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Introduction

The introduction of fluorine atoms into organic molecules has
gained significant interest due to their ability to considerably
enhance the properties of bioactive compounds.® This is
particularly evident in pharmaceutical> and agrochemical®
sectors, where fluorinated compounds account for approxi-
mately 20% and 50% of the market, respectively. The tri-
fluoromethylated derivatives are widely used in medicinal
chemistry since the trifluoromethyl group (CF;) is small and
highly electronegative, and its incorporation into parent
compounds can significantly alter their physical and chemical
properties.* Trifluoromethylation methodologies have made
notable progress along the years, particularly through the
application of transition metal catalysis and photoredox
systems employing electrophilic trifluoromethylation agents
like Togni's and Umemoto's reagents,” or nucleophilic ones
such as the Ruppert-Prakash reagent.® These radicals have been
applied to the difunctionalization of alkenes, resulting in
reactions like aminotrifluoromethylation,’ OXy-
trifluoromethylation,® hydrotrifluoromethylation® and halotri-
fluoromethylation.*® Although these methods are synthetically
valuable, the reliance on stoichiometric amounts of chemical
oxidants or reductants leads to the production of harmful
wastes and significantly restricts the compatibility with various
functional groups, limiting the scope. Recently, electro-organic
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synthesis has gained renewed attention for its environmentally
friendly approach to redox transformations and cost-effective
processes.™ This technique offers a promising alternative to
using excess redox reagents and helps to significantly minimize
the generation of toxic by-products.

Among available reagents for CF; radical generation, Lan-
glois’ sulfinate (NaSO,CFj3) is particularly appealing due to its
stability, low cost, and commercial accessibility.” As a result, its
usage emerged as a promising strategy for synthesizing CF;-
containing compounds.*

Lactones and cyclic ethers are important components in
many pharmaceutical compounds, and the development of CF;-
containing derivatives could offer significant advantages in
medicinal chemistry.* In 2012 and 2013, Buchwald introduced
a versatile method for the rapid synthesis of various enantio-
merically enriched lactones and cyclic ethers, using copper as
a catalyst and Togni's reagent as CF; source (Fig. 1)."* Few years
later, Akita and coworkers developed the first example of tri-
fluoromethylative lactonization of both terminal and internal
alkenoic acids using ruthenium photoredox catalysis, with the
Umemoto's reagent as CF; source.' Despite the rapid devel-
opment of electro-organic chemistry, only one example of
electrochemical lactonization of terminal alkenes has been re-
ported so far by Xu and coworkers, in which a CF,X group is
installed using NaSO,CF,H and NaSO,CF;.” This reaction
using Pt electrode at the anode and cathode in the presence of
water was limited in terms of chemical architecture to the
formation of five members ring lactones from benzoic acid
derivatives, with diphenylmethyl carbon moieties.

Regarding the synthesis of cyclic ethers mediated by tri-
fluoromethylation, in addition to Buchwald's work, Liu's group
has made significant contributions by utilizing copper catalysts
for the cyclization of alkenes.'® On the other hand, several

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 State of the art of the CFs induced lactonization and

etherification.

studies have explored the use of Langlois' reagent in electro-
chemical approaches to cyclic ether synthesis. Wu (with Mn(u)
catalysts),”* and Gao/Zhu,"” performed the indole dearomati-
zation taking advantage of the rigid indole scaffold and using as
nucleophiles alcohols or NHTosylate, to generate indolines
using both the Langlois' reagent. Clarez and Masson also re-
ported the formation of cyclic morpholino derivatives based on
a similar strategy.”® Despite these advances, a general procedure
for synthesizing various fluorinated cyclic ethers through elec-
trochemical methods is still lacking.

Inspired by these works, our target was the development of
a versatile general protocol for the electrochemically promoted
oxidative difunctionalization of flexible terminal and internal
alkenes to produce trifluoromethyl substituted lactones and
ethers avoiding the use of metal catalysts or electrodes made of
rare metals.”* This approach eliminates the need for oxidants,
reductants, catalysts, or transition metals, enabling direct
electrolysis at room temperature to produce the desired CF;
containing lactones and ethers.

