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Abstract

Incorporation of fluoroalkyl motifs in pharmaceuticals can enhance therapeutic profiles of parent 

molecules. The hydrofluoroalkylation of alkenes has emerged as a promising route to diverse 

fluoroalkylated compounds; however, current methods require superstoichiometric oxidants, 

expensive/oxidative fluoroalkylating reagents, precious metals, and often exhibit limited scope, 

making a universal protocol that addresses these limitations highly desirable. Here we report 

the hydrofluoroalkylation of alkenes with cheap, abundant, and available fluoroalkyl carboxylic 

acids as the sole reagents. Hydrotrifluoro-, difluoro-, monofluoro- and perfluoroalkylation are 

all demonstrated, with broad scope, mild conditions (redox-neutral) and potential for late-stage 

modification of bioactive molecules. Critical to success is overcoming the exceedingly high 

redox-potential of feedstock fluoroalkyl carboxylic acids such as trifluoroacetic acid by leveraging 

cooperative earth-abundant, inexpensive iron and redox-active thiol catalysis, enabling these 

to be directly utilized as hydroperfluoroalkylation donors without pre-activation. Preliminary 

mechanistic studies support the radical nature of this cooperative process.

Main text

The incorporation of fluoroalkyl groups is emerging as a powerful tool in medicinal 

chemistry, enabling modulation of the biological and physiological activities of lead 

compounds, which can significantly affect the therapeutic profiles of parent molecules 

through enhancement of lipophilicity, bioavailability and metabolic stability.1-6 Among 

diverse fluoroalkyl motifs, the introduction of trifluoromethyl (CF3) and difluoromethyl 

(CF2H) on aliphatic chains has experienced growing demand in recent decades, serving as 
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competent bioisosteres to methyl and other functional groups in late-stage functionalization 

(LSF) (Figure 1a).7 Toward installing these functional groups, radical hydrofluoroalkylation 

of alkenes represents an important class of reactions to access diverse fluorine-

containing motifs from cheap and accessible hydrocarbon chemical feedstocks.8-33 Early 

hydrofluoroalkylation examples utilizing CF3I, CF3SO2Cl and CF3SO2Na have allowed the 

generation of CF3 radical for olefin coupling upon thermal- or photo-irradiation or with the 

treatment of redox agents; however, prohibitively harsh conditions and unstable reagents 

have impeded the general application of these methods,34-36 prompting current efforts to 

develop bench-stable and easy-to-use electrophilic fluoroalkyl reagents (CF3, CF2H etc.) as 

potential radical surrogates including Umemoto, Togni and Hu reagents (Figure 1b).37,38 

Despite being significantly more operationally-simple compared with previous strategies, 

poor atom economy, high cost, highly oxidative characteristics, dependence on noble-metal 

based photoredox catalysts, and requirement of sacrificial base and/or high temperature have 

limited the applicability of these hydrotrifluoromethylation protocols,9,11,13,15,18 rendering 

this class of fluoroalkylation reagents less ideal. Recent efforts to overcome some of these 

challenges have been made by Xie via halogen-atom-transfer (XAT) of fluoroalkyl halides 

using manganese catalysis; however, superstoichiometric strong and expensive reductant 

(supersilane) was still required, presenting a barrier to wide adoption of this method.39 

Outside of hydrotrifluoromethylation, previous methods of hydrodifluoromethylation have 

often exhibited limited scope tolerance and required complicated multistep syntheses.19,20 

Recent advances by Gouverneur21 and Wu22 have made progress in expanding the scope 

of hydrodifluoromethylation, though these methods still require stoichiometric use of strong 

oxidants or sacrificial XAT reagents, rendering these protocols less atom-economic .

Under this context, fluoroalkyl carboxylic acids (such as trifluoroacetic acid, TFA) are 

attractive candidates for achieving hydrofluoroalkylation. However, decarboxylation of 

these reagents to generate perfluoroalkyl fragments has proven challenging, with previous 

methods requiring extremely forcing conditions such as high temperature (>140 °C with 

Cu(TFA)2)40 or strong oxidants, providing significant barriers to their use in practical 

synthesis. Many of these difficulties arise from exceedingly high redox potential of 

fluoroalkyl carboxylate anions (e.g. CF3CO2Na, E1/2 ox > +2.4V vs SCE).41 Accordingly, 

direct outer-sphere single electron oxidation of fluoroalkyl carboxylate anions is not viable 

as these forcing potentials can directly oxidize most organic solvents in preference to the 

carboxylate substrate. The Pan17 and the Stephenson42 groups have avoided these challenges 

by using pre-formed or in situ generated redox auxiliaries, allowing for fine-tuning of the 

reagents’ redox profile to accommodate the electrochemical window for decarboxylation 

using conventional photoredox catalysts. While enabling, these approaches have several 

drawbacks, including generation of stoichiometric waste derived from the chloro-oxime 

auxiliary, expensive noble-metal based photoredox catalysts, and stoichiometric hydrogen-

atom-transfer (HAT) reagents for Pan’s hydrotrifluoromethylation. Stephenson’s system 

also requires the use of noble-metal based photoredox catalysts and uses a pyridinium 

auxiliary to enable C(sp2)─CF3 construction, with a limited scope of activated alkenes. 

