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ABSTRACT: Herein, we report a scalable and mild strategy for the monofluoroalkylation of a wide array of Giese acceptors via
visible-light-mediated photoredox catalysis in continuous flow. The use of flow technology significantly enhances productivity and
scalability, whereas mildness of conditions and functional group tolerance are ensured by leveraging 4CzIPN, a transition-metal-free
organic photocatalyst. Structurally diverse secondary and tertiary monofluoroalkyl radicals can thus be accessed from readily
available α-monofluorocarboxylic acids. Given the mild reaction conditions, this protocol is also amenable to the late-stage
functionalization of biologically relevant molecules such as menthol, amantadine, bepotastine, and estrone derivatives, rendering it
suitable for application to drug discovery programs, for which the introduction of fluorinated fragments is highly sought after. This
method was also extended to enable a reductive multicomponent radical-polar crossover transformation to rapidly increase the
complexity of the assembled fluorinated architectures in a single synthetic operation.
KEYWORDS: monofluorocarboxylic acids, photocatalyst, Giese acceptors, fluoroalkylation

Twelve of the fifty-five drugs approved by the FDA in 2023
contain at least one fluorine atom.1 This data is in line with the
trend observed in the past decade, with approximately 20% of
approved drugs being fluorinated.2 Indeed, over the last two
decades, there has been a consensus that the introduction of
the fluorine atom into the parent molecule can lead to
therapeutic benefits through the modulation of lipophilicity,
bioavailability, and metabolic stability.3,4 Specifically, in recent
years, the precise incorporation of fluoroalkyl groups has
gained prominence as an effective tool to enhance the
therapeutic profile of lead compounds (Scheme 1A). Among
the various fluoroalkyl motifs, the installation of trifluor-
omethyl groups (−CF3) represents the most investigated
synthetic operation,5 followed by difluoroalkylation (−CF2R)

6

and perfluoroalkylation.7 In contrast, strategies involving
monofluoroalkylation (−CFR2) with diverse and functional-
group-containing alkyl chains are comparatively underexplored.
Although some progress in monofluoroalkylation in the radical
domain has been made8 using halides,9 sulfones,10 sulfonyl
halides,11 and sulfinate salts,12 the lack of suitable commercially
or readily available starting materials often limits the structural

diversity of accessible α-monofluorinated carbon-centered
radicals. Indeed, most of these strategies are focused on
monofluoromethylation, and only scarce examples of more
complex monofluoroalkylation using sulfones,13 sulfoximines,14

and halides15 have been reported (Scheme 1B). The need for a
mild and scalable method for the selective introduction of
structurally complex monofluorinated alkylfragments is thus
imperative.
In this context, α-monofluorocarboxylic acids, readily

available either commercially or from abundant precursors
such as α-hydroxycarboxylic acids,16 amino acids,17 and
others,18 serve as an ideal platform for delivering a diverse
pool of α-monofluoroalkyl radicals. The decarboxylation of α-
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monofluorocarboxylic acids has already been employed for this
purpose.19−22 However, these methodologies typically rely on
metal catalysts, heating, or strong oxidants (e.g., iodine(III)
reagents) to promote the oxidative decarboxylation step,
potentially limiting their application to late-stage introduction
into structurally complex or sensitive structures. More recently,
photocatalytic approaches have also been developed in this
context.23−25 However, several of these strategies may face
limited applicability due to the following factors: (i) the
reliance on costly photocatalysts, such as iridium-based metal
complexes or acridinium-based organic catalysts with high
oxidation potentials, which can diminish functional group
compatibility; (ii) the need for prolonged reaction times, often
extending to 36−48 h; and (iii) the use of batch processes,
which hinder productivity and scalability, posing challenges for
potential applications in the pharmaceutical industry, where
direct synthetic strategies for monofluoroalkylation of lead
compounds (Scheme 1, A) are in demand. Motivated by our
interest in developing monofluoroalkylation methodologies26

and our experience in refining photochemical processes in

continuous flow,27 we wanted to address the aforementioned
limitations and hence develop a scalable, mild, and functional-
group-tolerant hydromonofluoroalkylation of a diverse array of
Giese acceptors under continuous flow conditions using α-
monofluorocarboxylic acids as convenient monofluoroalkyl
radical precursors (Scheme 1C).28,29