Results and discussion

The reaction between 4-phenylpent-4-enoic acid 1a and 1.5
equivalents of NaSO,CF; 2a in acetonitrile (ACN) performed in
an undivided cell under argon at room temperature was used to
screen different variables for the lactonization process (Table 1).
The initial study was performed using graphite at the cathode
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Table 1 Optimization of the electrochemical

lactonization

o
PhJ\/\f

CF3-induced

(o)
NaSO,CF3; 2 (1.5 equiv.)

o
C(+)/Ni(-); i= 7 mA o CFs . Phjoj\)J\
OH

OH  ACN/TFA/H,O 86:7:7 Ph
3h,;rt, Aratm F5C
1a LiCIO4 (0.2 M) 3a 4a
Entry” Variations 3a’ 4a
1 None 84 12
2 No current 0 0
3 AcOH instead of TFA 60 30
4 TFA 5% 80 15
5 TFA 10% 85 10
6 5 mA 66 17
7 10 mA 72 10
8 C(+)/Pt(-) 71 1
9 RVC(+)/Ni(-)° 40 17
10 Pt(+)Pt(—) 12 6
11 C(+)/c(-) 74 6
12 LiBF, as electrolyte 68 26
13 TBACIO, as electrolyte 81 10
14 3.0 equiv. of 2 78 13
15 No 2 0 0
16 No water 89 (80)? 0
17 C(+)/Pt(—); no water 67 0
18 Pt(+)/Pt(—); no water 41 0
19 C(+)/C(—) no water 64 0
20 C(+)/C(—) divided cell, no water 32 0

“ All the reactlons were performed with 0.15 mmol scale using IKA
electrasyn 2.0. ? Yield calculated using PhCF; as internal standard. © C
= graphite; RVC = reticulated vitreous carbon. ¢ Isolated yield.

and nickel at the anode in ACN/trifluoroacetic acid (TFA)/H,O
(86/7/7) solvent mixture, using LiClO, (0.2 M) as electrolyte,
under a constant current of 7 mA for 3 hours. The target
products 3a was quantified by '°F NMR against standard (Table
1, Entry 1). In addition to 3a the corresponding open hydrox-
ylated byproduct 4a was generated with a 12% yield. To confirm
the role of the electrochemical oxidation, the reaction per-
formed without electrical current didn't afford any product
(Entry 2). Based on these preliminary results, we screened
various parameters in order to enhance the selectivity and yield
of the reaction. Replacing TFA with acetic acid in an attempt to
enhance discharge at the cathode resulted in a decrease in
reaction performance (Entry 3), demonstrating the efficiency of
TFA for this purpose. Accordingly, reducing the amount of TFA
to 5% lowered the yield to 80% (Entry 4) and no significant
improvements were observed increasing the TFA concentration
to 10% (Entry 5). Increasing the current to 10 mA or decreasing
it to 5 mA led to a further decline in product yield (Entries 6-7).
Variation in electrode materials resulted in a significant drop in
yield when Pt was used as anode in place of Ni or when RVC
(Reticulated Vitreous Carbon) was employed as cathode (Entries
8-9). The use of Pt at both, anode and cathode showed
a consistent yield drop (Entry 10), while the use of graphite
allowed to get a 74% yield (Entry 11).

RSC Adv, 2025, 15, 15302-15309 | 15303
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Changing the electrolyte to LiBF, or TBACIO, proved to be
ineffective in improving the reaction efficiency (Entries 12-13).
A decrease in yield was observed when the amount of CF;SO,Na
was enhanced to 3.0 eq., due to the more favorable formation of
the hexafluoroethane byproduct (Entry 14). Noticing that higher
TFA levels improved the yield, we tested its role in tri-
fluoromethylation via Kolbe electrolysis by omitting the Lan-
glois’ reagent. No 3a was formed, confirming CF;SO,Na is the
only responsible for the trifluoromethylation (Entry 15). While
the byproduct 4a was present in all the above-described reac-
tions, it was completely suppressed in the absence of water,
which acts as more competitive nucleophile than the carboxylic
acid. Repeating the best reaction from Entry 1 under anhydrous
conditions enabled us to achieve an 89% '°F NMR yield and an
80% isolated yield (Entry 16). The combination of C(+)/Pt(—),
Pt(+)/Pt(—) and C(+)/C(—) electrodes allowed to get a 67%, 41%
and 64% yield, respectively (Entries 17-19). Other variants
studied under anhydrous conditions, such as acid or electrolyte

Paper

elimination, substitution of TFA with AcOH or hexafluoro iso-
propanol, did not improve the reaction outcome, see the
complete optimization study in Table S1.7 A similarly negative
impact was observed when using a divided cell, entry 20.

The best result in Table 1 was obtained using the C(+)/Ni(—)
combination under anhydrous conditions (Entry 16).

With the optimized conditions in hand, we explored the
scope of the electrochemical lactonization triggered by CFs;-
SO,Na. Notably, all the experiments described within the reac-
tion scope were carried out using graphite (+) and Ni (—) as
electrodes under anhydrous conditions and the side product 4
was never observed.

