I ROYAL SOCIETY
Chemical OF CHEMISTRY

»
Science -

View Article Online
View Journal

EDGE ARTICLE

Electrochemical deoxygenative
trifluoromethylallenylation of propargylic alcohols
via sodium-mediated pre-association

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d6s5c02203k

All publication charges for this article
have been paid for by the Royal Society

of Chemistry

Jihoon Jang,® Hyunwoo Kim {2° and Eun Jin Cho (2 *@

We report an electrochemical protocol that enables the direct conversion of free propargylic alcohols
into trifluoromethylated allenes through sodium-mediated radical C-O bond activation. The
transformation proceeds via a pre-association mechanism between the propargylic alcohol and
a trifluoromethyl sulfinate reagent, which organizes the reactive complex through Na* coordination.
This interaction lowers the energetic barrier of the intrinsically endothermic C-O bond cleavage,
allowing a concerted radical addition pathway under mild electrochemical conditions. Combined
experimental and computational studies, including NMR titration, kinetic analysis, and DFT

Received 17th March 2026 calculations, reveal that sodium acts as an ion bridge, enabling selective CFz incorporation. The
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Introduction

Allenes, cumulated dienes with a central sp-hybridized
carbon and two orthogonal m-bonds,"? exhibit unique elec-
tronic structures that enable unusual reactivity.® These
features impart a polarized m-system and exceptional control
of regio- and stereochemistry in various transformations.*?®
Consequently, allenes are not only common motifs in natural
products but also versatile intermediates in the synthesis of
complex pharmaceuticals and functional materials.>™**
Incorporating a trifluoromethyl (CF3) group into an allene
framework further enhances these attributes. The CF; group
is a strongly electron-withdrawing, privileged motif in
medicinal chemistry, known to improve pharmacophysical
properties including metabolic stability and binding selec-
tivity of drug candidates.">™* The synergy between the allene
core and a CF; substituent creates a polarized, highly reactive
T-system, offering a broadly useful platform for selective
bond-forming reactions.

Propargylic alcohols with both an alcohol and an alkyne
are valuable building blocks, enabling diverse bond
constructions. A well-established two-electron approach is to
convert propargylic alcohols into allenes via remote nucleo-
philic substitution after activating the hydroxyl into a leaving
group.'®*® This strategy has furnished a variety of
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scope and high chemoselectivity, tolerating halogens,

groups, and proving effective for the late-stage

trifluoromethylation of natural products and pharmaceuticals.

functionalized allenes (Fig. 1A).**"*> However, the scope of
nucleophiles in these transformations remains limited. In
particular, a trifluoromethyl anion (CF;”) cannot be
employed in such substitutions because it is intrinsically
unstable, undergoing rapid a-elimination to form di-
fluorocarbene and fluoride.>*>*

This decomposition precludes direct nucleophilic tri-
fluoromethylation of propargylic alcohols.

As a solution, chemists have turned to trifluoromethyl
radicals as surrogates for CF; , taking advantage of their
greater stability and the abundance of reagents available to
generate -CF;.*>” Indeed, radical trifluoromethylation has
been extensively explored in many contexts, from aromatic
C-H functionalization to alkene difunctionalizations, using
photochemical, electrochemical, and metal-catalyzed
protocols.®®**  Surprisingly, = however, radical  tri-
fluoromethylation of propargylic alcohols to form allenes has
not been reported to date. The lack of precedent for this
transformation stems from fundamental challenges in
radical C-O bond activation (Fig. 1B-i). Selective cleavage of
a propargylic C-O bond by radical means is thermodynami-
cally disfavored (endothermic) and must compete against
more favorable pathways. For example, addition of a CF;
radical to a propargylic alkyne would generate a highly reac-
tive vinyl radical intermediate. Vinyl radicals preferentially
follow divergent pathways such as B-scission or hydrogen
atom transfer, instead of the productive allene-forming
route.””® Consequently, the intrinsic instability of vinyl
radicals, combined with the endothermic nature of C-O bond
scission, constitutes a formidable mechanistic barrier to
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Fig. 1 Allenylation of propargyl alcohol.

achieving trifluoromethylative allenylation under radical
conditions. Herein, we report an electrochemical radical tri-
fluoromethylation of free propargylic alcohols that over-
comes these challenges, enabling the first direct synthesis of
CF;-substituted allenes (Fig. 1B-ii). Central to our design is
the in situ pre-activation of the alcohol through coordination
with a CF; radical source. We envisioned that a reagent such
as MSO,CF; (metal trifluoromethylsulfinate) could engage in
hydrogen bonding or Lewis acid-base coordination with the -
OH group, thereby weakening the C-O bond prior to cleavage.
Upon electrochemical anodic oxidation, the CF; source
generates CF; radicals that attack the alkyne and, crucially,
induce C-O bond dissociation to form the allene.