■ DESIGN PLAN
When designing the desired monofluoroalkylation reaction,
our aim was to avoid the use of expensive metal-based
photocatalysts or photocatalysts with unnecessarily high
oxidation potentials. Due to a lack of details concerning the
generation of secondary and tertiary monofluoroalkyl radicals
from α-monofluoro acids, we conducted cyclic voltammetry
experiments and computational analyses to assess the viability
of the synthetic strategy depicted in Scheme 2A. We began our
investigations by examining the generation of monofluoroalkyl
radical 2a from the corresponding 2-fluoro-3-phenylpropanoic
acid 1a. Cyclic voltammetry analyses revealed that 2-fluoro-3-
phenylpropanoic acid in its carboxylate form 1a− is more easily
oxidizable (E1/2red = +1.40 V vs SCE) compared to di- and
trifluorofluorocarboxylic acids reported in the literature. Based
on this finding, we hypothesized that 1,2,3,5-tetrakis(carbazol-
9-yl)-4,6-dicyanobenzene (4CzIPN) (E1/2

A*/A•− = +1.35 V
versus SCE), an inexpensive and transition-metal-free organic
photocatalyst, could be a competent mediator for the initial
single-electron transfer (SET) oxidation event.30 Specifically,
irradiation of photocatalyst 4CzIPN with visible light leads to
the formation of a long-lived (τp = 18.7 ns, τd = 1390 ns)31

excited state, *4CzIPN (A*), which can undergo reductive
quenching in the presence of the carboxylate functionality, to
generate the reduced photocatalyst 4CzIPN•− (A•−) and the
carboxyl radical species, which would immediately extrude
CO2 to furnish the monofluoroalkyl radical 2. Calculations of
the global electrophilicity index (ω) show a value of less than 1
eV, highlighting the nucleophilic character of monofluoroalkyl
radical 2 (Scheme 2C) (vide infra). These radicals should
therefore readily undergo Giese addition to SOMOphiles to
forge a new C−C bond with the concomitant formation of
radical 3. The subsequent single-electron transfer reduction of
the fluorinated radical 3 operated by 4CzIPN•− (A•−) (E1/2

A/A•−

= −1.21 V versus SCE) would deliver, upon protonation, the
desired α-monofluoro alkylated product 5 while regenerating
the photocatalyst. Alternatively, as described below, putative
carbanion 4 can be intercepted by an external electrophile,
such as a carbonyl compound, yielding fluorinated product 6.
Although this closed catalytic cycle seems plausible, the
involvement of radical chain processes must be considered.
Specifically, a single-electron transfer (SET) oxidation event
promoted by radical 3 on 1−, which is likely the most abundant
species under basic conditions, could, in principle, deliver
desired product 5 and monofluoroalkyl radical 2 after
protonation and CO2-extrusion, respectively. However, we
believe that this SET event is unlikely due to a potential
mismatch (see below). Nonetheless, a chain mechanism (not
shown in Scheme 2) involving 1 and radical 3 via hydrogen
atom transfer (HAT) could operate in addition to the closed
catalytic loop. To support the feasibility of the proposed
catalytic cycle, we conducted a preliminary computational
study of the Giese addition reaction (Scheme 2B). We used
radical 2a as the model substrate and examined its addition to
three different Giese acceptors: methyl acrylate, t-butyl vinyl
ether, and propene. The results, obtained at the SMD-

Scheme 1. (A) Examples of APIs Containing
Monofluoroalkyl Groups. (B) Selected Strategies for the
Generation of Monofluoroalkyl Radicals. (C) This Work
Presents a Straightforward Methodology for the
Streamlined Generation of Monofluoroalkyl Radicals from
Readily Available α-Monofluorocarboxylic Acids
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(dimethyl sulfoxide (DMSO))-ωB97X-D3/def2-TZVP//
ωB97X-D3/def2-SVP level of theory, indicated that the
addition reaction of radical 2a to these acceptors is an
exergonic process (ΔG° between −17.8 and −23.6 kcal mol‑1),
with relatively low energy barriers (ΔG‡ ranging from 11.8 to
16.6 kcal mol‑1), suggesting that these reactions are likely to
occur at room temperature. However, the possibility of
completing the proposed reaction cycle and thus sustaining
the transformation to completion depends on a favorable
match between the reduction potential of 4CzIPN•− and those
of the radical Giese adducts 3. To this end, reduction
potentials for adducts 3a−c were computed at the SMD-
(DMSO)-M06-2X/ma-def2-TZVP//ωB97X-D3/def2-SVP
level and compared to the reported reduction potential of
4CzIPN•− (−1.21 V vs SCE in MeCN). The results suggested
that only the redox process between adduct 3a and 4CzIPN•−

