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SUMMARY

The direct trifluoromethylation of (hetero)arenes is a process of high importance to the 

pharmaceutical industry. Many reagents exist for this purpose and have found widespread use in 

discovery efforts; however, the step-intensive preparation of these reagents and their corresponding 

cost have resulted in minimal use of these methods in large-scale applications. For the ready 

transition of direct trifluoromethylation methodologies to large-scale application, the further 

development of processes utilizing inexpensive CF3 sources available on a metric ton scale is 

highly desirable. We report the use of pyridine N-oxide derivatives in concert with trifluoroacetic 

anhydride to promote a high-yielding and scalable trifluoromethylation reaction. Key mechanistic 

insights include the observation of electron donor-acceptor complexes in solution as well as a high 

dependence on photon flux. These observations have culminated in the application of this 

chemistry on a kilogram scale, demonstrating the utility of this reagent combination for 

preparative applications.
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Fluorine incorporation has become a highly important feature of drug-synthesis technology in 

recent decades. Although a multitude of methods have been developed for small-scale discovery 

efforts, direct, truly scalable perfluoroalkylation has been generally limited to reactions involving 

superstoichiometric amounts of copper. In an effort to minimize the associated environmental cost 

of these processes, Stephenson and colleagues demonstrate an improved perfluoroalkylation 

method requiring minimal catalyst loadings and utilizing visible light on a kilogram scale.

INTRODUCTION

The unique influence of fluorine incorporation on metabolic stability, lipophilicity, and 

pharmacokinetics has elevated organofluorine chemistry to a central role in the design of 

pharmaceuticals1 and agrochemicals.2 Since the late 1950s, fluorinated drugs have consisted 

of roughly 5%–15% of newly launched pharmaceuticals on a yearly basis,3 and about 200 

fluorine-containing drugs have been approved to date.4 Commodity trifluoromethylated 

arenes are produced industrially through direct halogen-fluoride exchange of 

benzotrichlorides; however, this process is limited to methylated arenes of significant 

oxidative and thermal stability, which are chlorinated before being subjected to anhydrous 

hydrogen fluoride at elevated temperatures.5 Alternative strategies are required to produce 

electron-rich and acid-sensitive benzotrifluorides, and halogen-fluoride exchange is not 

effective for higher-order perfluoroalkyl groups such as C2F5. Because of the challenges and 

limited substrate scope associated with direct C–F bond formation, many reagents for the 

direct incorporation of fluorinated groups have found widespread synthetic utility and 

strategic relevance.6 This is particularly true for trifluoromethylation reagents,7 which can be 

used to accomplish fluoroalkylations through nucleophilic,8–15 electrophilic,16–20 or 

radical21–36 additions of CF3 and are likewise used broadly in cross-coupling 

applications.37–43

Despite the undeniable value and utility of these compounds for discovery research, the use 

of many of these reagents in large-scale applications becomes less appealing when issues of 
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reagent cost, environmental impact, and material sourcing are considered. Trifluoroacetic 

acid (TFA) and fluoroform (HCF3) are the most attractive CF3 source materials in these 

respects because they are inexpensive and available in large quantities; furthermore, the 

majority of reagents for trifluoromethylation are prepared from these materials, and the 

environmental impact of the direct use of TFA or HCF3 is consequently minimal in 

comparison. The use of HCF3 has been pioneered by Grushin for the preparation of CuCF3 

in high yields; it can be used in a mild, room-temperature trifluoromethylation of both 

halides and boronic acids.39,44,45 Conversely, a broadly applicable and mild utilization of 

TFA as a CF3 source has been slower to develop, given that forcing conditions have 

traditionally been required to promote this reactivity.

The ability to directly oxidize trifluoroacetate has yet to be accomplished by redox-based 

photocatalysis; this is a result of the high oxidation potential of trifluoroacetate, which is 

observed for the sodium salt at potentials greater than +2.4 V versus saturated calomel 

electrode (SCE) in MeCN.46 These electrochemical potentials limit the compatibility of 

direct TFA oxidation with many substrates and solvents, and an alternative strategy is 

required for true synthetic utility. Matsui was the first to report the trifluoromethylation of 

aryl halides using sodium trifluoroacetate and superstoichiometric copper and noted that the 

polar decarboxylation of this salt was observed at temperatures above 140°C in the presence 

of CuI (Scheme 1).47 Subsequent work by Buchwald has demonstrated that this reactivity 