Notably, the coordinated CF;-alcohol complex lowers the
energy barrier enough to drive what is an endothermic bond
cleavage into a productive pathway. The reaction proceeds with
high regio- and chemoselectivity, affording trifluoromethylated
allenes in good yield. Combined experimental and DFT studies
support the formation of the alcohol-CF; complex and its role
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in guiding the reaction toward allene formation, a trans-
formation that was previously consided infeasible.

Results and discussion

To prove the critical role of substrate-reagent pre-association
in the formation of CF;-substituted allenes, we began our
investigation by screening various MXO,CF; reagents using 1-
phenylprop-2-yn-1-ol (1a) as a model substrate (Scheme 1A).
Electrolysis was conducted under constant current (2 maA)
conditions with nBu,NPFs as the electrolyte, a platinum
anode, and a graphite cathode in MeCN/DCM (2:1) con-
taining H,O (2.0 equiv.) as an additive. Gratifyingly, tri-
fluorosulfinate reagents (MSO,CF;) showed the desired
reactivity, affording the CFj-allene (3a). The nature of the
counter cation proved crucial.

Among Na*, K", and Zn*" salts, NaSO,CF; (2b) delivered 3a
in 65% yield, whereas KSO,CF; (2a) and Zn(SO,CF3), (2c)
primarily generated the competing allylic alcohol (4) or enone
(5) byproducts. These results indicate that cation size
significantly influences the geometry and strength of the pre-
association between the CF; reagent and the alcohol. Notably,
the oxidation potentials of 2a-2c¢ differ only slightly, sug-
gesting that the distinct product selectivities arise not from
redox differences but from differences in their coordination
environments. Taken together, these findings strongly
support the formation of a substrate-reagent pre-association
complex that governs the selective allene formation. In
contrast, the carboxylate analogue NaCO,CF; (2d) was
completely unreactive under identical conditions, with no
detectable conversion of 1a. This inactivity is attributed to its
considerably higher oxidation potential, which precludes
electrochemical generation of CF; radicals. The divergent
reactivity between sulfinates and carboxylates highlights the
delicate interplay between reagent redox properties and pre-
association effects in enabling endothermic C-O bond acti-
vation under electrochemical radical conditions. With
NaSO,CF; (2b) identified as the optimal CF; source, we next
examined the influence of reaction parameters (Scheme 1B).
Control experiments confirmed that no product formation
occurred in the absence of electrical input, highlighting the
essential role of electrolysis in the transformation (entry 2).
Solvent effects were pronounced that the use of MeCN, DMF,
or DMSO as single solvents or deviation from the 2 : 1 MeCN/
DCM ratio led to markedly reduced yields or complete loss of
reactivity (entries 3-7). The nature of the anode also proved
critical. Replacement of the platinum anode with boron-
doped diamond (BDD) maintained comparable efficiency,
affording 3a in 61% yield (entry 8). In contrast, the use of
a graphite anode completely suppressed allene formation,
producing the allylic alcohol (4) and enone (5) byproducts
(entry 9). Current intensity exerted a notable influence.
Lowering the current to 1 mA resulted in incomplete
conversion of 1a (=60%), while higher currents caused slight
decreases in yield, likely due to overoxidation of intermedi-
ates (entries 10-11). Constant-potential electrolysis further
clarified the relationship between oxidation potential and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Optimization of reaction parameters.®? @Reactions were
spectroscopy using 2,2,2-trifluoroethanol as an internal standard.

efficiency. At 3.0 V, no conversion of 1la was observed,
consistent with an insufficient anodic potential to initiate
oxidation (entry 12). Increasing the potential to 3.5 V restored
productive reactivity comparable to that under constant-
current conditions (entry 13), whereas potentials above
3.5 V led to significant yield erosion, attributed to oxidative
degradation of 3a into overoxidized byproducts such as 5
(entry 14).7° Finally, varying the water loading between 1.0
and 3.0 equiv. resulted in only marginal changes in yield
(entries 15-17), indicating a subtle yet reproducible influence
of water on the overall efficiency.

