
Articles
https://doi.org/10.1038/s41557-019-0353-3

1Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany. 2Max-Planck-Institut für Chemische Energiekonversion, Mülheim an der Ruhr, 
Germany. 3Global Chemistry, UCB Biopharma SPRL, Braine-l’Alleud, Belgium. *e-mail: ritter@kofo.mpg.de

Aryl fluorides are prevalent in active pharmaceuticals and 
agrochemicals; yet, late-stage site-selective C–F bond for-
mation still remains a challenge. Metallophotoredox catal-

ysis is useful because photoexcited catalysts can produce redox 
states of transition metal catalysts that can facilitate challenging 
bond formations, but that are not readily accessible in conven-
tional redox catalysis1–4. The combination of photoredox catalysis 
with nickel provides access to both Ni(0) and Ni(iii) species in 
the same catalytic cycle5–7, which allows for both a fast oxidative 
addition of aryl electrophiles to Ni(0) and a fast product-forming 
reductive elimination from Ni(iii) (refs 8–10) (Fig. 1a). For car-
bon–fluorine reductive elimination, special ligands are required 
on nickel that have thus far not participated successfully in metal-
lophotoredox catalysis, which illustrates the fundamental chal-
lenge of C–F bond formation11. Copper complexes are attractive 
catalysts because reductive elimination from Cu(iii) can be more 
effective than that from Ni(iii) (refs 12,13). However, the oxidative 
addition to Cu(i) is slow, which has slowed down the develop-
ment of copper-catalysed metallophotoredox catalysis. Aryl radi-
cals can undergo oxidative ligation to copper, but the generation 
of aryl radicals from aryl halides has remained challenging3. One 
successful approach is atom abstraction with silyl radicals, which 
led to the trifluoromethylation of aryl bromides14, but necessitates 
the use of an electrophile as the cross-coupling partner and the 
compatibility of the silyl reagents with the electrophile. The direct 
reduction of aryl halides to give aryl radicals and halide anions 
can be achieved and requires low reduction potentials15–17, which 
can be reached with particularly reducing photocatalysts; the low 
reduction potential puts additional constraints on generating 
high-valent copper species in the same reaction medium. So far, 
C–F bond reductive elimination has not been reported for metal-
lophotoredox-catalysed reactions. Here we report an approach to 
generate aryl radicals in the presence of high-valent copper spe-
cies. We present the fundamental physical organic distinctions of 
aryl thianthrenium (ArTT) salts for metallophotoredox catalysis 

when compared to conventional aryl halides, and how they enable 
highly selective late-stage aromatic fluorination.

A general platform for photoredox–Cu(iii) cross-coupling 
reactions should be enabled by suitable kinetic and thermody-
namic reaction parameters for the reductive fragmentation of aryl 
(pseudo)halides. The standard reduction potentials of aryl halides 
and the rate constants for fragmentation of the corresponding aryl 
halide radical anions can be presented as a linear free-energy rela-
tionship (Fig. 1b). Electron-rich aryl halides are often prohibitively 
difficult to reduce, yet the corresponding putative aryl halide radical 
anions fragment rapidly, whereas the opposite is true for electron-
poor aryl halides18. Efficient copper(iii) photoredox cross-coupling 
requires both a suitable reduction potential of the aryl (pseudo)
halide, positive enough to be accessible by a photoredox catalyst, 
and a sufficiently high fragmentation rate of the aryl halide radical 
anion to minimize undesired electron-transfer processes between 
the aryl halide radical anion and high-valent metal catalysts. In 
other words, a high reduction potential is required for a productive 
reduction by common photoredox catalysts in the presence of high 
valent metals, whereas a high rate constant is required for produc-
tive fragmentation. Aryl halides are generally either too difficult to 
reduce or fragmentation to the productive aryl radical is too slow 
to engage in Cu(iii) metallophotoredox catalysis. Owing to their 
positive charge, aryldiazonium and diaryliodonium salts generally 
display more-positive reduction potentials than aryl halides do3, 
but their synthesis is often challenging, especially at a late stage19,20. 
We measured that for any given reduction potential, ArTTs exhibit 
a fragmentation rate several orders of magnitude faster than that 
of conventional aryl halides (Supplementary Fig. 41). Combined 
with exquisitely selective aromatic C–H functionalization by thian-
threnation21–23, metallophotoredox catalysis can now be employed 
to produce synthetically valuable fluorinated analogues of complex 
small molecules; other one- or two-step transformations are not 
currently available to achieve the same goal with similar substrate 
scope and selectivity (Fig. 1c).
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Results and discussion
The proposed catalytic cycle shown in Fig. 2 for a prototypical 
fluorination reaction with fluoride catalysed by an iridium(iii) 
photoredox and a copper(i) redox catalyst is supported by experi-
ments that are summarized in Fig. 3. We paid particular attention 
to study the fundamental differences of ArTT salts as electrophiles 
compared to those of more conventional electrophiles, such as aryl 
bromides, and to elucidate the reasons for their success in metallo-
photoredox catalysis. A Stern–Volmer analysis revealed an effective  