Together, while this redox-auxiliary, photoredox manifold permits access to perfluoroalkyl 

radicals, a general, inexpensive, and operationally-simple hydrofluoroalkylation protocol 

directly using perfluoroalkyl carboxylic acids remains elusive. In an ideal method, diverse 
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fluoroalkyl radicals (CF3, CF2H, CFH2 etc.) could be generated directly from abundant 

perfluoroalkyl carboxylic acids using earth abundant element catalysts with no additional 

reagents and carbon dioxide as the sole byproduct. However, we recognized that achieving 

this aspirational reaction requires a new mechanistic approach.

We hypothesized that we might be able to directly engage perfluoroalkyl carboxylic acids 

in decarboxylation chemistry through changing the nature of the photochemical step. The 

primary elementary step of conventional visible light-mediated photoredox catalysis is 

bimolecular, outer-sphere single electron transfer (OSET) between the photocatalyst and 

reactants, where matching the redox-potential of the substrate and excited state catalyst 

is a prerequisite for effective quenching. Interestingly, the direct coordination of a metal 

and substrate allows for a complementary inner-sphere single electron transfer (ISET) 

process, where the electron is transferred to -or from- a directly coordinated substrate. 

Ligand-to-metal charge transfer (LMCT) is one such ISET process, also one of the most 

studied reaction schemes in visible-light induced homolysis (VLIH), in which matching 

the redox-potential is not relevant for the light-driven redox process as the mechanism is 

fundamentally different.43-47 VLIH photoreactivities of 3d transition metals’ (copper,43,46 

iron47 etc.) has seen significant development in recent years, providing sustainable 

alternatives to noble-metal based photocatalysts.44,45 Pioneering work from Wärnmark and 

coworkers unambiguously showed iron complexes can engage in LMCT, suggesting this 

mechanism may be accessible in catalysis as well.48 Consistent with this investigation, 

examples of decarboxylative reactivities via iron-photocatalysis have been demonstrated in 

some contexts.49-52 Recently, we reported a dual catalytic hydrodecarboxylation protocol 

which allows for efficient reaction of a variety of carboxylic acids through leveraging 

the synergistic cooperation of ligand-to-metal charge transfer (LMCT) and hydrogen-

atom-transfer (HAT).53 A key differentiator of this reaction from previously-reported 

acridinium-photocatalyzed decarboxylative protonation (proceeding via an OSET pathway) 

is the inner-sphere electron transfer process between the iron catalyst and carboxylate 

substrate bypasses unselective bimolecular oxidation of electron rich functional groups, an 

unavoidable source of side-reactivity using the acridinium approach. Taking advantage of 

this pre-association process, we envisioned that a weakly oxidizing iron salt (Fe3+/Fe2+, 

E1/2 red = +0.53 V vs SCE) can engage in the net photooxidation of challenging substrates 

(e.g. TFA, E1/2 ox > +2.4 V vs SCE) under visible-light irradiation and overcome the redox-

potential mismatching challenge inherent to the photoredox OSET processes, presenting 

an intriguing opportunity to directly oxidize otherwise inactive fluoroalkyl acids for direct 

hydrofluoroalkylation of a broad range of alkenes in combination with a suitable HAT 

cocatalyst.44,45

In our aspirational scheme, the homolytic cleavage of the O─Fe bond of the fluoroalkyl 

carboxylate I produces a carboxyl radical II and a lower-valent iron species under light 

irradiation (Figure 1c). While we envision that this process might occur via LMCT, other 

VLIH processes are also possible.46,47 Radical II can then undergo extrusion of CO2 

to access fluoroalkyl radical species III, which would engage in radical addition onto 

alkene, providing transient carbon-centered radical intermediate. In a parallel manifold, 

the thiol would function as hydrogen atom transfer (HAT) reagent to furnish the 
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hydrofluoroalkylation product IV and an oxidizing thiyl radical (step B). Finally, the thiyl 

radical would reoxidize the lower-valent iron intermediate while receiving a proton from 

another equivalent of acid substrate or H2O, closing both catalytic cycles (step A).