To elucidate the mechanism and validate the formation of
a pre-association complex between 1a and 2b, a series of spec-
troscopic, electrochemical, and kinetic experiments were con-
ducted (Fig. 2). NMR titration experiments revealed clear
evidence of substrate-reagent interaction. Upon incremental
addition of 2b to 1a, the O-H peak of 1a shifted progressively
downfield and broadened, consistent with coordination
between the hydroxyl oxygen and the sodium cation of 2b
(Fig. 2A). DFT calculations indicated that the pre-association of
1a and 2b via Na* coordination is energetically favorable (AG =
—15.45 kecal mol'; Fig. 2B). Differential pulse voltammetry
(DPV) further supported complex formation. The oxidation
potential of 2b increased systematically with [2b], suggesting
that the redox behavior of 2b is modulated by its association-
with 1a (Fig. 2C). Cyclic voltammetry provided further evidence
while individual scans of 1a or 2b showed no significant
oxidation waves, their mixture exhibited new redox features. In

© 2026 The Author(s). Published by the Royal Society of Chemistry

conducted on 0.2 mmol scale. ®Yields were determined by °F NMR

particular, the oxidation signal of 1a diminished and di-
sappeared, indicating that pre-association between 1a and 2b is
mechanistically relevant (see Fig. S2 in the SI). The importance
of sodium in mediating this pre-association was confirmed by
crown ether experiments (Fig. 2D-i). In the presence of the weak
sodium chelator 12-crown-4, the yield of 3a decreased slightly
(49%), whereas stronger complexants such as 15-crown-5 and
18-crown-6 completely inhibited product formation. These
results clearly demonstrate that sodium acts as an ion-bridge,
organizing the propargyl alcohol and CF; source into a reac-
tive complex. To investigate the reaction pathway during the
radical addition step, we conducted control experiments using
radical inhibitors BHT (butylated hydroxytoluene) and TEMPO
(2,2,6,6-tetramethylpiperidine 1-oxyl). Notably, the addition of
BHT did not significantly suppress product formation (52%
yield), suggesting that free CF; radicals are not involved as
discrete intermediates and that the transformation proceeds via
a concerted radical addition pathway (Fig. 2D-ii). In contrast, in
the presence of TEMPO, the reaction predominantly resulted in
oxidation of 1a to the corresponding ketone (see Scheme S1 in
the SI). This outcome is attributed to the well-established ability
of TEMPO to undergo electrochemical oxidation to generate
oxyl radical species, which can mediate alcohol oxidation.”
Notably, the addition of the radical scavenger BHT did not
suppress product formation (52% yield), indicating that free
CF; radicals are not really involved and that the transformation
proceeds via a concerted radical addition pathway. Kinetic
analysis further clarified the mechanistic relevance of this pre-
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Fig. 2 Evidence and implication of sodium cation assisted pre-association in electrochemical allenylation. (A) *H NMR titration experiment: 1a
(1.0 equiv.), 2b (x equiv.) TBAPFg (1.0 equiv.) H>O (2.0 equiv.) in CD3CN solvent. (B) DFT calculations were performed at the M062X/def2TZVP/
PCM in MeCN level of theory. Free energy given in kcal mol™?. (C) Differential pulse voltammetry of 2b, and mixture of 1a with 2b. (D) Results of

control experiments.

association (Fig. 3A). Monitoring product accumulation under
varying concentrations of 2b while keeping [la] constant
revealed a linear relationship between initial rate and [2b] (R* =
0.994), consistent with a first-order dependence on 2b. This
result indicates that 2b participates directly in the rate-
determining step. A divided-cell experiment confirmed that
this transformation originates from anodic processes, as
product formation was observed exclusively in the anodic
compartment, thereby ruling out cathodic reduction pathways
such as vinyl radical formation followed by E1cB-type elimina-
tion (Fig. 3B and the SI for further details). In addition, moni-
toring the pH of the anodic solution revealed a gradual
acidification over the course of the reaction, consistent with the
generation of H,SO,. The generated acid does not appear to
affect the reactivity of the system. When the isolated product 3a
was subjected to H,SO, conditions, no decomposition or
transformation was observed (Fig. S5 in the SI). Furthermore,
under the undivided cell conditions employed in this study, the
protons generated at the anode are expected to be reduced at
the cathode, thereby completing the redox cycle and preventing
the accumulation of acidic species.

Chem. Sci.

To gain deeper insight into the C-O activation step, DFT
calculations were performed on the oxidation and radical
addition sequence (Fig. 3C). After anodic oxidation of the pre-
associated 1a-2b complex, radical addition of CF; to the
terminal carbon of the alkyne is facilitated by an ion-bridging
interaction between the hydroxyl group and Na®, positioning
the sulfonyl group for concerted CF;/SO, coupling to form
intermediate Int-1. Based on these results, a mechanistic model
is proposed (Fig. 3D).