The optimized protocol using terminal alkenes 3a-1 as well
as internal ones 3m-r (Scheme 1) demonstrated the versatility
of the protocol. The five-membered lactone ring was obtained in
good yields when the formed carbocation was stabilized in the
benzylic position, such as in 3a-3e. On the other hand, replac-
ing the aryl group with more challenging aliphatic carboxylic

RoRs o
| C(+)/Ni(-); i= 7 mA n
Ry n o + NaSO,CF3 _ > o CF;
OH (1.5 equiv) ACN/TFA 93:7 R R
3 h.; rt, Ar atm 2R3
1a-r 2 LiClO4 (0.2 M) 3a-r
--------------------------------------------- TermmaIAIkenes L R R R R EE R
3a (80%) 3b (85%) 3¢ (87%) 3d (52%)° 3e (73%) 3f (38%)
(o)
Me
(o}
CF3;
39 (33%) 3h (40%) 3i (50%) 3j (47%) 3k (72%) 31 (60%)
--------------------------------------------- Internal Alkenes |-----=-----ccsnnmmmmme e
o (o) (0} o o o
CF; O R CFs  Fc o CF
3 3 3
) Me o © CF;
Me Me
m (51%) 3n (50%) 30 (54%) 3p (54%) 3q (63%) 3r (50%)

Scheme 1 Substrate scope of the electrochemical di- and trifluoro lactonization.®? @ All the reactions were performed with 0.15 mmol scale

using IKA electrasyn. ° Isolated yields.
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¢ Reaction performed with 86/7/7 ratio of ACN/H,O/TFA.
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Scheme 2 Substrate scope of the electrochemical CFs-induced
etherification.®® 2 All the reactions were performed with 0.15 mmol
scale using IKA electrasyn. ? Isolated yields.

acids substrates led to the formation of the corresponding
lactones 3f-3h in yields ranging from 33% to 40%, likely due to
the formation of a less stabilized radical/carbocation interme-
diate after CF; radical insertion. The methodology was also
effective in forming six-membered lactones as demonstrated by
3i-3l. The presence of alkyl substituents along the chain
enhanced intramolecular cyclization, significantly increasing
the yields (3k and 3l). As the first reported example in the
literature, the reaction was successfully extended to internal
flexible alkenes, demonstrating the protocol's versatility in
forming a single anti-diastereoisomer, as confirmed by NMR
analysis (Fig. S41), 30-3r. Independently from the substrate, we
achieved almost the same yields 50-63%. To scale up the
reaction to a 1 mmol scale, the concentration was increased
from 25 mM to 55 mM, due to limitation in the volume of
vessels compatible with Electrasyn apparatus. This adjustment
resulted in a lower yield, from 80% to 63% (see Chapter 6 of SI).

The procedure used for the lactonization process was
extended to the formation of cyclic ethers 6a-6h, see Scheme 2.
As in the lactonization process, maintaining anhydrous condi-
tions suppressed the formation of the corresponding benzylic
alcohols. The lower nucleophilicity of the alcohol compared to
the carboxylic acid led to a decrease in final product yields,
ranging from 33% to 60%.

The reaction proceeded efficiently with EDG groups (6a—c),
while the presence of a nitro group in the meta position of the
aromatic ring destabilized the radical/carbocation interme-
diate, further reducing the yield to 35%, as observed for
compound 6d. The reaction also enabled the formation of
valuable substrates, such as benzofurans (6e) with a satisfactory
yield, as well as six-membered cyclic ethers (6f). Additionally,
the protocol facilitated the synthesis of seven-membered rings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cyclic voltammograms of substrate 1a in 0.1 M LiClO4/ACN,
using a Glassy Carbon (GC) as working electrode, Pt as counter
electrode and Fc/Fc+ (0.1 M in ACN) as internal standard.

and proved to be effective for internal alkenes, as demonstrated
by products 6g and 6h, respectively.

Reaction mechanism

The cyclic voltammetry (CV) experiments were performed to better
understand the oxidation potentials of the species involved in the
process (Fig. 2). The CV were conducted in the reaction conditions
described in Fig. 2. The oxidative peak of CF;SO,Na 2 was
observed at 1.17 V vs. [Fe/Fc'] (Fig. 2, experiment b), while the
alkene displayed an oxidative peak at 1.40 V vs. Fc/Fe' (Fig. 2,
experiment e). This indicates that the Langlois’ reagent is more
readily oxidized than the alkene. Notably, when the alkene was
introduced into the system (Fig. 2, experiment c), the oxidative
peak remained consistent with that of CF;SO,Na, emphasizing
that only the Langlois' reagent undergoes oxidation. Furthermore,
the product 3a was found to be completely stable, as no additional
oxidation peaks were detected (Fig. 2, experiment d).
Furthermore, the addition of a radical scavenger such as
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or butylated
hydroxytoluene (BHT) completely suppressed the reaction (see
Chapter 6 of ESIt). BHT was also able to trap the F;C. Radical

tH,

o Ni ()
F5;C
-e int1
.

