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Abstract 
Based on systematic electrochemical analyses, an integrated synthetic platform of C(sp3)-
based organoboron compounds was established for the introduction of heteroatoms. The 
electrochemically mediated bond-forming strategy was shown to be highly effective for the 
functionalization of sp3-hybridized carbon atoms with significant steric hindrance. Moreover, 
virtually all the nonmetallic heteroatoms could be utilized as reaction partners using one 
unified protocol. The observed reactivity stems from the two consecutive single-electron 
oxidations of the substrate, which eventually generates an extremely reactive carbocation 
as the key intermediate. The detailed reaction profile could be elucidated through 
multifaceted electrochemical studies and the examination of the reaction kinetics. 
Ultimately, a new dimension in the activation strategies for organoboron compounds was 
accomplished through the electrochemically driven reaction development. 
 
Main text 

The backbone structure of organic compounds comprises an array of carbon-based 
fragments, and the functional variety of the complied framework is embellished by the 
presence of polar heteroatoms that are usually attached to an sp3- or sp2-hybridized carbon 
atom. The diversity given to the organic molecules by the placement of heteroatoms creates 
unique physical properties that allow the resulting organic chemical space to permeate a 
variety of disciplines in academic and industrial research (Fig. 1a).1-5 As such, the 
programmable introduction of a series of heteroatoms has been an enduring subject of 
investigation since the beginning of chemical synthesis. 

Among various approaches, the chemically intuitive functionalization of an existing 
handle should serve as an optimal strategy for the general installation of heteroatoms (Fig. 
1b). By conserving the hybridization state of the basal carbon, the structural reorganization 
of the precursor is minimized, thereby reducing the risks associated with the transformation. 
The handle-based introduction of a heteroatom on an sp2-hybridized carbon has allowed 
revolutionary advances owing to the emerging synthetic modalities that generate reactive 
species.6-11 However, a great challenge resides in establishing an analogous mode of 
activation for C(sp3)-based precursors. Mechanistic constraints embedded in the C(sp3)-
reaction center and increased steric congestion, which can encompass the sp3-hybridized 
carbon atom, make the introduction of heteroatoms particularly difficult. Consequently, 

many of the state-of-the-art methods for the construction of C(sp3)heteroatom bonds rely 
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largely on traditional reactivities, such as facilitated displacement or in situ activation of a 
leaving group.12,13 Despite these difficulties, remarkable progress has recently been made 
toward disentangling numerous problems in this area.14-22 Notably, several strategies 
overcome the steric congestion of the reaction partners through the creation of highly 
reactive intermediates.17-21 However, even these advanced systems exhibit limitations 
imposed by the difficulties in installing the reactive handles and activating them in a 
chemoselective manner. Moreover, specialized reactivity for specific reactant-heteroatom 
combinations reduces the level of generality regarding the types of installable heteroatoms. 

 
Figure 1. Introduction of heteroatoms into organic molecules and the utilization of the C(sp3)–B bond as a 

tool. a, Functional organic molecules containing C(sp2)– or C(sp3)–heteroatom bonds. b, Introduction of 

heteroatoms into sp3- or sp2-hybridized carbon atom using a functional handle. c, Activation strategies of 
organoboron compounds. d, Cationic activation of organoboron compounds via electrochemical oxidation. Het, 
heteroatom. 
 

 One of the optimal functional handles that meets the ideality/universality 
requirements for heteroatom introduction at an sp3-hybridized carbon is the carbon–boron 
bond. In terms of the ease of installation, the carbon–metal bond is one of the most 
convenient functional groups that can be introduced to a variety of positions on organic 
molecules with the help of recently developed borylation techniques.23 The classical 
activation strategies of the C(sp3)-based organoboron reagents have evolved on the basis of 
the 1,2-rearrangement of their ate-complex form (Fig. 1c).24-27 Overtime, the utility of the 
compound has been extended to the carbanionic nature towards electrophilic reaction 
counterparts.28-30 Most recently, a single-electron-transfer-based approach has widened the 