The propargylic alcohol (1a) and NaSO,CF; (2b) first form
a pre-associated complex that undergoes anodic oxidation at
0.98 V vs. Ag/AgCl to generate radical species (1a-2b-). This
intermediate proceeds through transition state TS1 (AG* =
+7.71 keal mol ™) to yield Int-1 (AG = —36.46 kcal mol ') via
a concerted radical addition. A subsequent anodic oxidation at
1.45 V produces Int-2, which, upon nucleophilic attack of water
at the sulfonyl group, releases H,SO, and furnishes the tri-
fluoromethylated allene 3a. The H,SO, generated in this step
provides protons that undergo reduction at the cathode, thereby
maintaining charge balance in the electrochemical cell and
completing the overall redox cycle.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Mechanistic investigations. (A) Variations of 2b's equivalent with standard condition. Reaction monitoring was proceeded by °F NMR
using 2,2,2-trfluoroethanol as an internal standard. (B) Result of the divided cell experiment. (C) Computed relative free energies of transition
state for concerted radical addition step. DFT calculations were performed at the M062X/def2TZVP/PCM in MeCN level of theory. Free energy
given in kcal mol™2. (D) Proposed mechanism based on mechanistic investigations.

Next, to evaluate the generality of this electrochemical
protocol, we examined a diverse range of propargylic alcohols
(Scheme 2). Under standard conditions, substrates bearing
electron-withdrawing or neutral substituents underwent
smooth conversion to the corresponding CF;-substituted all-
enes. In contrast, electron-rich substrates were prone to over-
oxidation of the allene products under constant-current
conditions. Switching to constant-potential electrolysis effec-
tively suppressed this undesired oxidation, ensuring high
selectivity (also see Scheme 1B, entry 13). The methodology
exhibited broad functional-group tolerance. Halogenated
substrates, including fluoro (3b), chloro (3c-3e, 3i), and bromo
(3f) derivatives, afforded the desired products in excellent
yields. Strongly electron-withdrawing substituents such as tri-
fluoromethyl (3g) and cyano (3h) groups were also well toler-
ated. For electron-donating substituents (3j-3n), the
corresponding allenes were obtained in high yields under the
modified constant-potential conditions. Substrates containing
extended m-systems or heteroaromatic motifs, including
biphenyl (30), pyridyl (3p), and naphthyl (3q), participated

© 2026 The Author(s). Published by the Royal Society of Chemistry

readily, highlighting the compatibility of this method with
conjugated frameworks. To further demonstrate synthetic
utility, late-stage trifluoromethylation of complex molecules
was explored. Natural-product-derived and drug-like scaffolds
such as adapalene (3r), tafamidis (3s), and a probenecid
analogue (3t) underwent smooth transformation to their cor-
responding CF;-allenes. Similarly, benzoate- and acetoxy-
functionalized natural products including menthol (3u) and
(+)-borneol (3v) reacted efficiently. Widely used pharmaceuti-
cals such as ibuprofen (3w) and gemfibrozil (3x) also underwent
selective conversion.

As highlighted in the introduction, CF;-allenes can serve as
versatile building blocks for further transformations. To
demonstrate this potential, we investigated the hydroboration
of 3a using bis(pinacolato)diborane (6) under copper catalysis
(Scheme 3). Notably, this transformation provides an alkenyl
boronate bearing an allylic CF; moiety (7), which differs from
products reported under related copper-catalyzed hydro-
boration conditions.” This result highlights the potentially
unique reactivity of CF;z-substituted allenes.
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Scheme 2 Substrate scope of electrochemical trifluoromethyl allenylation of propargyl alcohols.?® ?Reactions were conducted on 0.3 mmol
scale. PYields were determined by °F NMR using 2,2,2-trifluoroethanol as an internal standard. “Reactions were carried out under constant
current condition. Reactions were carried out under constant potential condition.

16 o preorganizing the propargyl alcohol and CF; reagent into
uCl (5 mol%) a reactive complex that undergoes concerted radical addition

PPh3 (5 mol%)

Ph N CFy

N

]
PR, + OB~

o CF ————— o 0 C . o
S B0 KOMe (1.5 equiv.) upon anodic oxidation. This method exhibits broad substrate
0 THF (0.5 M), 30°C 12 h . - .
) 6 scope, high chemoselectivity, and excellent functional-group
a 7,89%, E/Z= 937 . . .
tolerance, enabling late-stage trifluoromethylation of complex
Scheme 3 Applicaton  of  CFs-allene  3a:  Cu-catalyzed molecules. Beyond providing a synthetically practical route to

hydroboration.”® CF;-substituted allenes, this work establishes a general strategy

for activating strong C-O bonds via reagent-substrate pre-
organization, expanding the conceptual landscape of electro-
chemical radical chemistry.

Conclusions

In summary, we have developed an electrochemical strategy for
the selective conversion of free propargylic alcohols into CF;-
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