Realizing this design, here we report the first general photocatalytic hydrofluoroalkylation 

of alkenes via iron-photocatalysis and thiol-catalyzed hydrogen-atom-transfer (HAT). 

Hydrotri-, di-, mono- and perfluoroalkylation are all demonstrated by leveraging a 

unified cooperative catalytic system. Aside from the conceptually novel mechanistic 

pathway, this dual-catalytic design excludes the use of noble metals, stoichiometric 

oxidants/reductants, non-economical/corrosive electrophilic fluoroalkylating reagents, and 

allows incorporation of diverse fluoroalkyl moieties, including trifluoromethyl, directly 

from the parent carboxylic acids (e.g. TFA), an ideal yet exceedingly challenging 

approach due to the exceptional redox oxidation potential of these precursors. Key 

to unlocking the direct use of acid precursors is the photoreactivity of iron in light-

induced decarboxylation,49-53 addressing the redox-potential mismatching issue in previous 

methods, while simultaneously allowing redox-neutral operation with an earth abundant 

thiol cocatalyst. Together, this protocol presents a general approach to accessing diverse 

fluoroalkylated alkanes under extremely mild conditions, providing powerful tools in direct 

and modular hydrofunctionalization of alkenes with readily available carboxylic acids.

Results and discussion

Reaction Design and Optimization.

We first set out to explore the possibility of the cooperative photocatalytic 

hydrotrifluoromethylation by using the pent-4-en-1-yl benzoate as model substrate, 

trifluoroacetic acid (TFA) as trifluoromethyl (CF3) source, and an earth abundant iron 

salt and organic thiol in catalytic loading under the irradiation of 390 nm LED light 

at room temperature (Table 1, for more details, see supplemental information Tables 

1-6). Gratifyingly, we found that inexpensive iron diacetate in combination with 2,4,6-

triisopropylbenzene thiol (TRIP thiol) or the corresponding disulfide can facilitate this 

cooperative hydrotrifluoromethylation process in high efficiency, giving 86% or 92% yield 

respectively, validating our hypothesis that CF3 radical can be generated through iron-

photolysis process with cheap feedstock carboxylic acid precursors (e.g. TFA), addressing 

the redox potential mismatching in previous works engendered by their OSET strategy 

(Table 1, entry 1).17,42 Interestingly, decarboxylation of aromatic and aliphatic carboxylic 

acids via copper LMCT has been studied intensively recently,54-56 however, these catalysts 

are incompetent for decarboxylation of TFA under our conditions, showing the privileged 

reactivity of our iron/thiol cooperative system (Table 1, entry 2). Next, screening of different 

iron salts was carried out, indicating Fe(OAc)2 to be the most efficient catalyst (Table 

1, entry 3). Interestingly, the loading of TFA could be reduced to 2 equivalents, giving 

comparable hydrotrifluoromethylated product (Table 1, entry 4). It was found that the 

loading of base additive is important: no base results in less complete transformation 

(72% yield), while adding stoichiometric base decreases the yield significantly, possibly 

due to competitive deprotonation of the thiol, impeding the subsequent HAT process 

(Table 1, entry 5). Solvent screening indicated weakly- or non-coordinating solvent such 
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as DCM or THF either cannot or sluggishly promote the reaction, while coordinating 

solvent such as EA or acetone can facilitate the initial iron photolysis, in line with our 

previous observation (Table 1, entries 6–7).57 To demonstrate the necessary elements of 

our cooperative hydrofunctionalization protocol, control experiments were next pursued. 

No conversion was observed in the absence of light or iron salt (Table 1, entries 8–9) 

and as expected, only trace amount of product could be observed with the omission of 

thiol catalyst, indicating the synergistic activity between iron and thiol catalysts (Table 1, 

entry 10). Lastly, low yield was observed by removing water (co-solvent) from the system, 

indicating water is necessary, likely in regenerating thiol to facilitate hydrogen atom transfer 

(Table 1, entry 11).

Hydrotrifluoro- and difluoromethylation of alkenes.

Encouraged by successful optimization of our cooperative hydrotrifluoromethylation, we 

sought to apply this system onto another attractive fluoroalkyl moiety. The difluoromethyl 

group (CF2H) has been gathering enormous interest in medicinal and agrochemical 

science, functioning as important bioisostere to diverse functional groups. Recent efforts 

by Dolbier,19, Qing,20 Gouverneur,21 and Wu22 have elegantly addressed practicality 

and scope tolerance issues in previous works; however, the reliance of these methods 

on multistep syntheses, superstoichiometric strong oxidants, and/or high loading of 

sacrificial XAT reagents has prevented the development of a mild and sustainable 

method of hydrodifluoromethylation. Further, it would be ideal to be able to achieve this 

transformation with a generic catalytic manifold capable of other hydrofluoroalkylation 

reactions with minimal modification. Thus, we sought to unify hydrodifluoromethylation 

with our hydrotrifluoromethylation using the same cooperative photocatalytic pathway and 

were delighted to find our system can achieve both transformations (for optimization 

of hydrodifluoromethylation protocol, see supplemental information Tables 7-11). We 

next investigated the scope generality of this hydrofunctionalization system (Table 2). 