reactivity scope of the handle by providing a radical intermediate that can mediate 
numerous useful transformations.31-34 However, a functionalization approach to form a 
carbon-centered cation from C(sp3)-based organoboron compounds, despite their suitability 
for interacting with polar heteroatom-based reaction partners, is extremely rare in the 
synthetic context. Indeed, basic reactivity has been noted, and organoboron compounds 
could be utilized to generate reactive carbocation intermediates under oxidative conditions 
in both a chemical and electrochemical manner.35-37 However, attempts to explore the 
synthetic feasibility of this strategy are still in their infancy because of the limitations 
enforced by the reaction parameters, such as the unfavorable stoichiometry of the reaction 
partners and/or harsh conditions. In addition, there is no systematic assessment of the 
system to scrutinize the formation of the reactive intermediate. We envisioned that a 
controlled carbocationic activation of the C(sp3)-based organometallic reagent could offer a 
universally applicable method for the introduction of a wide range of heteroatoms.  Of the 
numerous oxidation strategies available, the electrochemically mediated process should 
deliver the required reactive intermediate in the most efficient and regulated fashion.38-40 
Particularly inspiring is the fact that the carbocation is a key intermediate in other notable 
approaches to overcoming important synthetic hurdles, especially steric congestion.17-21 

Herein, we demonstrate the synthetic capability of organoboron reagents to 

construct C(sp3)heteroatom bonds in a preparatively ideal manner (Fig. 1d). By generating 
highly reactive carbocations via programmable and energy-efficient anodic oxidation in an 
electrochemical reaction system, the desired reactivity was achieved. A multitude of 
heteroatoms, even with unfavorable properties such as steric congestion, reduced 
nucleophilicity, redox vulnerability, or chemical sensitivity, could be introduced under a 
single unified activation platform. During the course, the conventional limitations of the 
counterpart, including steric restrictions, requirements for special substituents, or 
customization of the reaction conditions for each reactant, were also addressed. Eventually, 
a challenge associated with the universality of the method, which have stymied research 
efforts in other disciplines for decades, has been settled in an extremely expeditious fashion. 

  At the outset, a rational approach based on the voltametrically confirmed oxidation 
profile of the organotrifluoroborate was utilized (Fig. 2a). The initial electrochemical 
assessments of hindered trifluoroborate substrates A and B were made using cyclic 
voltammetry under an inert atmosphere. This resulted in the identification of two distinct 
peaks representing anodic oxidations. Further analyses with differential pulse voltammetry 
and square wave voltammetry demonstrated analogous results with an increased level of 
distinction (See the supplementary information for details).41-43 Thus, the collected evidence 
clearly shows that two successive oxidation events of organoboron compounds are taking 
place. A more quantitative evaluation of the event was performed using a thin-layer 
electroanalysis microchip (TEAM) (Fig. 2b).44 A representative model substrate, 
trifluoroborate C, underwent the first oxidation event at 1.1 V with the number of electrons 
transferred per molecule, n, being equal to unity. In contrast, C at 1.5 V showed the n value 
virtually converging to 2, suggesting the involvement of an additional oxidation under the 
given potential. Based on these electrochemical analyses, we hypothesized that the two 
successive electrochemical oxidation processes would generate the postulated carbocation 
intermediate to enable the desired bond formation. 



 
Figure 2. Identification of reaction conditions on the basis of electrochemical analyses. a, Cyclic 
voltammograms of alkyl trifluoroborate A (1.0 mM) and B (1.0 mM) in CH2Cl2 with nBu4NPF6 (0.1 M) supporting 
electrolyte compared to that of blank (electrolyte solution) on glassy carbon electrode with the scan rate of 
100 mV/s. b, Cyclic voltammogram (10 mV/s) and n-t plots (Eapp=1.1 and 1.5 V) of C (1.0 mM) in CH2Cl2 with 
nBu4NPF6 (0.1 M) supporting electrolyte obtained by TEAM. c, Optimized reaction parameters. nBu4NPF6, tetra-

n-butylammonium hexafluorophosphate; C() l C() represents undivided cell with graphite electrodes. 

