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Abstract

The electrochemical generation of vinyl carbocations from alkenyl boronic esters and boronates is 

reported. Using easy-to-handle nucleophilic fluoride reagents, these intermediates are trapped to 

form fully substituted vinyl fluorides. Mechanistic studies support the formation of dicoordinated 

carbocations through sequential single-electron oxidation events. Notably, this electrochemical 

fluorination features fast reaction times and Lewis acid-free conditions. This transformation 

provides a complementary method to access vinyl fluorides with simple fluoride salts such as 

TBAF.

Graphical Abstract

Vinyl carbocations were generated via single-electron oxidation of vinyl boronates using electrical 

potentials. This electrochemical process enabled the formation of these reactive species without 

the use of Lewis or Brønsted acids. The intermediate vinyl carbocations were trapped with 

nucelophilic fluoride sources to yield vinyl fluorides; the production of new C─C, C─Cl, and 

C─Br bonds was also demonstrated.
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Carbocations, a common synthon in synthetic organic chemistry logic, have been studied 

for more than 100 years.1 While the reactivities and properties of alkyl carbocations have 

been the main focus of these studies, highly reactive vinyl carbocations and their ensuing 

bond-forming reactions have been the subject of far fewer research efforts. Nonetheless, 

vinyl cations have been isolated and characterized in the solid state2a,b, revealing their 

remarkable linear geometry, and have been generated by a variety of conditions including 

solvolysis2c, photolysis2d-f, leaving group abstraction2g-j, and alkyne protonation/transition 

metal-activation2k,l. With the exceptions of photolysis, which requires high-energy UV light, 

and solvolysis, which requires high temperatures, vinyl cation generation often relies on 

potent Lewis or Brønsted acids that can be poisoned by heteroatoms and requires rigorous 

air-free handling. At the outset of the current study, we hypothesized that these reactive 

intermediates could instead be generated via consecutive single-electron oxidation events, 

analogous to the Hofer-Moest electrochemical oxidation of alkyl carboxylates to alkyl 

carbocations (Scheme 1a).3a,b Electrochemical oxidation has become a powerful strategy 

to generate a variety of reactive cationic intermediates, as is demonstrated in the cation pool 

method.3c,d This unconventional approach to generating these high-energy species could 

allow for milder and less stringent reaction conditions, perhaps enabling the discovery of 

new chemical transformations. Here, we report our initial studies in this area, where alkenyl 

boronates are converted to vinyl fluorides electrochemically through nucleophilic trapping 

of vinyl carbocation intermediates (Scheme 1b). While vinyl fluorides have well established 

syntheses, including but not limited to Wittig olefination reactions, addition to alkynes and 

allenes, and transition metal-catalyzed cross-coupling reactions, we believe this report serves 

as a complementary and potentially divergent method to gain access to a variety of vinyl 

halides as well as other olefinic products due to the vinyl carbocation generated.4

Inspired by the Hofer-Moest oxidation and reports of generation of alkyl carbocations from 

redox-active esters,3,5 attempts at oxidation of carboxylate derivatives by means of various 

photochemical, electrochemical, and chemical processes provided intractable mixtures of 

products that gave no evidence for vinyl carbocation formation.6 We turned to other redox 

active groups, particularly trifluoroborates, (Table 1) since these are known to undergo 

single electron oxidation.7 We were gratified to find that electrolysis in an undivided cell 

of vinyl trifluoroborate 1 with a platinum cathode and carbon anode at a constant working 

potential of +1.8V vs SCE in dichloromethane (DCM) with tetrabutylammonium fluoride 

trihydrate (TBAF) as a trapping agent produced vinyl fluoride 2 in 42% yield by 19F NMR 

(Table 1, entry 1) after only 15 minutes. The styrenyl position was key for reactivity, as 

non-styrenyl boronates were not competent for this transformation.6 In this solvent, however, 

the vinyl chloride product was also observed in 20% yield by 1H NMR, presumably from 

reduction of DCM to produce the chloride anion. Switching the solvent to tetrahydrofuran 