can be accelerated significantly at increased temperatures.48 Open-shell pathways for 

decarboxylation through oxidation to the corresponding carboxyl radical have been 

accomplished with relatively few reagents, including XeF2,49 mixtures of silver salts and 

persulfate,50 and the UV-promoted decarboxylation of silver trifluoroacetate.51 The requisite 

strength of these oxidants has limited the substrate scope of such transformations to 

electron-poor compounds to minimize their background degradation. A sole and notable 

exception to this theme is Sawada’s use of bis(trifluoroacetyl) peroxide (Scheme 1), which, 

despite the use of Freon 113 (1,1,2-trichloro-1,2,2-trifluoroethane) as a solvent, has been 

shown to be the only TFA derivative capable of trifluoromethylating electron-rich 

heterocycles such as furans and thiophenes.52,53

Visible-light photoredox catalysis has shown remarkable utility for decarboxylative 

chemistry, with a number of leading examples from MacMillan,54–60 Wallentin,61 and 

Nicewicz62 demonstrating the feasibility and compatibility of this approach. As a general 

principal, these methods involve the direct oxidation of a carboxylate by a redox-active 

photocatalyst and are limited to electron-rich aliphatic carboxylates with minimal 

exception.63 Our interest in visible-light-mediated processes led us to pursue a 

photochemical means for the radical decarboxylation of trifluoroacetate derivatives, which 

optimally would be safely scalable, promoted within a readily accessible redox window, and 

occur at ambient temperature. We recently reported such a method through the use of 

pyridine N-oxide as a stoichiometric redox trigger to facilitate the photochemical 

decarboxylation of trifluoroacetic anhydride (TFAA).64 As a conceptual alternative to direct 

carboxylate oxidation, the acylation of a pyridine N-oxide derivative allows the reaction 

manifold to be accessed through a reductive pathway. This design expands the scope of 

photoredox-mediated decarboxylation to electron-poor carboxylates, and through this 

method, a number of electron-rich and redox-sensitive substrates have been 
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trifluoromethylated using TFAA. At the outset of this work, the use of pyridine N-oxide 

remained untested for scale-up applications beyond 20 g, and the yields of this process were 

not competitive with those of popular and established trifluoromethylation methods such as 

MacMillan’s use of trifluoromethanesulfonyl chloride with photoredox catalysis26 or 

Baran’s Zn(O2SCF3)2/tBuOOH system.29,30 Driven by an improved mechanistic 

understanding of this process, we have identified 4-phenylpyridine N-oxide as an efficient 

redox trigger with correspondingly improved reaction yields and detail the application of 

this methodology on a 1.2 kg scale in a photochemical flow reactor.

RESULTS AND DISCUSSION

Optimization of N-Oxide Electronics

Although pyridine N-oxide is readily available and presents minimal cost when implemented 

on scale, we recognized that the electronics of the N-oxide are influential in determining 

reactivity. Both the redox potential of the N-oxide/TFAA adduct and the affinity of the CF3 

radical for the pyridine byproducts could be tuned through pyridine functionalization, and 

other mechanistic factors including reaction quantum yield and fluorescence quenching rates 

are expected to be influenced by these changes. Electron-poor and highly conjugated N-

oxides are expected to be more readily reduced, and so using mesitylene (2) as the model 

substrate, we began by investigating a number of electronically tuned pyridine N-oxides. 

This process initially yielded mixed results, such that a large number of pyridine derivatives 

proved less efficient than pyridine N-oxide itself (Table 1, entries 1–12). Inclusion of 

electron-withdrawing substituents did not improve reaction efficiency (entries 2–4), and 

electron-donating substituents were equally ineffective (entries 5–7). Alkyl pyridines with 

substituents in the 2 and 4 positions are well-known substrates of the Boekelheide reaction, 

and as such were excluded from our investigation.65 Improved results were obtained when 4-

phenylpyridine N-oxide (1) was used, providing 10% more mono-functionalized mesitylene 

(entry 9). Alternative biaryl N-oxides did not perform as efficiently (entries 10–12).

Exclusion of the catalyst from these reaction conditions was found to provide only trace 

amounts of 2 when 4-phenylpyridine N-oxide was used (entries 13 and 14), and increased 

equivalents of N-oxide and TFAA in the presence of catalyst resulted in improvements to the 

overall yield, with concomitant increases in the amount of 2b formed (entries 15 and 16). 