 
 Based on the electrochemical analyses, a general strategy for the functionalization of 
C(sp3)–B bonds was established, which ultimately permitted the introduction of a range of 
heteroatoms (Fig. 2c). Some notable conclusions drawn from the multidimensional reaction 
parameter evaluation include the following: (a) external additives, such as oxidants, bases, 
or dehydrating agents were demonstrated to be non-essential; (b) an inexpensive carbon-
based electrode, the graphite electrode, furnished the desired coupling product with the 
greatest efficiency; and (c) the use of dichloromethane as the reaction solvent, which also 
acts as an electron sink,18,45 elicited the best performance (See the supplementary 
information for details). On the electrochemical side, the Faradaic efficiency of the system 
was typically in the 40–80% range with a maximum of 93%; hence, the transformation is 
highly energy efficient. In addition, a current of 5.0 mA, which resulted in a 5.0–6.0 V initial 
cell voltage between the anode and cathode, was demonstrated to be optimal, although 
deviation from 5.0 mA did not significantly affect the outcome. In summary, the formation 
of C(sp3)–heteroatom bonds under constant current in a simple undivided cell was generally 
achieved within 3 hours at room temperature. 



Table 1. Synthesis of sterically congested ethers and esters by the introduction of oxygen nucleophiles. a
 

nBu4NClO4 (1 equiv) was used as an electrolyte instead of nBu4NPF6 (1 equiv). bThe reaction was run for 2.0 h 
instead of 3.0 h. cThe reaction was run for 1.5 h instead of 3 h. d6 equivalent of the nucleophile was used. 
nBu4NClO4, tetra-n-butylammonium perchlorate; rt, room temperature; d.r., diastereomeric ratio; i represents 
constant current. 
 

Initially, the strategy was applied to the construction of a C(sp3)–O bond with an 
alcohol or a carboxylic acid as a nucleophile (Table 1). In the presence of an alcohol 
nucleophile, sterically encumbered benzylic trifluoroborate substrates underwent smooth 
ether formation (1-15). Secondary benzylic substrates furnished the corresponding ethers 
with cyclohexanol regardless of the increased steric demand around the reaction center (1-
3). On the other hand, variations in the electronic nature of the substrates significantly 
affected the reaction outcomes (4-7). As the arene ring became richer in electron density, 
the efficiency of product formation increased distinctly. The observed trend indicates the 
involvement of a reactive intermediate with carbocationic character. Other types of benzylic 

systems containing multiple arene rings (8, 10), an extended π-system (11), or a tertiary 

reaction center (12) also underwent facile alkoxylation under the given conditions. In the 



case of the alcohol nucleophiles, oxidatively labile 1,4-benzenedimethanol (13) and 
sterically demanding secondary (14) or tertiary (15) carbinol provided the coupling products 
with high efficiency. Aliphatic secondary and tertiary trifluoroborates were also viable 

substrates for the transformation (16-24). Sterically congested -tertiary dialkyl ether 
products could be obtained in a highly straightforward manner using a variety of alcohol 
substrates (17-24). Importantly, alcohols possessing sensitive functional groups such as an 
alkyne, an acetal, or a chloride underwent the desired transformation without losing their 
structural integrity (17-19). 

Subsequently, the reactivity scope of weaker oxygen-based nucleophiles, carboxylic 
acids, was assessed to afford hindered esters. Various aliphatic and aromatic carboxylic 
acids could conveniently be introduced to the C(sp3)-center of the organoboron reagent to 
furnish sterically congested ester products (25-39). Notably, carboxylic acids that are 
vulnerable to oxidation under other electrochemical oxidation conditions could be utilized 
as reaction partners without competitive generation of reactive species (25-31, 39).46 

Moreover, highly reactive ,-unsaturated carbonyl systems (34-35) and biomedically 
important heterocycles (36-39) were tolerated. Remarkably, in the case of mandelic acid, 
which contains a hydroxyl group, the generated alkyl carbocation selectively reacted with 
the carboxylic acid moiety (29). 
 



