 

significantly, the prepared aryl (alkyl) methyl ketones from the 

radical addition are highly useful intermediates to heterocycles, 

fragrances, resins and a wide range of drug candidates.[21] 

Previous approaches towards these compounds are comprised of 

cross couplings, Wacker oxidation and alkyne hydration, which 

require either transition metal catalysts or sensitive or toxic 

reagents.[22] Therefore, an efficient approach to prepare these 

methyl ketones with environmentally benign trifluoroborates and 

diacetyl would be more advantageous. Towards this goal and 

following extensive optimization, we found that 4-

biphenyltrifluoroborate, as the model substrate, can be acetylated 

in 86% yield under visible light irradiation in water [23] (Please see 

SI for details). 

With the optimized conditions identified, we subsequently 

examined the scope of this mild acetylation protocol. As shown in 

Table 1, a wide range of aryl and alkyl trifluoroborates can be 

acetylated under the standard conditions in good to excellent 

yields (35% - 90%). Various functional groups, including (-OPh, -

OBn, -Cl, -Br, -F, -CF3 and ketone) are also compatible with the 

conditions. Remarkably, aryl trifluoroborates, benzylic and non-

activated primary as well as the secondary alkyl trifluoroborates 

can all be employed in this acetylation. The broad scope is 

complementary to the related elegant photo-redox approach 

disclosed by Molander and co-workers.[24] To highlight the 

practicality of this method, the gram scale synthesis was 

performed (entries 8 & 13 in Table 1). It is noteworthy that during 

the scope investigation, trace amount of a by-product (< 5%) was 

always observed along with the desired methyl ketones as shown 

in Table 1.[25]   

To further investigate the functional group tolerance of this 

reaction, we also performed the parallel reactions in the presence 

of a wide variety of additives (see SI), known as “robustness 

screen”.[26] These results demonstrate that the presence of an 

alkene, alkyne, alcohol, ketone, aldehyde, ester, amide and aryl 

iodide has little or no impact on this reaction since the desired 

product can be obtained in comparable yields and the additives 

can be recovered in > 76% yields. Notably, considering that this 

reaction employs water as the solvent and visible light as the 

energy input in the absence of any toxic transition metal catalysts 

at low temperature, we envisioned that this approach may find 

potential application in chemical biology. As a preliminary study, 

we found three types of important molecules (i.e. amino acid, 

glucose and uridine), which comprise three fundamental bio-

macromolecules (i.e. protein, sugar and nucleic acids), can all be 

tolerated under the standard conditions. However, among all 

additives, an exception is nitrobenzene, which completely inhibits 

the reaction.  

It is fully expected that this acetylation would further upgrade 

the versatility of organotrifluoroborates even though they have 

already found extensive applications in organic synthesis.[15b-d, 27] 

To elucidate this argument, we have prepared a wide array of 

important synthons from organotrifluoroborate with the acetylation 

as the key steps (please see SI). For example, 4-

biphenyltrifluoroborate was converted into the ester via the 

combination of acetylation and oxidation. Moreover, a new 

aromatization reaction was developed through a cascade 

acetylation and aldol condensation. Furthermore, the 

trifluoroborate can be transformed into the carboxylic acid by this 

acetylation, followed by oxidation. Finally, vinyl triflate, as a 

versatile intermediate in various cross-couplings, was prepared 

from the trifluoroborate. These examples suggest the unique roles 

of this acetylation in diversifying organotrifluoroborate.  

    To explore further preparative potential of this approach 

forming radicals in different contexts, we found that other bonds 

including C-C, C-S, C-I, C-Br can be constructed in presence of 

the radical trapping reagents in synthetically useful yields without 

optimization (Scheme 2). Control experiments suggest that light 

irradiation and diacetyl are indispensable for all these 

transformations, which rule out the ionic pathway. These 

examples corroborate the synthetic potential of this new method 

to convert trifluoroborates to radicals and further optimization are 

undergoing. Preliminary optimization results suggest that upon 

removing the acetic acid additive, increasing the temperature to rt 

and the radical trapping reagents to 2 equivalents, 4-

bromobiphenyl and 4-iodobiphenyl can be obtained in 84% and 

90% yield, respectively. 

 
Scheme 2. Synthetic application of this approach to generate radicals in other 

contexts (all the yields are not optimized). 

    Based on our hypothesis in Figure 2c, the triplet diacetyl is the 

key initiator for the SH2 process. To collect evidences of this 

hypothesis, spectroscopic investigations and control experiments 

were performed. It was found that in contrast to diacetyl, diethyl 

oxalate and ethyl pyruvate cannot initiate this process, which is 

consistent with the UV-Vis study because only diacetyl displays 

notably absorption in the visible light region ( > 405 nm) (Figure 

3a). The intensive absorption of visible light would excite diacetyl 

to its triplet state rather than diethyl oxalate and ethyl pyruvate. In 

addition, as known triplet quenchers of diacetyl,[28] pyrene 

significantly retards this reaction and oxygen completely inhibits 

it, both of which imply the engagement of the triplet diacetyl 

(Figure 3b & 3c). 
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Figure 3. Mechanistic investigation. (a) UV-Vis spectroscopic analysis, (b) 

triplet quencher pyrene retards the reaction, (c) triplet quencher oxygen 

completely inhibits the reaction. 

In summary, a general and convenient approach to produce 

radicals from organotrifluoroborates promoted by visible light has 

been established. This approach utilizes the triplet diacetyl to 

activate organotrifluoroborate and proceeds under mild conditions 

without strong redox-reagents, thereby avoiding the 

stoichiometric metal waste. To demonstrate its synthetic utility, an 

acetylation of organotrifluoroborates has been developed. 

Moreover, the application in other contexts to synthesize carbon-

carbon and carbon-heteroatom bonds is also viable. This mild and 

environmentally friendly approach to generate radicals is 

anticipated to find applications in other radical engaged reactions. 
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