The formation of 2b resulted from further functionalization of 2 and as such was not 

considered a drawback at this point of reaction development. Degassing of the reaction 

solution was found to improve the yield of functionalized mesitylene (entries 17–18); the 

magnitude of improvement resulting from the exclusion of oxygen has been found to be both 

N-oxide and substrate dependent. Lowering the catalyst loading to 0.1 mol % resulted in 

comparable yields (entries 19 and 20). Control experiments demonstrated that visible-light 

irradiation in the absence of oxygen and catalyst promoted an appreciable background 

reaction with 1 (entries 21 and 22), whereas complete exclusion of light provided no 

reactivity (entry 23). It should be noted that this background reactivity is predicated on the 

degassing of the solution (entry 14 versus 21), and background trifluoromethylation is only 

at trace levels with unfunctionalized pyridine N-oxide. It is also clear that the formation of 

2b is an artifact of substrate stoichiometry (entry 24).
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Perfluoroalkylations of Electron-Rich (Hetero)arenes

With optimized conditions in hand, the trifluoromethylation of a number of electronrich 

arenes and heterocycles was performed using 4-phenylpyridine N-oxide (1; Scheme 2A). 

The 1/TFAA adduct exhibited peak reduction at −0.91 V versus SCE in MeCN, which is 190 

mV more positive than the measured reduction potential of the pyridine N-oxide adduct 

(Ered = −1.10 V versus SCE in MeCN; see also Figures S34 and S35). Notably, reaction 

times were significantly shorter when using 1, and substrate was generally consumed within 

2–6 hr. Yields for electron-rich heterocycles were particularly high, and yields of 

trifluoromethylated products were significantly improved over our previous efforts (up to 

28%). Five-membered heterocycles were particularly amenable to the reaction conditions, 

and acid-labile Boc groups were unaffected by the use of TFAA. In addition, 

methyliminodiacetic acid (MIDA)-protected boronate esters were well tolerated.66 The 

MIDA boronate substrates generally required longer reaction times (12–15 hr) because the 

conversion of the final 5%–10% of the substrate proceeded slowly. This could be partially 

overcome through the use of additional equivalents of the N-oxide/anhydride reagent. 

Regardless, remaining starting material for the MIDA boronate substrates invariably co-

eluted with the trifluoromethylated products, causing full conversion—and consequently 

longer reaction times—to be essential for the isolation of clean material. The 

trifluoromethylated pyrrole 9a was subjected to an efficient, diastereoselective 

hydrogenation reaction to provide the trifluoromethylated proline derivative 17 (Scheme 

2B), which has been proposed as a potential isostere of pyroglutamic acid.67

We next turned our attention to alternative perfluoroalkylation reactions through the use of 

pentafluoropropionic anhydride (PFPA), which resulted in efficient perfluoroethylation of 

select substrates in higher yields than the corresponding trifluoromethylations (Scheme 3). 

Although the reasons behind the differing relative efficiencies of these two processes are not 

currently understood, the CF3 and C2F5 radicals have been demonstrated to possess 

surprisingly different kinetic profiles for a number of addition reactions.68 The reduction 

potential of the 1/PFPA adduct was measured to be −0.88 V versus SCE in MeCN, which is 

not significantly different from the analogous TFAA adduct (see also Figure S36). Most 

higher-order radical perfluoroalkylation reactions involve the use of perfluoroalkyl iodides,6 

which are generally synthesized from the corresponding fluorinated acids.69,70

Expansion of this methodology for the generation of larger perfluoroalkyl radicals 

predictably becomes less atom-economical as larger and larger acid equivalents are 

produced as byproducts. Although smaller acid chlorides are volatile (F3CCOCl bp = 

−27°C; F5C2COCl bp = 7°C–9°C), the use of heptafluorobutyryl chloride 22 in place of its 

corresponding anhydride 23 (Ered of the 1/23 adduct = −0.93 V versus SCE in MeCN; see 

also Figure S37) provided a comparable yield of pyrrole 24 (Scheme 4). The slightly lower 

yield obtained with the acid chloride can likely be attributed to incomplete solubility of the 

reagent in solution.