(THF) or dimethylformamide (DMF) (entries 2,3) led to trace or no product respectively; 

ultimately use of acetonitrile (MeCN) yielded vinyl fluoride 2 in 65% isolated yield with 

no vinyl chloride impurity (entry 4). We also examined vinyl pinacol boronate 3, as more 

electron-rich boronates have been demonstrated to have a profound effect on the oxidation 

potential of the substrate.8 Pinacol boronate (BPinF) 3 was generated in situ from the 

starting pinacol boronic ester: 11B NMR studies indicated that the boronate was fully formed 

in solution with 3 equivalents of TBAF.6 We believe the anionic boronate complex to be the 
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redox active intermediate, as without this fluoride additive no reaction occurs. Subjecting 

this pinacol boronate (3) to the reaction conditions yielded vinyl fluoride 2 in a slightly 

increased 70% isolated yield (entry 5). Other electrolytes, fluoride sources, and equivalents 

of TBAF led to diminished yield (entries 6–12). The remaining mass balance for these 

reactions are ketone and enone products, the latter presumably arising from oxidation of 

the ketone, which we attribute to water quenching of a vinyl carbocation intermediate.6 It 

is noteworthy that this reaction does not need to be carried out under rigorously anhydrous 

conditions, likely due to the high nucleophilicity of the fluoride anion. We believe water 

to serve as the sacrificial oxidant, and attempts to perform the reaction under water-free 

conditions resulted in incomplete conversion of the starting material (entry 13). Importantly, 

we found that analogous conditions could be used to produce vinyl chloride 4 and bromide 5 
simply by substituting TBAF with TBACl or TBABr (entries 14,15).6

With these results in hand, we began to explore the scope of this reaction. Initial efforts 

focused on utilizing electron-rich arenes, such as the p-anisole substituent of boronate 3, that 

would stabilize putative carbocation intermediates. Strongly electron-donating substituents 

produced vinyl fluorides 6–9 in 50–82% yield (Scheme 2). Vinyl fluoride 7 was also 

isolated in good yield utilizing only three equivalents of TBAF on 1 mmol scale. Alkenyl 

boronic esters bearing meta substituents and an ortho or para donor were also tolerated, 

yielding vinyl fluorides 10 and 11 in 59% and 47% yield respectively. Additionally, novel 

fluoro-analogue 12 of chlorotrianisene, a nonsteroidal estrogen9a, was generated in 60% 

yield. Other appended ring sizes and alkyl chains also led to production of the vinyl fluoride 

(13–16). Constant voltage conditions were key to produce electron–rich aniline fluoride 

product 16.

Less electron-donating substituents were tolerated, but led to incomplete conversion even 

at higher applied potentials (17–19). Notably, these N─H containing compounds are not 

tolerated under routine Lewis acid promoted vinyl carbocation formation, but are commonly 

seen in natural products and drug molecules.2,9b The boronic ester bearing a simple phenyl 

ring did not lead to formation of vinyl fluoride 20, even under forcing conditions.

Throughout these studies we observed that only electron-rich arenes were competent in 

this transformation. Yields increased with decreasing Hammet σp parameter, suggesting that 

there was a carbocation formed at the carbon once bearing the boronic ester. The trend of 

decreasing yield, 6>13>17>19, with corresponding σp values of −0.81<−0.27<−0.17<0.00 

for the respective para donor substituents, was observed.10 Additionally, if a meta-methoxy 

group were present on the arene, an electron-withdrawing substituent with σm=+0.12, 21 
was not formed.6,10 This trend suggested the formation of a carbocation intermediate, and 

so we carried out further mechanistic studies to investigate the intermediacy of a vinyl 

carbocation.

First we probed for canonical vinyl carbocation reactivity. One classic mode of reactivity 

of vinyl carbocations is E1 elimination to form alkyne products.11 Upon subjection of 

alkenyl boronic ester 22 to the reaction conditions, alkyne 23, the product of E1 elimination 

of putative vinyl carbocation 24, was observed in moderate yield (Scheme 3a). A similar 
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elimination occurs with trisubstituted alkenyl boronic esters to yield alkyne.6 This does 

however limit the substrates for fluorination to tetrasubstituted alkenyl boronates.

In order to rule out production of this alkyne from a vinyl fluoride intermediate, styrenyl 

fluoride 25 was prepared and subjected to the reaction conditions. No conversion to the 

alkyne was observed and the starting material was recovered in quantitative yield.

To probe the intermediacy of a linear vinyl carbocation intermediate, unsymmetric alkenyl 

boronic ester 26 was prepared as a single isomer. Subjection of this material to the reaction 

conditions yielded a mixture of Z:E vinyl fluoride products 26 in a 6.25:1 ratio (Scheme 3b). 

This supports fluoride nucleophilic attack of a linear intermediate as opposed to other stereo 

retentive pathways.