Table 2. Introduction of other heteroatoms into an sp3-hybridized carbon atom. aThe reaction was set up 
with alkyl trifluoroborate (0.1 mmol), nucleophile (2 equiv), and nBu4NPF6 (2 equiv) in CH2Cl2 (0.05 M) with 3.0 
mA of electric current. b nBu4NClO4 (1 equiv) was used as an electrolyte instead of nBu4NPF6 (1 equiv). cH2O (0.1 
mL) was used as a nucleophile. dThe reaction was run for 1.5 h instead of 3.0 h. eKHF2 (2 equiv) was used as a 
nucleophile with 18-crown-6 (2 equiv). fThe reaction was run for 2.0 h instead of 3.0 h. gKCl (2 equiv) was used 
as a nucleophile with 18-crown-6 (2 equiv). hTriethyl phosphite (3 equiv) was used as a source of heteroatom. 
iTributhyl phosphite (3 equiv) was used as a source of heteroatom. j1,2-Dimethyldiselane (3 equiv) was used as 
a nucleophile. k1,2-Dicyclohexyldiselane (3 equiv) was used as a nucleophile. Ts, tosyl; Boc, tert-
butyloxycarbonyl) 
 

The recognized reactivity of organotrifluoroborate was exploited to form other types 
of sterically challenged chemical bonds at sp3-hybridized carbons (Table 2). Essentially, the 
electrochemically generated reactive intermediate could form a covalent bond with virtually 
all nonmetallic elements in the second and third rows. A variety of electron-rich arenes 
participated in the formation of C(sp3)–C(sp2) bonds in a highly programmable manner with 
regard to regioselectivity (40-42). Interestingly, bioactive indole derivatives with attenuated 
electron densities can react with a sterically demanding C(sp3) building block (43, 44). 
Furthermore, the regioselective formation of C3-alkylation products of indoles suggests that 



a carbocation intermediate is responsible for bond formation rather than a radical species.47 
Several nitrogen-based nucleophiles were also found to be viable reaction partners for this 
method (45-55). Hindered C(sp3)–N bonds of sulfonamides and a phosphoramidate could be 
formed efficiently (45-48). An array of pharmaceutically important azoles could participate 
in C(sp3)–N bond formation in synthetically useful yields (49-51).48 Of importance, alkylation 
of carbamates was also feasible for furnishing highly substituted carbamate products (52-
54). In principle, access to complex amines should be possible via simple deprotection of the 
tert-butyloxycarbonyl protecting group from the carbamate products (52, 53). Moreover, a 
redox-sensitive acylhydrazide was selectively alkylated on the terminal nitrogen, 
demonstrating the mildness of the protocol (55). This strategy has also been applied to 
more complex oxygen-based nucleophiles that are not alcohols or carboxylic acids. 
Medicinally important oxime scaffolds could be expanded by the facile introduction of bulky 
alkyl groups on the oxygen (56-58). Aliphatic/aromatic ketoximes and an aldoxime were 
equally competent in terms of C(sp3)–O bond construction. It is anticipated that the 
preparation of a complex oxime structure should allow for the synthesis of related 
alkoxyamines with academic and industrial importance via straightforward transformations. 
In addition, a mixed phosphate triester could be formed by the reaction of an extremely 
weak oxygen nucleophile (59). The conversion of a hindered borate to the corresponding 
alcohol without using any chemical oxidants was also shown to be viable (60). Finally, 
fluorinated or chlorinated products could be accessed by utilizing potassium hydrogen 
difluorides (KHF2) or potassium chloride (KCl) as halogen sources (61-64). 