Mechanistic Investigations

With particular interest in elucidating the mechanism of the light-promoted 

trifluoromethylation background reaction (Table 1, entries 21 and 22), we turned our 
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attention to the absorption of light by other species in solution. At 0.4 M concentration and 

in the absence of catalyst, the reaction solution containing 1, TFAA, and mesitylene (2) 

displayed a significant absorbance peak centered at 390 nm, which trailed significantly into 

the upper 400 nm range (Figure 1A). This absorbance was found to be highly concentration 

dependent and diminished significantly at lower concentrations (see Supplemental 

Information). Mesitylene (2) and TFAA predictably displayed no absorbance in the visible 

region of the spectrum, with strictly baseline absorbance above 350 nm. 4-Phenylpyridine 

N-oxide 1 showed an absorbance profile trailing into the visible region, and this absorbance 

was not significantly altered in the presence of 2. A mixture of TFAA and 1 in a 1.1:1.0 ratio 

displayed significant absorbance in the visible region, and a closer analysis provided a 

number of mechanistically relevant insights.

Because light absorption depends on the presence of TFAA, the relative equivalents of 

TFAA were varied in the presence of 1.0 equiv of 1 at 0.4 M concentration in MeCN (Figure 

1B). The solution displayed the largest absorbance in the visible region when near-equimolar 

amounts (0.5–1.1 equiv) of TFAA were used and exhibited shifting λmax values depending 

on the quantities of TFAA used. Upon the addition of larger amounts (2–8 equiv), the 

absorbance of the solution stabilized at 367 nm, and subtle changes in absorbance shape 

were likely due to solvent effects from large excesses of TFAA. These results suggest that 

the acylation of 1 is a process in equilibrium, which can be forced toward complete acylation 

through the use of excess TFAA. Although this equilibrium behavior was expected, the large 

absorbance signals observed in the presence of less TFAA merited closer attention.

To further study this phenomenon, we investigated the possible interaction of the substrate 

with the fully acylated reagent. The combination of 1, 2, and TFAA (1:1:2 ratio; Figure 2A) 

revealed a strongly absorbing signal in the visible region, and we postulated that this new 

absorbance could be attributed to an electron donor-acceptor (EDA) interaction.71 To probe 

this relationship further, we measured the absorbance profile of the acylated reagent with a 

number of electron-rich arenes of known ionization potential (Ip), including naphthalene (Ip 

= 8.12 eV),72 1,3,5-trimethoxybenzene (Ip = 7.96 eV),73 and 2-methoxynaphthalene (Ip = 

7.80 eV).74 EDA complexes have a characteristically linear relationship between their 

charge-transfer absorbance energy (hνCT ∝ λmax) and the ionization potential (Ip) of the 

constituent donor.75 The absorbance of the reagent and mesitylene (Ip = 8.39 eV)76 

combination was found to be energetically co-linear with the hνCT of the other arenes tested 

(Figure 2B), providing strong evidence for an EDA interaction.

With significant evidence for the presence of EDA interactions in this reagent system, the 

large, red-shifted absorbance profiles in the absence of substrate (Figure 1B) may be 

partially explained by analogy. A large excess of TFAA minimizes the broad absorbance of 

the reagent mixture in the visible region, whereas fewer equivalents result in the highest 

magnitude of absorbance. We tentatively propose that these absorbance signals represent an 

EDA interaction between acylated and non-acylated pyridine N-oxide, the latter of which is 

almost fully consumed upon the addition of 2.0 equiv of TFAA. This is, however, an 

oversimplified mechanistic picture, given that the shifting values of λmax (and consequently 

hνCT) between 0.5 and 1.1 equiv of TFAA imply a more fundamental structural change than 

the simple equilibrium of two distinct chemical states. It is possible that oligomeric 
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complexation is occurring, in which multiple EDA complexes form macromolecular 

architectures with altered photophysical properties. Further efforts to elucidate this process 

are currently underway.

EDA complexes have found a number of elegant applications in organic synthesis; for 

example, a number of leading examples from Melchiorre detail the ability to utilize these 

interactions in lieu of a photocatalyst.77–81 For this work, although a significant background 

reaction was observable for mesitylene (Table 1, entries 20 and 21), the EDA background 

reaction was not general and was largely dependent on the substrate ionization potential 

(Figure 2). For example, benzene (Ip = 9.24 eV)76 displayed no EDA complex absorbance in 

the visible spectrum, and only the absorbance of the fully acylated reagent could be 

observed at reaction concentrations. As a consequence, although the use of photocatalyst 

provided trifluorotoluene in a 73%yield, the reaction without photocatalyst and with 2.0 

equiv of TFAA provided merely 11% yield upon irradiation with blue light (Scheme 5). This 

background reactivity is likely due to direct absorbance of light by the fully acylated reagent, 

and we further investigated this possibility through irradiation at longer wavelengths where 

the reagent does not absorb. Interestingly, when green light (510–520 nm) was used instead 

of blue light, the background reactivity without catalyst dropped significantly and was 

undetectable for benzene.