OH
F5C
Mtz " o
Ph Y ——
NS
CF;3

3oré6

C(+)

Fig. 3 Plausible mechanism of the oxidative trifluoromethylation of
alkenes.
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| NaSO,CF,X (1.5 equiv) O
o C(+)/Ni(-); i=7 mA
Ry > 0 CFX
OH ACN/TFA/H,0 86:7:7 Ry
3 h.:rt, Aratm R2 R3
1 LiClO4 (0.2 M) 3
Substrate Product
1b 3b 85% (X = F)
3s 53% (X = H)
1e 3e73% (X =F)
3t 42% (X = Me)
1 3q63% (X=F)
a 3u 35% (X = H)

Scheme 3 Reactivity comparison of different substituents on the
Langlois’ reagent.

generating the corresponding ether, for details see page S28.7
All the data supported the mechanism via anodic single-
electron transfer (SET) oxidation of CF;SO,Na that produces
the CF; radical via the release of SO, from the CF;SO, inter-
mediate. This electrophilic CF; radical reacts with the alkene 1
or 5, forming the radical intermediate intl1 (Fig. 3). A second
anodic SET oxidation converts intermediate intl into cation
int2. The reaction ends with an intramolecular nucleophilic
attack by the nucleophilic moiety, achieving the trifluoromethyl
substituted product 3 or 6 and releasing H' ions. The H' ions
are then reduced at the cathode, a process further facilitated by
the presence of TFA.

To better understand the reactivity of different substituents
on the Langlois’ reagent, additional control experiments were
conducted. As shown in Scheme 3, replacing NaSO,CF; with
NaSO,CF,H or NaSO,CF,Me led to significantly lower yields (3s,
3t and 3u, Scheme 1). This reduction in yield can likely be
attributed to a polarity mismatch, as CF,H and CF,Me radicals
exhibit greater nucleophilicity compared to the CF; radical,
making them less compatible with the reaction conditions.

In this context, Density Functional Theory (DFT) calculations
were conducted to gain deeper insights into how substituents
on the Langlois' reagent NaSO,CF,X (X = F, H, Me) influence
the reaction efficiency (Fig. 4). The reaction coordinate for the
addition of the CF,X radical to alkene 1h was computed
(Fig. 4a). As expected, the transition state (TS1) for the addition
of the CF; radical exhibits a lower energy barrier (1.2 keal mol ™)
compared to CF,H and CF,Me (2.8 and 3.6 kcal mol ", respec-
tively). The electrophilic CF; radical reacts more favorably with
the electron-rich double bonds (see Fig. S57).

To further understand the impact of different substituents
during the cyclization step leading to intermediate D, we
separately calculated the transition states for this step (TS2) to
minimize potential errors introduced by the oxidation of
intermediate B to intermediate C (Fig. 4b). The results reveal
that TS2 for CF,X species is very close, being X one carbon away

from the carbocation C. As expected, the main impact of X is on
the formation of B.
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Fig. 4 DFT-calculation-computed reaction profile and solution-state
Gibbs free energies (AG(ACN), kcal mol™) B3LYP/DEF2-TZVP level of
theory at 298 K. (a) CF,X attack on the double bond. (b) Cyclization.

These computational findings align with experimental
observations in Scheme 3, demonstrating that reactions with
CF; result in higher yields compared to CF,H and CF,Me,
validating the importance of the electronic properties of
substituents in driving the reaction efficiency.

Conclusions

Summing up, we have developed an efficient metal- and
mediator-free electrochemical method for synthesizing lactones
and cyclic ethers via sequential tri- and difluoromethylation
followed by cascade cyclization. This versatile protocol repre-
sents the first example of electrochemical CF;-induced lacto-
nization of internal alkenes. Utilizing the bench-stable Langlois’
reagent, the reaction operates under mild conditions at room
temperature in an undivided cell with inexpensive graphite and
nickel electrodes. Mechanistic studies, including cyclic vol-
tammetry, radical scavenger experiments and DFT calculations,
confirmed the single electron oxidation radical pathway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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