Furthermore, the established methodology was applicable to bond formation 
reactions with pnictogen and chalcogen elements in the third and fourth rows. Trialkyl 
phosphite-based reaction partners participated in a dealkylative C(sp3)–P bond construction 
reaction to yield hindered phosphonated products (65-66). Sulfur-containing compounds, 
such as a thioacid or thiols are also competent reaction components that furnish a variety of 
organosulfur compounds (67-70). Finally, an extension of this strategy could be exploited to 
synthesize oxidatively sensitive selenides in a straightforward manner (71-72). Of note, the 
sources of Group 16 nucleophiles are in their native form, which is inherently the most 
stable and therefore the easiest to manipulate. Overall, the introduction of numerous 
heteroatoms to the carbon backbone structure via only one unified protocol was realized to 
create new heteroatom-containing scaffolds. 

 
 



 
Figure 3. Synthetic applications of the developed strategy. a, Synthesis of complex steroid derivatives. aThe 
reaction was set up with alkyl trifluoroborate (0.2 mmol), alcohol nucleophile (2 equiv), and nBu4NClO4 (1 equiv) 
in CH2Cl2 (2 mL) with 10.0 mA of electric current. The reaction was run for 2.0 h at rt. bThe reaction was set up 
with alkyl trifluoroborate (0.2 mmol), H2O (0.1 mL), and nBu4NPF6 (1 equiv) in CH2Cl2 (2 mL) with 5.0 mA of 
electric current. The reaction was run for 3.0 h at rt. cThe reaction was set up with alkyl trifluoroborate (0.2 
mmol), KHF2 (2 equiv), 18-crown-6 (2 equiv), and nBu4NPF6 (1 equiv) in CH2Cl2 (2 mL) with 5.0 mA of electric 
current. The reaction was run for 2.0 h at rt. dSee Supplementary Information for the X-ray crystallographic 
analysis of (11S)-78. b, Larger scale reaction. c, In situ generation of the reactive precursor. pin, pinacolato. 

 
The synthetic competence of the developed methodology was further demonstrated 

by the preparation of complex molecules based on a steroidal backbone structure (Fig. 3a). 
The hydroxyl groups of complex steroid natural products or their derivatives have 
successfully participated in this bond formation, demonstrating the robustness of the 
protocol (73-76). Moreover, a complex organoboron compound originating from enoxolone 
could be successfully employed as a coupling partner to deliver valuable products with an 
added heteroatom substituent (77, 78). Additionally, the robustness and practicality of the 
method were evaluated based on a preparatory-scale reaction setup (Fig. 3b). When the 
reaction scale was increased 10 fold, the reaction yield remained virtually unchanged, 
although a longer reaction time was required. Lastly, to facilitate a more practical operation 
of the strategy, a more easily accessible organoboron substrate was directly used as a 
reaction partner (Fig. 3c). The incorporation of a fluoride source into the reaction system 
was expected to induce in situ generation of fluoroboronate derivatives, thereby simplifying 
the overall process. Indeed, the step-economical pathway starting from alkyl 
pinacolboronate, one of the immediate precursors of trifluoroborate, successfully provided 
the desired product with comparable efficiency. Overall, the strength of the protocol as a 
synthetic tool has been clearly demonstrated in multiple ways. 



 
Figure 4. Mechanistic studies of the developed synthetic platform. a, Constant potential electrolysis. aThe 
reaction was set up with alkyl trifluoroborate A (0.1 mmol), alcohol (18 equiv), and nBu4NPF6 (6 equiv) in CH2Cl2 
(6 mL). The three-electrode system was used with graphites as the working and counter electrode, and 
Ag/AgCl wire in 3.0 M NaCl as the reference electrode. Each data point at different potentials was obtained by 
running the reaction with a fixed total charge, 1.2 F/mol, that had passed through the circuit. The reaction 
yield was determined by gas chromatography using mesitylene as an internal standard. RE, reference 
electrode. b, Kinetic profiles. standard conditions: A (0.2 mmol), alcohol (3 equiv), nBu4NPF6 (1 equiv), CH2Cl2 (2 
mL), i = 5.0 mA (left). standard conditions: B (0.2 mmol), alcohol (3 equiv), nBu4NClO4 (1 equiv), CH2Cl2 (2 mL), i 
= 5.0 mA (right). The reaction rate was determined by gas chromatography using n-octane as an internal 
standard. The dotted vertical line designates the value of the corresponding physical property under the 
standard conditions. 