Vinyl carbocations are also known to undergo C─C bond forming reactions with arene 

nucleophiles.2,11 To explore Friedel-Crafts reactivity, 1 was subjected to the reaction 

conditions in the presence of 10 equivalents of electron rich N-Me pyrrole instead of 

TBAF. Pyrrole nucleophiles have been observed to trap similar p-anisole substituted vinyl 

carbocations generated by photolysis.2d In the event, arylated products 28 were produced 

in a 2.7:1 ratio in 48% yield (Scheme 3c). This product ratio further supports a vinyl 

carbocation intermediate as opposed to a radical intermediate, as such radical additions are 

reported to exclusively form C2 addition products.12

C─C bond forming reactions via intramolecular C─H insertion reactions have also been 

observed in several studies of vinyl carbocations.3g–k In order to probe for this type of 

reactivity, the trifluoroborate salt 29 with appended alkyl chains was prepared and subjected 

to electrolysis in a divided cell. In the presence of fluoride these products were not observed, 

and so the pre-activated trifluoroborate was used. Gratifyingly, we observed production of 

the C─H insertion products 30 as a mixture of olefin isomers, albeit in low yield (Scheme 

3d). This diminished yield is due to the subsequent decomposition of the electron-rich 

tetrasubstituted styrene products under the oxidative conditions.6

To further investigate the mechanistic pathway to the proposed vinyl carbocation we 

performed cyclic voltammetry experiments. The tetrabutylammonium salt of 1 showed two 

irreversible oxidative events at +1.12 V and +1.56 V vs SCE (Scheme 4a).6 This experiment 

demonstrated evidence for a two-electron oxidation process; additionally, bulk electrolysis 

coulometry at a constant potential of 1.8 V vs SCE further confirmed this with a calculated 

Faradaic efficiency for two-electrons per boronate substrate of 73%.6 We hypothesized that 

the initial oxidation would yield a vinyl radical, as is proposed for the oxidation of a 

variety of alkyl trifluoroborates.13 In order to probe for this intermediate, trifluoroborate 

1 was subjected to the reaction conditions in the presence of deuterated H/D-atom donor 

propane thiol (Scheme 4b). Deuterium incorporation exclusively at the styrene position (31) 

was observed supporting the intermediacy of a vinyl radical. To determine if this radical 

intermediate was generated at the lower potential, trifluoroborate 1 was subjected to constant 

voltage electrolysis in the presence of N-methyl pyrrole at +1.1 V vs SCE (Scheme 4c). 

At this potential different regioselectivity was observed compared to at +1.8 V (Scheme 

3b); only the C2 arylation product was observed suggesting the presence of a radical.12 
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Furthermore, at this lower potential no vinyl fluoride products were observed in the presence 

of TBAF.5

With these combined experiments supporting the intermediacy of a vinyl radical after the 

first oxidation at +1.1 V vs SCE, we propose the sequential ECE-type oxidation mechanism 

in Scheme 5. DFT calculations were performed to further understand the initial oxidation 

event. Initial in silico oxidation of the calculated HOMO of trifluoroborate anion 32 yielded 

delocalized radical cation 33, in good agreement with experimental data at a calculated 

potential of +1.04 V vs SCE (Scheme 5a). We propose that this can subsequently eliminate 

BF3 to yield vinyl radical 34 that undergoes a second oxidation to yield vinyl carbocation 35 
(Scheme 5b). In the case of the pinacol boronic esters, an equivalent of BPin─F is produced 

that was observed by 19F and 11B NMR.6 This carbocation intermediate can be trapped by 

nucleophilic fluoride in solution to furnish vinyl fluoride product 2.

In conclusion, we report the novel generation of vinyl carbocations via an electrochemical 

potential; from a synthetic standpoint the products of these reactions have potential 

application in medicinal chemistry. Vinyl fluorides have been demonstrated to be effective 

enol mimics,14 are considered bioisosteres of the peptide bond,15 and fluorinated drug 

compounds can often display exquisite pharmacokinetic properties and binding affinity 

compared to the parent C─H containing compound.16 While there are several reports 

of conversion of aryl boronates to aryl fluorides, these reaction conditions commonly 

rely on the use electrophilic fluorine reagents and silver salts.17 The use of easy-to-

handle nucleophilic fluoride reagents has recently been reported for generation of aryl 

fluorides from aryl boronates, but there are few examples of the conversion of alkenyl 

boronates to vinyl fluorides.17,18 Moreover, vinyl fluorides are often synthesized from 

alkynes, yielding di- or trisubstituted alkene products, while methods to access fully 

substituted vinyl fluorides typically require prefunctionalized fluorination reagents.4,19,20 

This electrochemical method features short reaction times in moderate to good yield. 