First, aliphatic alkenes were used to demonstrate the systems’ compatibility with simple 

unactivated alkenes. High yields were obtained for both hydrotrifluoro- (2, 3) and 

difluoromethylation (28, 29). Protecting groups such as benzoate (30) and base-sensitive 

tosylate (34) were tolerated; the 2,2,2-trichloroethoxycarbonyl, useful in peptide chemistry 

and susceptible to reduction, was tolerated in both systems (4, 31). Halo- (5, 6, 32) 

and other para-substituted arenes (7, 33) exhibited good tolerance to both trifluoro- 

and difluoromethylation conditions. Notably, most heterocycles behave smoothly in 

our system; however, competitive direct aryl trifluoromethylation was observed in one 

case. N-phthalimides (8, 35), dihydrobenzofurans (9, 36), and thiophenes (39) provided 

corresponding products in moderate to good yields, contrasting the scope limitation in 

previous protocols when using highly oxidizing fluoroalkylation reagents. In the case 

of N-methyl-pyrrole (10), we observed competitive radical trifluoromethylation of the 

heterocyclic moiety (for more details, see supplemental information section 2.12), showing a 

potential limitation of this protocol.

Having established a large scope of unactivated alkene additions, a series of substrates 

containing labile functionalities (acid/base-, substitution-, and redox-sensitive groups) 

were tested. Active proton-containing benzamides (11, 38) and medicinally prevalent 
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sulfonamides with acidic N–H protons (12, 41) as well as N-methylated sulfonamides (40) 

were also well-preserved in tri- and difluoromethylation. Reactive functionalities including 

strained-ring system such as oxetane (13) and SN2-labile aliphatic halides (14, 42) remain 

untouched, giving high yields of corresponding products. Of great importance is that 

oxidatively-labile functionalities including esters (15, 43), sulfides (16, 44), ketone (17), 

alcohol (18), aldehydes (19, 45) and non-fluoroalkyl carboxylic acids (20, 46) all produced 

expected products in moderate to high yields (52–85%), which would be a significant 

challenge by leveraging photoredox-catalyzed OSET processes with exceptional oxidizing 

ability as the majority of these functionalities are expected to be decomposed under such 

extreme redox potentials (especially up to +2.4 V vs SCE). Having observed preservation 

of a wide range of useful and medicinally important functional handles in both systems, 

we shifted our efforts to investigate spectrum of alkene substitution tolerance. In the 

hydrotrifluoromethylation reaction, cyclooctene (21) displayed conversion and reactivity 

comparable to previous substrates tested. In the difluoromethylation reactions, linear 

internal alkene (49) displayed similar conversion and yield in non-diastereomeric fashion. 

While similar to the difluoromethylation counterpart (60) regarding low diastereomeric 

control (24), disubstituted alkenes show evident preference in hydrotrifluoromethylation 

when encountering a bulky substituent (25). Not only was good reactivity observed in 

1,1-disubstituted alkenes (22, 23, 47, 48) for both hydrotrifluoro- and difluoromethylation, 

but tri-substituted alkenes (26, 51, 52) also provided hydrotrifluoro- and difluoromethylated 

products in good yields, offering pathway to a variety of compounds containing fluoroalkyl 

moieties on relatively sterically-hindered molecules. Finally, (R)-Carvone was utilized as a 

substrate containing two chemically distinct alkenes: an electron-deficient (activated) and 

an electron rich alkene (unactivated). The resulting trifluoromethylated compound (27) 

displayed exclusive conversion at the unactivated site, demonstrating the system’s unique 

chemoselectivity.

Late-stage hydrotrifluoro- and difluoromethylation.