 
Additional mechanistic information was collected to elucidate the detailed reaction 

pathways. The results of electrolysis experiments in a divided cell confirmed that product 
formation occurs exclusively in the anode chamber, suggesting that anodic oxidation is 
responsible for the observed reactivity (See the supplementary information for details). 
Furthermore, a 1,2-migration of the C(sp3)-based reaction center could be encountered in 
agreement with the participation of a carbocation intermediate, a species that commonly 
rearranges to form a more stable isomer (See the supplementary information for details). A 
more detailed mechanistic scenario could be deduced from a constant potential electrolysis 
experiment using the reaction of adamantyl trifluoroborate and 4-phenyl-2-butanol as a 
model system (Fig. 4a). With the amount of total charge transfer remained unchanged, the 
reaction outcome was monitored by varying the applied potential. When the applied 
potential increased to 1.5 V, a potential responsible for the second oxidation of the 
trifluoroborate substrate (Fig. 2a), an abrupt increase in the product yield was observed. 
Simultaneously, a gradual decrease in the yields of the side products, such as the 
protodeborylation and fluorination products, was detected. Therefore, it is concluded that 
the formation of carbocations will not be sufficiently effective until the reaction potential 
reaches a critical threshold, at which point the desired pathway prevails. 

Finally, the kinetic profile of the system is also consistent with the described scenario. 
The model reaction to form the alkyl ether product 22 exhibited a positive rate order with 
respect to the applied current and the concentration of the alcohol nucleophile (Fig. 4b). In 



contrast, variation in the trifluoroborate concentration did not significantly influence the 
reaction rate, although an extremely high concentration induced a negative disturbance in 
the system. The apparent SN2-like reaction kinetics in terms of the concentration of 
anodically generated carbocation and the nucleophile concentration suggest the 
involvement of a borderline mechanism, in which carbocation generation may not be 
significantly slower during the C(sp3)–O bond formation event. In fact, the rate of 
carbocation generation is highly dependent on the identity of the trifluoroborate substrate. 
The reaction rate profile of an alternative system to generate product 1 demonstrates the 
involvement of the rate-limiting oxidation of alkyl trifluoroborate salt on the anode to 
generate a carbocation species. Collectively, the efficiency of the designed C(sp3)–
heteroatom bond formation is a function of both the electrochemical activation of the 
organoboron substrate and the nucleophilicity of the heteroatom component.49  

In summary, organoboron compounds have been evaluated from a synthetic 
perspective to enable the development of a universal C(sp3)–heteroatom bond construction 
strategy conferring an unprecedented level of utility. The desired reactivity is derived from 
the electrochemically-driven two consecutive single-electron oxidations of the 
organometallic precursor, which generates an intermediate with elevated reactivity, a 
carbocation. Consequently, the strategy has allowed the development of a general synthetic 
platform whose effectiveness is not restricted by the nature or identity of the heteroatom 
reaction component. This method is highly suitable for the formation of C(sp3)–heteroatom 
bonds at a sterically demanding reaction center and is applicable to the synthesis of 
complex molecules. Mechanistically, both the electrochemical generation of the carbocation 
intermediate and the heteroatom-carbocation combination are important factors that 
govern the overall efficiency. It is anticipated that the general synthetic platform reported 
herein will offer a variety of opportunities for the construction of C(sp3)–heteroatom bonds 
in numerous settings. Additionally, the systematic electrochemical assessments 
demonstrated herein should provide guidance for other types of electrochemical reactions 
in the course of establishing the corresponding design principle. 
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