is thermodynamically favorable, corresponding to a cell
potential of +0.31 V (ΔG° = −7.1 kcal mol‑1). Interestingly,
the reduction potential obtained for radical 2a is −1.50 V
versus SCE, close to the value reported for 4CzIPN•−. This
implies that, in principle, the side reaction involving the direct
reduction of the fluorinated radical, resulting in the release of
the corresponding fluoroalkane, represents a possible com-
petitive reaction pathway. However, during this study, the
corresponding fluoroalkane was observed only in some
reaction crudes and in small amounts (<10%).

■ RESULTS AND DISCUSSION
Encouraged by these initial investigations, we began our study
by analyzing the coupling between 1a and benzyl methacrylate
as the model reaction. Following an extensive optimization
(see the Supporting Information for the full exploration of
optimization experiments) under batch conditions, we
identified optimal conditions for this monofluoroalkylation
strategy. We were delighted to find that the inexpensive
4CzIPN photocatalyst possesses the appropriate redox
potential properties to mediate this transformation, avoiding
the use of expensive metal-based and strongly oxidizing
photocatalysts (Table 1, chart 1). Furthermore, the reaction
proceeds smoothly with both organic and inorganic bases
(Table 1, chart 2). Optimization experiments also revealed a
notable solvent effect (Table 1, chart 3) as the desired
fluorinated product 7 was obtained with low to moderate yield
when using methanol (MeOH), tetrahydrofuran (THF), N-
methyl-2-pyrrolidone (NMP), and acetonitrile (ACN) as
reaction solvents. Notably, a considerable improvement in
efficiency was achieved using dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO). It is worth noting that increasing
the light source power from 40 to 128 W leads to a dramatic
improvement in the reaction outcome, with the reaction time
remaining constant (Table 1, chart 4). Furthermore, control
experiments demonstrated that the reaction does not proceed

Scheme 2. Development of a Direct Decarboxylative Monofluoroalkylation Strategy. (A) Design Plan of the Methodology. (B)
Computational Studies on the Addition of 2a to Unsaturated Acceptors. (C) Calculated Global Electrophilicity Indices (ω)
(See the Supporting Information for Details)

aOxidation potentials measured by cyclic voltammetry in a 0.1 M solution of NBu4PF6 in MeCN at 25 °C with a 100 mV s−1 scan rate and reported
vs SCE. Carboxylates generated in situ through the addition of a solution of NBu4OH. Here, the potentials at half the peak (Ep/2) are reported. See
the Supporting Information for further experimental details. bLiterature values vs SCE.32 cValues calculated at the SMD(DMSO)-M06-2X/ma-
def2-TZVP//ωB97X-D3/def2-SVP level of theory (298.15 K, 1 M). dValues calculated at the SMD(DMSO)-ωB97X-D3/def2-TZVP//ωB97X-
D3/def2-SVP level of theory (298.15 K, 1 M).
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in the absence of a photocatalyst, or visible light (Table 1,
charts 1, 2, and 4). The study of reaction time showed that it is
possible to achieve a complete conversion of the limiting
unsaturated acceptor in 3 h (Table 1, chart 5). However, the
reaction time changes depending on the used SOMOphile (see
below). Finally, we observed that the concentration can be
increased to 0.3 M without affecting the reaction yield (Table
1, chart 6). Then, we tested the coupling between 1a and
nonactivated SOMOphiles, such as vinyl ethyl ether and
cyclohexene, under optimized reaction conditions. As
predicted by the computational investigations (Scheme 2B),
no monofluoroalkylated products were observed in both cases,
further supporting the nucleophilic nature of monofluoroalkyl
radical 2a.
After identifying 4CzIPN as a suitable photocatalyst for this