Understanding the prominent therapeutic profiles engendered by introduction of fluoroalkyl 

moieties, we next endeavored to investigate an array of alkenes derived from commercially 

available active pharmaceutical ingredients (APIs) and natural products to evaluate 

the systems’ viability as a late-stage modification (Table 3). Substrates derived from 

common nonsteroidal anti-inflammatory (NSAID) drugs such as Ibuprofen (53, 66), 

Flurbiprofen (55), and Loxoprofen (68) provided moderate to high yields (62–82%) for 

both fluoromethylation systems. Sulfonamide-containing Probenecid (56) was transformed 

into its trifluoromethylated derivative in 89% yield; Naproxen (58) demonstrated 

moderate efficiency in the trifluoromethylation reaction. Alkenes derived from common 

herbicide 2,4-dichlorophenoxyacetic acid (54) and lipid-lowering Benzafibrate (59) afforded 

corresponding products in 81% and 78% yield respectively. The sterically congested and 

bicyclic (−)-Borneol (60, 70) and natural product (L)-Menthol (61, 69) were all efficiently 

derivatized in both systems, accessing hydrofluoroalkylated products in good yields. The 

unsaturated fat Oleic acid (63) demonstrated similar conversion and diastereoselectivity as 

with other internal alkenes tested. A ketal-protected monosaccharide (71) was well-behaved 

in the difluoromethylation system and heavily delocalized Flavone-type compound (64) 
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underwent efficient trifluoromethylation. Boc-protected Proline (73) also found tolerance in 

the hydrofluoroalkylation system, giving high yield of difluoromethylated product. Lastly, 

complex steroids such as the diene derivative of 18β-Glycyrrhetinic acid (65), Estrone (62, 

75) and tri-substituted Pregnenolone (72) demonstrated synthetically useful conversion to 

the respective hydrofluoromethylated products. It is notable that pharmaceuticals, natural 

products, and herbicides that have innate olefinic functionalities such as Vinclozolin (57, 

67), Pregnenolone (72) and Nootkatone (74), can be directly hydrofluoroalkylated, affording 

corresponding products in moderate to high yields, showcasing ability in direct late-stage 

functionalization (LSF) of substrate containing olefinic functionalities by our cooperative 

system. The simplicity and generality of our general strategy in hydrofluoroalkylation, 

in addition to the low cost, earth-abundance, and low toxicity of iron makes it ideally 

positioned for medicinal chemistry campaigns, allowing for the efficient and versatile 

generation of fluoroalkylated drugs/natural products analogues.

Hydromonofluoroalkylation of activated alkenes.

The thorough investigations leveraging tri- and difluoroacetic acid as fluoromethyl radical 

sources further encouraged us to explore alkene modification using monofluoroacetic acid to 

achieve monofluoromethylation under an analogous pathway, as monofluoroalkanes are also 

prevalent in drugs, agrochemicals and functional materials.1-6 Cognizant of the challenges 

in the preparation of alkyl monofluorides through direct C─F bond formation, we sought to 

deliver this alternative strategy in accessing diverse monofluoroalkanes with mild conditions 

and greater modularity. Based on nucleophilic character of the CH2F radical,29 styrene 

and styrene derivatives were selected as the major pool of substrates to explore the 

hydromonofluoromethylation (Table 4). Through careful optimization including various 

solvent conditions, reactant concentrations and other variations, styrene-type activated 

alkenes (76–88) featuring different functional groups (77, 78) or substitution patterns 

(80, 81) all provided the monofluoromethylated product smoothly. Interestingly, water as 

a cosolvent was not beneficial in all these examples, presumably as protonation of the 

thiol could occur directly from monofluoroacetic acid in these cases. Michael acceptor-

type alkenes (82, 83) provided the expected products in moderate yields. Moreover, 

different monofluoroalkyl derivatives such as 2-phenyl-2-fluoroacetic acid (84) and 2-

fluoropropanoic (85) also showed reactivities, giving corresponding products in comparable 

yields. Styrene-containing drugs/natural products including Gemfibrozil (86), Proline (87) 

and Palmtic acid (88) were also tested and, to our delight, monofluoromethylated products 

were all produced in useful yields.

Scope of hydro(polyfluoro)alkylation of alkenes.

Perfluoroalkyl acids (PFAAs) have become ubiquitous in many commercial and household 

items, being processed and utilized on industrial scales.58 However, environmental research 

suggests that PFAAs are highly resistant to biodegradation and toxic to the environment 

and human health. Based on our findings in using fluoroalkylated acids for alkene 

hydrofunctionalization, upcycling these industrial pollutants like PFAAs by utilizing 

them as reagents became an intriguing potential extension of our studies (Table 4). 

Perfluoropropionic acid (89), perfluorobutanoic acid (90), and perfluoropentanoic acid (91) 
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were all found to be competent fluoroalkyl sources to modify our model substrate in 

high yields, realizing facile application of these PFAAs. Additionally, difluoroacetic acid 

derivatives, including phenyldifluoroacetic acid (92) and 2,2-difluoropropanoic acid (93) 

were also suitable fluoroalkyl sources when applied in similar conditions. Other strong 

acid derivatives of acetic acid including a fluorine-containing propanoic acid derivative 

(94), trichloroacetic acid (95), 3,3,3-trifluoropropanoic acid (96), and the fluorocyclohexyl-

containing acid (97) all produced their expected products, indicating non-alpha fluorine 

substituted carboxylic acids could also engage in this cooperative hydrofunctionalization 

protocol.