EDA complexes undergo photoinduced electron transfer on irradiation on an extremely fast 

timescale.82 Although intramolecular donor-acceptor dyads have been used as 

photosensitizers,83 literature precedence suggests that the photoexcited state of the 

intermolecular EDA complexes in question are extremely short lived, to the point where 

productive intermolecular collisions with the photoexcited state are not likely to occur. 

Lorance et al.84 have studied the rates of back-electron transfer and fragmentation for a 

series of reduced N-methoxypyridinium analogs and report impressively fast rates for each 

of these processes. Specifically, reduced N-methoxy-4-phenylpyridinium demonstrated rates 

of back-electron transfer and fragmentation of 1.5 × 1012 s−1 and 2.7 × 1011 s−1, 

respectively. Such processes are faster than the limits of diffusion; therefore, the likelihood 

of productive intermolecular catalysis without a built-in fragmentation pathway with these 

complexes is small.

Mechanistically, a complex picture emerges from the data. In the presence of TFAA, 1 is 

acylated, although this event is an equilibrium that is moderately populated on either side of 

the equation unless an excess of TFAA (≥ 1.1 equiv) is used (Scheme 6). This acylated 

species can readily quench the photoexcited catalyst Ru2+*, and the reduced reagent 

proceeds to fragment to a carboxyl radical along with 4-phenylpyridine (PhPyr). The 

carboxyl radical readily extrudes CO2 to form the CF3 radical as the key reactive 

intermediate. In addition to the Ru(bpy)3Cl2-mediated pathway, the reaction may also 

proceed through the photoexcitation of EDA complexes in solution, which we propose may 

arise via complexation of the acylated pyridineN-oxide derivative 25 with either an 

additional equivalent of 1 or with a sufficiently electron-rich arene such as 2. 

Photoexcitation of either complex prompts intermolecular electron transfer, which can either 

be rendered unproductive through back-electron transfer or proceed toward product by 

prompting the fragmentation of the acylated reagent to form the CF3 radical. Subsequent 
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addition to an electron-rich pi system results in selective formation of the product after re-

aromatization. Re-aromatization may occur through oxidation and deprotonation of the 

substrate or through the reverse sequence.85

A final mechanistic consideration is whether propagative behavior is significantly operative 

in the reaction. Measurement of the quantum yield under irradiation at 436 nm revealed a 

quantum yield (Φ) of 0.87, signifying that less than 1 equiv of product is produced by every 

photon absorbed by the reaction.86 Although this does not conclusively determine that no 

propagation occurs in the reaction, it is likely that the re-aromative oxidation to form product 

is accomplished by the photocatalyst or an oxidized arene such as 1+· or 2+· rather than by 

another equivalent of 25.

Application on a Kilogram Scale

At the inception of this project, one of the key goals was to demonstrate a scalable 

methodology to access trifluoromethylated substrates in up to kilogram quantities. Our 

original report included a reaction run at 18.3 g scale in a flow system, because it was shown 

that reaction with 100 g in a batch did not surpass 35% conversion (3.3 mmol hr−1). Upon 

further investigation, including determination of the quantum yield to be <1,87 we surmised 

that a high photon flux was required to achieve high conversions with reasonable reaction 

times in flow. Currently available commercial flow systems are capable of providing this 

increased flux; however, limited reactor volumes limit productivity, and a prohibitive 

economic penalty is associated with scaling out.88–90 The original design of a continuous 

flow reactor for UV photochemistry by Berry, Booker-Milburn, and coworkers.91 has proven 

general for visible-light irradiation, and there have been several recent examples.92–94 This 

method appears to be the most promising avenue for conducting visible-light reactions at a 

preparative scale on complex substrates, as shown by a series of pioneering examples by 

Merck, most notably for the synthesis of elbasvir.95 Following this general template, we 

constructed our reactor within the design principles of low cost, easy construction from 

commercially available parts, and that it should fit within a standard walk-in fume hood.96 

The reactor consisted of blue LED lights contained within a glass beaker wrapped with a 

single layer of perfluoroalkoxy (PFA) tubing (1.6 mm inner diameter) around the outside, 

giving a volume of approximately 150 mL (Figure 3A, see also Figures S1 and S2). This 

assembly was housed within a steel casing with both cavities fully filled with water to 

provide both cooling of the lights and control of the reaction temperature. Although LED 

lights are generally considered to have low energy consumption, they can still generate 

significant heat. In our experience on a larger scale, the use of water provides a more 

efficient and controllable cooling method than air, which is commonly used on a small scale. 