monofluoroalkylation strategy, we focused our attention on
two subsequent objectives: (ii) accelerating the reaction rate
and (iii) designing a scalable methodology. As anticipated
above, we observed that extending the optimized reaction
conditions to other Giese acceptors often required an
extension of the reaction times to achieve satisfactory
conversions. For instance, in the coupling reaction between
1a and 2-vinylpyridine in batch mode, extending the reaction
time from 3 to 16 h resulted in an increase in yield from 47%
to 70%. Furthermore, it is well established that scaling up
photochemical processes under classical batch conditions is
challenging. This is due to the limitations imposed by the
Bouguer−Lambert−Beer law, which restricts the use of
dimension enlargement to increase the productivity of a
synthetic strategy. In addition, the inefficiency of irradiation
when large batch reactors are used leads to longer reaction
times to allow for greater conversion. However, such
overirradiation of the reaction mixture can lead to increasing
formation of byproducts, complicating the purification
process.33 Considering our experience in the field of flow
technology,34 we wondered whether it was possible to transfer

this methodology to continuous flow microreactors. To pursue
this objective, since the use of K3PO4 resulted in a
heterogeneous mixture, it was crucial to find a base that was
more soluble in the reaction solvent. Therefore, from our
screening of bases (Table 1, chart 2), we identified 2,6-lutidine
and potassium hydroxide (KOH) as potential alternatives to
K3PO4. While 2,6-lutidine provided higher yields under batch
conditions, this base is also more expensive (approximately 25
€ mol−1) and could potentially reduce the efficiency of the
purification process.35 Therefore, we chose potassium
hydroxide, which is more economical (approximately 1.6 €
mol−1) and releases water upon completion of the process,
easily removed during the workup. With this modification
compared to the batch protocol, we tested the coupling of 2-
fluoro-3-phenylpropanoic acid 1a with 2-vinylpyridine, which
in batch conditions requires longer reaction times to achieve
satisfactory conversion (i.e., 16 h). To our delight, we observed
that the process could be easily transferred to continuous flow
while simultaneously reducing the residence time to 3.5 h,
resulting in a significant improvement in process efficiency
(Scheme 3, 17, 80%). In the case of activated SOMOphiles,
the residence time can be further shortened to 1.5 h. However,
to ensure satisfactory conversion with various SOMOphiles, we
opted for a residence time of 3.5 h. With optimized conditions
in hand, we then sought to explore the generality of this
continuous flow transformation with respect to both α-
monofluorocarboxylic acids and Giese acceptors.
Preliminary cyclic voltammetry (see the Supporting

Information for details) experiments were conducted to
confirm the compatibility of four other (1b−e) structurally
diverse α-monofluorocarboxylic acids within the catalytic cycle
outlined in Scheme 2A. In these investigations, we discovered
that all of these monofluorocarboxylates exhibit an oxidation
potential close to the value reported for 4CzIPN (E1/2

A*/A•− =
+1.35 V versus SCE), confirming the suitability for efficient
single electron transfer in the initial oxidation event.

Table 1. Optimization of Reaction Conditions in Batcha

aYields were determined by proton NMR spectroscopy using dibromomethane as an internal standard.
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Remarkably, tri- (1a,b,c) and tetrasubstituted (1d,e) α-
monofluorocarboxylic acids were found to be competent
platforms for delivering a diverse pool of α-monofluoroalkyl
radicals, which were effectively coupled with a wide variety of
electron-deficient alkenes. As shown in Scheme 3, the addition
of secondary and tertiary α-monofluoroalkyl radicals to
acrylates proceeds smoothly, producing the corresponding
alkyl fluorides in good to excellent yields (5a-16, 70−91%
yield), even in the presence of a substituent at the β position
(16, 80% yield). Next, we turned our attention to various
styrene derivatives as SOMOphiles (17−24, 17−80% yield).
Pentafluorostyrene was successfully coupled with the tertiary
α-monofluoroalkyl radical 2c generated from 1-Boc-4-fluoro-4-
piperidinecarboxylic acid (20, 70%), which exhibits a superior