Preliminary mechanistic studies.

Bolstered by the broad scope and generality of our cooperative hydrofluoroalkylation 

protocol, we next sought to perform mechanistic probes to interrogate the elementary 

steps of this process (Figure 2). We chose to focus on the most challenging 

hydrotrifluoromethylation as a model for these studies to illustrate our unified strategy 

in these hydrofluoroalkylation transformations. First, the inclusion of 1 equivalent of 

radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in the system, completely 

suppressed the reaction and alkene starting material was fully recovered, with detection 

of TEMPO-CF3 adduct on 19F NMR, supporting the presence of radical intermediates 

(Figure 2, panel A). To further provide support for TFA undergoing VLIH in the 

presence of Fe(III) species, we pursued a series of control experiments. First, irradiating 

Fe(NO3)3·9H2O, TFA, and TEMPO in CH3CN/H2O results in homolysis of the acid under 

visible-light irradiation, indicated by TEMPO-CF3 detection on 19F NMR. Similarly, a 

mixture of Fe(OAc)2 and TRIP thiol can induce homolysis of TFA under irradiation, 

again detected by TEMPO trapping of the CF3 radical. We hypothesize this reactivity is 

possible through initial photochemical formation of disulfide or thiyl radical,59 enabling 

oxidation of Fe(II) to Fe(III). No TEMPO-CF3 was detected in either case in the absence 

of light (for more details, see supplemental information section 2.7). With these results 

in hand, we sought to further support a radical pathway by applying two different radical 

clock substrates, where N-tosylated-tethered diene furnished 5-exo-trig product 98 in 62% 

yield and a cyclopropyl-substituted alkene undergoes a facile ring-opening process, offering 

hydrotrifluoromethylated product 99 in excellent E/Z selectivity. Both entries have provided 

strong support of a radical process and suggest that the subsequent hydrogen atom transfer 

step is slower than the rate constant of 2 x 105 s−1 (approx. for 5-exo-trig) in this cooperative 

system (Figure 2, panel B).

Furthermore, deuterium labeling and kinetic isotope effect studies were carried out. 

As expected from our proposed mechanism, exchanging the H2O cosolvent with D2O 

results in moderate yield of deuterotrifluoromethylation with good deuterium incorporation 

efficiency. The lower yield of deuterotrifluoromethylation compared with standard 

hydrotrifluoromethylation could suggest either slower proton exchange between thiol and 

D2O or sluggish deuterium atom transfer (DAT) step, leading to less complete conversion 

of starting material. The parallel reaction of both H2O and D2O reactions provided a KIE 

value of 2.5,60 suggesting hydrogen atom transfer (HAT) has rate determining character 

in this transformation (Figure 2, panel C). In line with the kinetic investigation via KIE 
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studies, we sought preliminary kinetic insight into our dual catalytic system using initial rate 

experiments. These tests reveal zeroth-order dependence on both alkene and trifluoroacetic 

acid, first-order dependence on iron, and complex dependence on thiol catalyst (for more 

details, see supplemental information section 2.7). The reaction exhibits positive order in 

thiol at low concentrations and negative order at high concentrations, suggesting that it has 

rate determining character at low concentrations (consistent with the observed KIE) and 

inhibitory effect at higher concentrations (for more details, see supplemental information 

section 2.7). Additionally, we found the reaction rate to be positively correlated to light 

intensity. Together, these data are consistent with thiol HAT having rate determining 

character and thiol concentration being impacted by both iron concentration and light 

intensity.

Conclusions

We have demonstrated a general catalytic protocol for hydrofluoroalkylation of alkenes 

with diverse fluoroalkyl carboxylic acids enabled by cooperative iron-photocatalysis and 

thiol-catalyzed hydrogen atom transfer (HAT). Hydrotrifluoro-, difluoro-, monofluoro- and 

perfluoroalkylation were all efficiently achieved under a unified pathway. Broad scope, 

mild, redox-neutral conditions, and the potential for late-stage modification were showcased 

in these transformations, addressing limitations of previous synthetic methods, including 

scope tolerance, superstoichiometric use of strong oxidants, or requirement of noble metal 

catalysts. Importantly, cheap feedstock chemicals such as trifluoroacetic acid (TFA) that 

have exceedingly high redox potentials can be directly utilized as CF3 source, overcoming 

challenging redox-potential considerations by applying earth abundant, inexpensive iron 

catalyst in synergy with a redox-active organic thiol cocatalyst. We expect this cooperative 

methodology will serve as a powerful tool in modular construction of fluoroalkylated 

compounds and accelerate the syntheses of fluoroalkylated analogues to commercially 

available pharmaceuticals and natural products. Future studies of hydrofunctionalization 

leveraging cooperative iron and thiol catalysis using various nucleophiles are ongoing in our 

lab.