Finally, we utilized peristaltic pumps because of their relative low cost and proven reliability 

over extended operating times.

We chose to demonstrate the viability of this reactor by using Boc-pyrrole substrate 9 and 

conditions employing pyridine N-oxide, because all the reagents could be obtained at the 

quantities required for a kilogram scale (Figure 3B). Using 0.1 mol % Ru(bpy)3Cl2 and 2.0 

equiv of the pyridine N-oxide/TFAA adduct, a residence time of 30 min at 45°C was optimal 

to provide a balance of productivity and conversion, leading to internal assay yields of 60%–
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65% with <10% of the starting material remaining. These conditions were operated 

continuously97 for 48 hr to process 1.2 kg of pyrrole 9, and assay yields remained constant 

between 60% and 65%, representing a consumption of 9 of 25 g hr−1 (109 mmol hr−1; 

Figure 4). After workup and isolation, 0.95 kg of pyrrole 9a (81% purity and 50% yield) was 

obtained, providing a final productivity of 87.2 mmol hr−1, which greatly surpassed our 

previous demonstrations in both batch (4.2 mmol hr−1) and flow (14.2 mmol hr−1). 

Furthermore, the useful pyrrole building block 26 could be obtained in >98% purity as a 

crystalline solid after an unoptimized Boc deprotection in 77% yield (Figure 3C).98 The 

demonstration of productivity close to 0.5 kg per day99 clearly defines this as a proof of 

concept for the scale-up of visible-light photochemical reactions in flow using simple 

equipment. The limiting factor of this reactor’s construction was the requirement for high 

photon flux and the necessity that the lights be available commercially. Preliminary studies 

have indicated that a reactor with increased internal reflectance provides a decreased 

residence time (30–20 min). Furthermore, a customizable light source of higher photon flux 

may allow an increased inner diameter (leading to an increased reactor volume), further 

boosting productivity.100 Finally, because of the relatively low cost of this reactor, scaling 

out to meet higher production requirements could be economically viable.

Conclusion

The utility of pyridine N-oxides as safe, practical, and inexpensive reagents for the scalable 

decarboxylation of TFAA under mild reaction conditions has been demonstrated. The nature 

of the pyridine moiety has been shown to exert a profound influence on the reaction 

mechanism, given that further conjugation and electrophilicity of the pyridinium ring system 

promotes the formation of photoactive EDA complexes. This mechanistic insight has the 

potential to eliminate the need for transition-metal complexes in this methodology, and 

further research into this possibility is underway.

EXPERIMENTAL PROCEDURES

General Trifluoromethylation Procedure

To a 2 dram vial equipped with a stir bar was added 4-phenylpyridine N-oxide (0.8–3.2 

mmol, 1.0–4.0 equiv) and substrate (0.80 mmol) followed by 500 µL of a 1.2 mg/mL 

solution of Ru(bpy)3Cl2·6H2O (0.6 mg, 0.1 mol %) in MeCN. The combined materials were 

then diluted with dry MeCN (1.5 mL, total volume 2 mL MeCN) and stirred briefly to form 

a heterogeneous solution; theN-oxide was only partially dissolved when it was used in 

higher equivalents. The reaction was sparged with nitrogen gas for 30 s with a glass pipette, 

and then trifluoroacetic anhydride (0.88–3.28 mmol, 1.1–4.1 equiv) was added under a 

stream of nitrogen before the vial was quickly sealed with a rubber-lined screw-on cap. The 

trifluoroacetic anhydride solubilized any remaining solid N-oxide within seconds to minutes. 