performance compared to its four-membered ring counterpart
(23, 34%). The addition of α-monofluoroalkyl radical 2d,
bearing an aliphatic side chain, to 2-vinyl pyridines afforded the
corresponding adduct 21 in a good yield (65%). The addition
of this fluorinated radical to the α-(trifluoromethyl)styrene
leads to the formation of gem-difluoroalkene 22, resulting from
a fluoride anion elimination after the reduction of the radical
adduct of type 3 (see Scheme 2A).36 Examining other classes
of SOMOphiles, we were pleased to observe that our strategy
could be extended to α,β-unsaturated carbonyl compounds,
such as N,N-dimethylacrylamide and 2-cyclohexen-1-one (25
and 26, 40% and 70% yield, respectively), and sulfur-based
Giese-type acceptors, including vinyl sulfoxides (27, 51%
yield) and sulfones (28, 55% yield). Next, to demonstrate the

Scheme 3. Photoredox Decarboxylative Monofluoroalkylation Strategy: α-Monofluorocarboxylic Acid and Giese Acceptor
Scope. Isolated Yields Are Reported

aOxidation potentials measured by cyclic voltammetry (see the Supporting Information for details). bThe experiments were conducted on a 2
mmol scale, with a residence time of 3 h and a reaction time of 3 h for the flow and batch reactions, respectively.
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applicability of this monofluoroalkylation methodology in late-
stage functionalization, we sought to derivatize biologically
relevant architectures (29−32). Notably, we were able to
introduce monofluoroalkylated fragments on menthol (29,
92% yield), amantadine (30, 42% yield), bepotastine (31, 37%
yield), and estrone (32, 62% yield) derivatives with moderate
to excellent yields. Next, the scalability of this monofluor-
oalkylation approach was demonstrated for the coupling
between 1-Boc-4-fluoro-4-piperidinecarboxylic acid 1c and
methyl cinnamate. Under batch conditions, when this reaction
was run above 2 mmol scale, a significant drop in yield (45%
yield) of the desired fluoroalkylated adduct 16 was observed,
probably due to limited light penetration and nonuniform
irradiation. By transitioning to continuous flow settings, the
preparation of compound 16 could be scaled up to 5 mmol
without a significant loss of reaction efficiency. Furthermore,
the effectiveness of the flow protocol was demonstrated
through the comparison of productivity and space-time yield
(STY) in batch (109.5 mg h−1 and 10.9 g L−1 h−1, respectively)
and in flow (194.7 mg h−1 and 24.3 g L−1 h−1, respectively). In
line with our objective to develop a scalable methodology,
space-time yields of additional examples were also compared
for batch and flow (7−14, see the Supporting Information for
details). To our delight, the continuous flow method
outperformed the batch method in all cases, leading generally

to a doubling of the space-time yield, corroborating our target
with regard to our method’s scalability. Finally, we conducted a
series of mechanistic studies to gather evidence supporting the
design plan outlined in Scheme 2A (Scheme 4). We conducted
an on−off experiment that involves evaluating the progress of
the reaction in alternating periods of irradiation and darkness.
Through this, we confirmed that a productive transformation
requires constant irradiation of the reaction mixture, although
this experiment does not exclude the possibility that a chain
process could operate in addition to the closed catalytic cycle
(Scheme 4A). The addition of a radical scavenger such as
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) suppresses re-
activity, confirming the radical nature of the transformation
(Scheme 4B). However, it was not possible to detect the
adduct between TEMPO and radical 2a through a HRMS
analysis.
After assessing the synthetic applicability of this mono-

fluoroalkylation protocol and collecting evidence regarding the
proposed mechanism, we contemplate the possibility of
designing a photoredox-catalyzed decarboxylative multicom-
ponent radical polar crossover flow transformation to couple α-
monofluorocarboxylic acids, Giese acceptors, and aldehydes to
create complex fluorinated structures. Indeed, examining the
catalytic cycle outlined in Scheme 2A, the fluorinated carbon-
centered radical 3 is reduced to the corresponding carbanions

Scheme 4. Mechanistic Investigations. (a) Radical Trapping Experiment. (b) Light On−Off Experiment

aOptimized batch conditions were used: benzyl methacrylate (1 equiv), 1a (1.3 equiv), K3PO4 (1.3 equiv), and 4CzIPN (2.5 mol %) in DMSO
(0.3 M) as the solvent. The mixture was irradiated with 457 nm light (128 W).