Additionally, mechanistic studies support the intermediacy of a vinyl radical followed by 

a second oxidation to a vinyl cation; this evidence suggests that electrochemical oxidation 

may be a viable strategy to access dicoordinate vinyl carbocations, emerging intermediates 

in organic synthesis.21
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Scheme 1. 
Previous work and this study. (a) Hofer-Moest electrochemical oxidation. (b) this research: 

electrochemical fluorination of alkenyl boronates via vinyl carbocations.
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Scheme 2. 
Scope of alkenyl boronic ester electrochemical fluorination. Isolated yields. [a] 3 equiv of 

TBAF on 1 mmol scale. [b] Isolated as a 9:1 mixture of fluoride:styrene. [c] +0.8 V vs SCE. 

n.d.=not detected
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Scheme 3. 
Mechanistic experiments to probe for vinyl carbocation reactivity. (a) Elimination reactivity 

suggesting vinyl carbocation intermediate. (b) Unsymmetric alkenyl boronic ester reactivity. 

(c) Friedel-Crafts reactivity with N-Me pyrrole. (d) C─H Insertion reactivity. Isolated 

yields. [a] Yield determined by 1H NMR with an internal standard. [b] Ratio of styrene 

olefin isomers determined by GC-FID.
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Scheme 4. 
Mechanistic experiments to probe for vinyl radical intermediate. (a) Cyclic voltammogram 

of the tetrabutylammonium salt of 1 in 0.1 M TBABF4 MeCN at 100 mV/s. First and second 

oxidative waves and +1.8 V of typical reaction highlighted. (b) Styrene products observed in 

the presence of nPrSD. (c) Change of arylation regioselectivity at lower applied potential. [a] 

Propane thiol prepared at 77% deuteration by isotope exchange with D2O as determined by 
1H NMR. [b] Yields determined by 1H NMR with an internal standard. nPrSD=deuterium 

incorporated n-propyl thiol.
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Scheme 5. 
(a) Predicted initial oxidation. (b) Proposed mechanism of boronate fluorination. Calculated 

HOMO and oxidation potential using (uM06-2X/6-311++G(d,p) cpcm=acetonitrile //

uM06-2X/6-31+G(d,p) cpcm=acetonitrile)
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Table 1.

Optimization of fluorination from vinyl trifluoroborate 1 and pinacol

Entry Starting
Material

Solvent Electrolyte
(0.1 M)

Halide Source
(equiv)

Yield

1 1 DCM TBABF4 TBAF•(H2O)3 (5 equiv)
42%

b

2 1 THF TBABF4 TBAF•(H2O)3 (5 equiv)
<5%

b

3 1 DMF TBABF4 TBAF•(H2O)3 (5 equiv) n.d.

4 1 MeCN TBABF4 TBAF•(H2O)3 (5 equiv) 65%

5 3 MeCN TBABF4 TBAF•(H2O)3 (5 equiv) 70%

6 3 MeCN TBABF4 TBAF•(H2O)3 (3 equiv) 62%

7 3 MeCN TBABF4 TBAF•(H2O)3 (2 equiv) 50%

8 3 MeCN TBABF4 TMAF•(H2O)4 (5 equiv) 49%

9 3 MeCN TBABF4 TBAF•(tBuOH)4 (5 equiv) 58%

10 3 MeCN TBABF4 KF+18-Crown-6 (10 equiv) n.d.

11 3 MeCN TBABF4 TBAT (5 equiv)
40%

b

12 3 MeCN TBAPF6 TBAF•(H2O)3 (5 equiv)
54%

b

13 3 MeCN TBABF4 TBAF•(H2O)3 (5 equiv)
19%

b,c

14 3 MeCN TBABF4 TBACl (6 equiv) 68%

15 1 MeCN TBABr — 57%

[a]
Formed in situ from the pinacol boronic ester.

[b]19F NMR yield with fluorobenzene as an internal standard

[c]
Added 50 mg mol sieves, MeCN distilled over CaH2 and dried over mol sieves. TBAT=tetrabutyl ammonium difluorotriphenyl silicate, 

TMAF=tetramethyl ammonium fluoride. n.d.=not detected
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