Three 4.4 WLED light strips were turned on, and the reactions were allowed to proceed for 

3–12 hr before removal of the light source (see Figure S3 for the geometry of the LED 

setup). Upon completion of the reaction, trifluorotoluene (98 µL, 0.80 mmol) was added as a 

stoichiometric internal standard. A sample of the reaction was removed and diluted with 

CDCl3 for nuclear magnetic resonance (NMR) analysis, and the trifluorotoluene signal was 

referenced to δ = −63.72. Workup conditions were substrate dependent.
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9a: 1-(tert-Butyl) 2-Methyl 5-(Trifluoromethyl)-1H-pyrrole-1,2-dicarboxylate

After the general procedure, using 4-phenylpyridine N-oxide (273.9 mg, 1.6 mmol, 2.0 

equiv) and TFAA (237 µL, 1.68 mmol, 2.1 equiv), the reaction was run for 3 hr. 19F NMR 

analysis of the crude reaction mixture versus the injected trifluorotoluene standard revealed 

the title compound in a 63% yield. The reaction was partitioned with 1 N HCl and diluted 

with dichloromethane. The organic phase was separated, washed with saturated NaHCO3 

and brine, and dried over sodium sulfate before filtering and concentrating. The crude 

reaction mixture was purified on silica gel with 10%–30% dichloromethane in hexanes to 

yield the title compound as a clear oil.

Yield: 0.140 g (60%); 1H NMR (700 MHz, CDCl3): δ = 6.80 (d, J = 3.8 Hz, 1H), 6.61 (d, J 
= 3.8 Hz, 1H), 3.87 (s, 3H), 1.61 (s, 9H); 19F NMR (470 MHz, CDCl3): δ = −59.66; 13C 

NMR (175 MHz, CDCl3): δ = 160.2, 147.2, 127.8, 125.6 (q, JC-F = 125.6 Hz), 119.9 (q, 

JC-F = 267 Hz), 116.1, 112.8 (q, JC-F = 3.6 Hz), 86.9, 52.1, 27.1; high-resolution mass 

spectrometry (EI+) m/z: [M − Boc + H]+ calculated 193.0351, found 193.0351. IR (neat): ν 
= 2,989, 1,777, 1,728, 1,558, 1,373, 1,247, 1,123.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

A range of electron-rich heterocycles are perfluoroalkylated in good yields

Mechanistic insights include the formation of electron donor-acceptor complexes

This inexpensive process has been validated on a kilogram scale in a flow reactor
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The Bigger Picture

Perfluoroalkyl-containing compounds constitute an essential component for 

advancements in modern health care and the physical and life sciences, as demonstrated 

by an impressive cohort of fluorinated pharmaceuticals currently on the market. Current 

state-of-the-art methods for their manufacture require the use of complex, expensive, or 

environmentally damaging reagents such as fluoroform (a potent greenhouse gas). To 

facilitate the large-scale production of high-value fluorochemicals, the development of 

technologies that utilize inexpensive and environmentally benign fluorocarbon sources is 

essential. Furthermore, expanding the toolbox of methods for the synthesis of fluorine-

containing molecules will facilitate their continued diversity, providing new functionality 

from this prominent class of compounds. This article details the use of perfluoroacid 

anhydrides in concert with sustainable visible light, thereby demonstrating a truly 

scalable alternative to current methods.
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Figure 1. Optical Absorption Spectra of Individual Reaction Components
Measurements were obtained at experimentally relevant concentrations (0.4 M) in MeCN in 

1 cm path quartz cuvettes. See also Figure S33.

(A) Varied combinations of reaction components in the absence of Ru(bpy)3Cl2. 

Combinations of 4-phenylpyridine N-oxide (1) and TFAA display strong absorbance in the 

visible region both in the presence and absence of mesitylene (2).

(B) Dramatic changes in absorbance are observed with varied amounts of TFAA in the 

presence of 1 equiv of 1.
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Figure 2. Evidence for the Formation of EDA Complexes
Measurements were obtained at experimentally relevant concentrations (0.4 M) in MeCN in 

1 cm path quartz cuvettes.

(A) Optical absorbance spectra of various electron-rich arenes in the presence of 4-

phenylpyridine N-oxide (1.0 equiv) and TFAA (2 equiv). *Reagent indicates the N-oxide/

TFAA mixture in the absence of an electron-rich arene in solution.

(B) The charge-transfer energy (hνCT) of each absorbance trends linearly with each donor 

arene’s ionization potential.
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Figure 3. Kilogram-Scale Trifluoromethylation in Flow
Pyrrole 9 was subjected to optimized trifluoromethylation conditions on a kilogram scale.