Scheme 5. Photoredox-Catalyzed Three-Component Synthesis of Complex Fluorinated Structures via Multicomponent
Radical-Polar Crossover in Continuous Flow
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4 through a reductive single electron transfer (SET) event
mediated by 4CzIPN•− (A•−), resulting in the desired
fluorinated product 5 after protonation. However, as
demonstrated by Boerth, the enolates generated after the
reduction of the carbon-centered radical 3, which originates
from the conjugate addition of radical 2 to Michael acceptors,
could alternatively participate in a multicomponent radical
polar crossover-type reaction, acting as nucleophiles toward
carbonyl electrophiles.37 This multicomponent transformation
would enable the creation of complex fluorinated architectures
by the formation of multiple bonds in a single transformation.
Attracted by this possibility, a mixture of 1-Boc-4-fluoro-4-
piperidinecarboxylic acid 1c and methyl acrylate, in the
presence of an excess of 4-chlorobenzaldehyde, was irradiated
through the continuous-flow photoreactor under optimized
reaction conditions. Gratifyingly, the methodology enables the
forging of two consecutive bonds across the α,β-unsaturated
moiety within the methyl acrylate backbone, yielding 55% of
fluorinated product 33 (Scheme 5). Excited by this result, we
decided to extend this approach to other aromatic aldehydes.
The use of 3-pyridinecarboxaldehyde (34, 20%), 3-
(trifluoromethyl)benzaldehyde (35, 45%), and 4-fluorobenzal-
dehyde (36, 75%) returned the corresponding fluorinated
adducts in moderate to good yields. Furthermore, an aliphatic
aldehyde, such as heptanal, proved to be a competent
electrophile for this transformation, providing 37 in 44% yield.
In conclusion, we report a visible-light-mediated continuous-

flow monofluoroalkylation methodology through the addition
to Giese acceptors of α-monofluoro carbon-centered radicals,
generated from α-monofluorocarboxylic acids as convenient
and readily available precursors. Computational and exper-
imental details enable the photocatalytic generation of
monofluoroalkyl radicals using 4CzIPN as an inexpensive
and transition-metal-free photocatalyst, surpassing the limi-
tations of previously reported procedures. The microflow setup
proved instrumental in accelerating the reaction rate and
enabling efficient scale-up of this monofluoroalkylation tactic.
The mild conditions of this photocatalytic monofluoroalkyla-
tion were showcased in the late-stage functionalization of
biorelevant derivatives. Notably, we also demonstrated that
fluorinated carbon-centered radicals could be involved in a
three-component reductive radical-polar crossover reaction to
achieve molecular complexity in a single synthetic operation.
Given the particular benefits with regard to functional group
tolerance and scalability, this protocol should prove beneficial
for the pharmaceutical’s interest in novel fluorinated entities in
drug discovery programs by accessing hitherto undiscovered
chemical and unpatented intellectual space.

■ METHODS

General Procedure for Radical Monofluoroalkylation in
Continuous Flow
To an oven-dried vial equipped with a stirring bar were added the α-
fluoro acid (0.3 mmol, 1.3 equiv) and potassium hydroxide (0.3
mmol, 1.3 equiv). Upon complete solubilization, 4CzIPN (5.9 mg, 2.5
mol %), the SOMOphile (0.23 mmol, 1 equiv), and dry DMSO (1
mL) were added. Subsequently, the vial was sealed with a rubber
septum, and the solution was sparged with N2 (1 min). The solution
was loaded in a 1 mL poly(tetrafluoroethylene) loop connected to a
coil reactor (8 mL) contained in a PhotoCube photoflow reactor
equipped with a blue lamp (λ = 457 nm, 128 W). The solution was
pumped (0.04 mL/min) through the coil employing a syringe pump
equipped with a gastight syringe containing dry DMSO (10 mL). The

reaction mixture was collected after 180 min from the start for 23 min.
The solution was diluted with 20 mL of AcOEt and transferred to a
separatory funnel, where it was washed three times with 30 mL of
brine. The organic extracts were combined, dried over Na2SO4,
filtered, and concentrated in vacuo using a rotary evaporator. The
crude reaction mixture was analyzed by 1H NMR and purified by flash
column chromatography on silica gel.
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