Methods

General procedures of photocatalytic hydrofluoroalkylation of alkenes.

Fe salt (5 or 10 mol%, 0.05 or 0.1 equiv.), Na2CO3 (10 mol%, 0.1 equiv.) and TRIP disulfide 

or TRIP thiol (5 or 10 mol%, 0.05 or 0.1 equiv.) (in the case using TRIP thiol, HAT reagent 

was added via syringe after backfilling with N2) was added in an oven-dried 8-mL test 

vial containing a Teflon®-coated magnetic stir bar. The vial was evacuated and backfilled 

with N2 (repeated for 4 times), followed by addition of alkenes (0.1 mmol, 1.0 equiv.) and 

fluoroalkyl carboxylic acid (0.30 or 0.40 mmol, 3.0 or 4.0 equiv) in MeCN/H2O (9:1, 0.1 

M in regard to alkenes) or MeCN (0.1 M in regard to alkenes) via syringe under N2. The 

reaction mixture was placed under 390nm Kessil® light after sealing the punctured holes 

of the vial cap with vacuum grease and electric tape/parafilm for better air-tight protection 

and allowed to react at room temperature for 24 h. Following this, the reaction mixture was 

filtered through a pad of celite which was subsequently rinsed with DCM. The filtrate was 
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concentrated, and the residue was then purified by flash column chromatography to give 

the corresponding hydrofluoromethylated products. The details of hydrotrifluoro-, difluoro-, 

monofluoro and polyfluoroalkylation (the types and equivalent of iron salt, HAT reagents, 

solvent used in each protocol) are demonstrated in the supplemental information section 1.3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hydrofluoroalkylation of alkenes for accessing valuable fluorinated molecules.
(a) Selected examples of fluorine-containing pharmaceuticals. (b) Fluoroalkyl radicals are 

challenging to generate directly from fluoroalkyl carboxylic acids due to their high oxidation 

potential, necessitating the use of complex and expensive precursor reagents. Cooperative 

photocatalytic hydrofluoroalkylation allows simple, mild, and broadly-applicable syntheses 

of valuable fluorinated molecules by direct activation of fluoroalkyl carboxylic acids, 

addressing limitations including the use of noble metals, electrophilic/expensive agents 

and harsh conditions in previous methods. (c) Postulated mechanism of the photocatalytic 

hydrofluoroalkylation. Upon light irradiation, homolytic cleavage of fluoroalkyl carboxylate 

is induced, forming carboxyl radical II and reduced FeII. Radical II undergoes CO2 extrusion 

and generates fluoroalkyl radical III, which can then engage in radical addition to the alkene 

and forming an alkyl radical. The thiol co-catalyst can then sequester this transient alkyl 

radical intermediate via hydrogen atom transfer (HAT) to form hydrofluoroalkylated product 

and a thiyl radical. Finally, redox interaction between reduced FeII and thiyl radical in the 

presence of a proton source allows both catalytic cycles to be closed, enabling cooperative 

photocatalytic hydrofluoroalkylation.
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Figure 2. Mechanistic studies and deuterium labeling experiments.
Standard conditions: as described in Table 1, entry 1 with TRIP thiol (a) Radical 

scavenger. Reduced reactivity and detection of TEMPO-CF3 on 19F NMR both indicated 

a radical process is likely involved. (b) Radical clock experiments. With two radical clock 

experiments behaving well, accessing 5-exo-trig or ring-opening products correspondingly, 

we reasoned that this result correlated with radical reactivity and panel A. (c) Deuterium 

labeling and KIE experiments. High deuterium incorporation rate provided support that the 

hydrogen that is delivered in HAT step comes from H2O co-solvent. Primary KIE value 

indicates that thiol HAT has rate determining character.
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Table 1.

Optimization of alkene hydrotrifluoromethylation.