(A) Using a customized flow reactor, 1.2 kg of pyrrole 9 was processed within 48 hr to 

provide the desired product in a 60%–65% assay yield. The reactor was immersed in water 

and cooled with a glycol chiller to maintain a steady temperature profile at room 

temperature. See also Figures S25–S29.

(B) The reactor was constructed from PFA tubing with an internal volume of 150 mL (left). 

The three blue LEDs (middle) were placed in the middle of the reactor, and the setup was 
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submerged in the cooling bath and covered during the run (right). See also Figures S1 and 

S2.

(C) The crude reaction product could be recrystallized to 99% purity after an unoptimized 

Boc deprotection. See also Figures S31 and S32.
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Figure 4. Reaction Profile over Time
The reaction was monitored by high-performance liquid chromatography assay over the 48 

hr of continuous processing.
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Scheme 1. Strategies for the Decarboxylation of Trifluoroacetate Derivatives
A notable precedent for the decarboxylation of trifluoroacetate derivatives includes the use 

of superstoichiometric copper and bis(trifluoroacetyl)peroxide. Freon 113 = 1,1,2-

trichloro-1,2,2-trifluoroethane.
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Scheme 2. Trifluoromethylation of (Hetero)arenes with Trifluoroacetic Anhydride
(A) Trifluoromethylation of electron-rich substrates with trifluoroacetic acid. All reactions 

were performed on a 0.8 mmol scale at 0.4 M concentration. Isolated yields are reported in 

all cases except for instances of product volatility, in which case yields are reported as 19F 

NMR internal standard yield. *Internal standard yield. See also Figures S4–S13.

(B) Hydrogenation of pyrrole products can yield high-value perfluoroalkylated pyrrolidines 

in a diastereoselective fashion. See also Figures S22–S24.
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Scheme 3. Pentafluoroethylation of (Hetero)arenes with Pentafluoropropionic Anhydride
All reactions were performed on a 0.8 mmol scale at 0.4 M concentration. Isolated yields are 

reported in all cases. See also Figures S14–S19.
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Scheme 4. Heptafluoropropylation of (Hetero)arenes with Acid Anhydrides and Chlorides
All reactions were performed on a 0.8 mmol scale at 0.4 M concentration. Isolated yields are 

reported in all cases. See also Figures S20 and S21.
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Scheme 5. Effects of Wavelength on Reaction Progress
The observed EDA-promoted background reaction is highly substrate specific. See also 

Figure S25.
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Scheme 6. Mechanistic Proposal
With the formation of EDA complexes in solution, two distinct mechanistic opportunities 

present themselves for photochemical reaction progress. PhPyr = 4-phenylpyridine. See also 

Figures S38–S41.
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Table 1

Optimization of N-Oxide Electronics

Entrya N-Oxide Equivb Yield 2ac Yield 2bc

1 pyridine 1 44% <5%

2 4-Cl-pyridine 1 16% ND

3 4-CN-pyridine 1 25% <5%

4 4-NO2-pyridine 1 ND ND

5 4-tBu-pyridine 1 27% ND

6 3,5-dimethoxypyridine 1 <10% ND

7 4-methoxypyridine 1 <10% ND

8 quinoline 1 ND ND

9 4-phenylpyridine (1) 1 54% <5%

10 2-phenylpyridine 1 24% <5%

11 2,2′-bipyridine monooxide 1 45% <5%

12 2,2′-bipyridine bisoxide 0.5d 29% <5%

13e pyridine 1 ND ND

14e 1 1 <10% ND

15 pyridine 2 47% <5%

16 1 2 59% 16%

17f pyridine 2 57% 12%

18f 1 2 62% 16%

19f,g pyridine 2 57% 6%

20f,g 1 2 65% 14%

21e,f 1 1 40% <5%

22e,f 1 2 55% <5%

23e,f,h 1 1 ND ND

24e,f,i 1 1 74% <5%

ND, not detected.

a
Optimization reactions were performed on a 0.8 mmol scale in 2.0 mL of MeCN for a 12 hr reaction time.

b
For every X equiv of N-oxide, X.1 equiv of TFAA was used.

c
Yields obtained versus trifluorotoluene as 19F NMR internal standard.

d
1.1 equiv of TFAA.
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e
No catalyst.

f
Degassed.

g
0.1 mol % Ru(bpy)3Cl2.

h
Light excluded.

i
10.0 equiv of mesitylene (2).
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