Entry Deviation from Standard Conditions Yield (%)a

1 none 86(84)b, 92(89)c

2b [Cu(MeCN)4]BF4, Cu(OTf)2 ND

3d Fe(acac)3, FeCl3·6H2O, Fe(NO3)3·9H2O, Fe(OTf)2, FeCl2 trace–72

4 2 equiv. of TFA 74

5b no base; 100 mol% of Na2CO3 72; 62

6b DCM, THF trace–20

7b Acetone, EA 42–76

8 no iron salt ND

9 no light ND

10b no HAT reagent trace

11 no water 18b, 24c

Reaction conditions: alkene (0.1mmol, 1.0 equiv.), trifluoroacetic acid (3.0 equiv.), Fe(OAc)2 (10 mol%), TRIP thiol or disulfide (10 mol%), 

Na2CO3 (10 mol%) and solvent (0.1 M), 24h, RT, 390nm Kessil blue LED. a 1H NMR yield is determined by using CH2Br2 as an internal 

standard. Isolated yield in the parentheses. b With 10 mol% of TRIP thiol. c With 10 mol% of TRIP disulfide. d With 5 mol% of iron salt and 5 
mol% TRIP disulfide.
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Table 2.

Hydrotrifluoromethylation and hydrodifluoromethylation of alkenes.

Reaction conditions for hydrotrifluoromethylation: alkene (0.1mmol, 1.0 equiv.), trifluoroacetic acid (3.0 equiv.), Fe(OAc)2 (10 mol%), 

HAT reagent (10 mol%), Na2CO3 (10 mol%) and CH3CN/H2O (9:1, 0.1 M), 24h, RT, 390nm Kessil blue LED. Reaction conditions for 

hydrodifluoromethylation: alkene (0.1mmol, 1.0 equiv.), difluoroacetic acid (3.0 equiv.), Fe(NO3)3·9H2O (5 mol%), TRIP thiol (5 mol%), 

Na2CO3 (10 mol%) and CH3CN/H2O (9:1, 0.1 M), 24h, RT, 390nm Kessil blue LED. a With 10 mol% of TRIP thiol. b With 10 mol% of TRIP 

disulfide.
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Table 3.

Hydrotrifluoromethylation and hydrodifluoromethylation of APIs & natural product alkene derivatives.

Reaction conditions for hydrotrifluoromethylation: alkene (0.1mmol, 1.0 equiv.), trifluoroacetic acid (3.0 equiv.), Fe(OAc)2 (10 mol%), 

HAT reagent (10 mol%), Na2CO3 (10 mol%) and CH3CN/H2O (9:1, 0.1 M), 24h, RT, 390nm Kessil blue LED. Reaction conditions for 

hydrodifluoromethylation: alkene (0.1mmol, 1.0 equiv.), difluoroacetic acid (3.0 equiv.), Fe(NO3)3·9H2O (5 mol%), TRIP thiol (5 mol%), 

Na2CO3 (10 mol%) and CH3CN/H2O (9:1, 0.1 M), 24h, RT, 390nm Kessil blue LED. a With 10 mol% of TRIP thiol. b With 10 mol% of TRIP 

disulfide.c With Fe(OAc)2 (20 mol%), TRIP thiol (20 mol%) and trifluoroacetic acid (6 equiv.).
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Table 4.

Hydromonofluoroalkylation and hydroperfluoroalkylation of alkenes.

Reaction conditions of hydromonofluoromethylation: alkene (0.1mmol, 1.0 equiv.), monofluoroacetic acid (4.0 equiv.), Fe(NO3)3·9H2O (5 mol%), 

TRIP thiol (10 mol%), Na2CO3 (10 mol%) and CH3CN (0.1 M), 24h, RT, 390nm Kessil blue LED. a 0.2M. b With 10 mol% of H2O in 0.1M 

solution. c Without thiol. d With 10 mol% of Fe(NO3)3·9H2O in 0.2M solution. e With 10 mol% of Fe(NO3)3·9H2O. Reaction conditions 

of hydroperfluoroalkylation: alkene (0.1mmol, 1.0 equiv.), perfluoroalkyl carboxylic acid (3.0 equiv.), Fe(OAc)2 (10 mol%), HAT reagent (10 

mol%), Na2CO3 (10 mol%) and CH3CN/H2O (9:1, 0.1 M), 24h, RT, 390nm Kessil blue LED. f With 10 mol% of TRIP thiol. g With 10 mol% 

of Fe(NO3)3·9H2O and 10 mol% of TRIP disulfide. h With 10 mol% of Fe(NO3)3·9H2O and 10 mol% of TRIP thiol. i With 10 mol% of 

TRIP disulfide. Reaction conditions of hydroalkylation of styrene: styrene (0.1mmol, 1.0 equiv.), carboxylic acid (4.0 equiv.), Fe(NO3)3·9H2O (5 

mol%), TRIP thiol (5 mol%), Na2CO3 (10 mol%) and CH3CN (0.1 M), 24h, RT, 390nm Kessil blue LED. j 0.2M.
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