reductive quenching of the photoexcited iridium catalyst (E0′  
(*Iriii/Irii) =  +  1.21 V versus the saturated calomel electrode (SCE) 
in CH3CN)24 by thianthrene (TT) (E0 (TT•+/TT) =  +  1.26 V versus 
SCE in CH3CN]25 (Fig. 3a). Electron paramagnetic resonance (EPR) 
spectroscopy of the frozen reaction mixture led to the observation 
of both a TT radical cation and a copper(ii) species during the reac-
tion (Fig. 3b and Supplementary Figs. 17–20), consistent with the 
proposed mechanism and excluding the possibility of oxidative 
quenching of the excited iridium catalysts (E0′ (Iriv/*Iriii) =  –0.89 V 
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versus SCE in CH3CN)24 by the ArTT species (E0 (ArTT+/
ArTT•) ≅  –1.5 V versus SCE in CH3CN) (Supplementary Table 18). 
Interpretation of the hyperfine splitting of the copper-based EPR 

signal indicated acetonitrile ligands on Cu(ii); copper fluorine 
bonds could not be identified by EPR, a consequence of the for-
mation of the common copper(ii) fluoride-bridged dimers which 
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exhibit strong antiferromagnetic coupling, and are thus not detect-
able by EPR spectroscopy26.

Appropriate rates for both the reduction and subsequent frag-
mentation of the ArTT salts by reductive C–S bond cleavage are 
supported by electrochemical analyses (Fig. 3c,d). We observed an 
irreversible cathodic wave that corresponds to the reductive frag-
mentation of the 4-methoxyphenyl thianthrenium salt 4 by cyclic 
voltammetry between –1.2 V and –1.5 V versus SCE. Although the 
peak width (Ep/2 – Ep) remains constant at 110 mV (Fig. 3c top), the 
peak potential (Ep) decreases linearly as a function of sweep rate 
with a slope of –65 mV, both consistent with the reductive frag-
mentation proceeding through a stepwise mechanism with a rate-
determining initial electron transfer27. Although rate-determining 
electron transfer is only confined to the electrochemical experi-
ments, the fragmentation rate constants are relevant to the cata-
lytic cycle as well because they are not dependent on the rate of 
reduction (Supplementary pages 116–126). A Hammett analysis 
(Supplementary Fig. 21) is also consistent with a rate-limiting elec-
tron transfer in the photocatalytic fluorination reaction.

Owing in part to the positive charge, ArTTs are easier to reduce 
than aryl halides with identical substituents (Supplementary Tables 
18–21). The standard reduction potential of the 4-methoxyphe-
nyl thianthrenium salt 4 is –1.5 V versus SCE (Supplementary 
Table 15) and thereby similar to that of 3-bromobenzophenone18 
(Supplementary Table 19). However, the rate constant for subsequent 
fragmentation of both corresponding reduced species is at least ten 
orders of magnitude faster for the TT radical species, which cannot 
be explained by the reduction potential (Fig. 3d). Although complex 
leaving groups other than TT, for example, as found in diarylalkyl 
sulfonium salts, might have appropriate redox potentials for facile 
reduction, undesired side reactions on single-electron reduction 
may render them synthetically useless. For example, diarylalkyl sul-
fonium salts are strong alkylating reagents and reduction by single-
electron transfer leads to unselective fragmentation to afford aryl 
and alkyl radicals28, which renders them unsuitable for analogous 
metallophotoredox catalysis. ArTT salts have three C–S bonds, but 
synthetic utility can only be harnessed if chemoselective cleavage of 
the exocyclic C–S bond is achieved in preference to that of the other 
two endocyclic C–S bonds. X-ray crystallographic analysis of a vari-
ety of ArTT salts (Fig. 3e and Supplementary Figs. 42–46) shows the 
aryl substituent in a flagpole position with respect to the dithiine, 
with a significantly longer C–S bond than the other two C–S bond 
lengths within the TT scaffold. Its chemoselective mesolytic cleavage 
can also be rationalized as a consequence of the antibonding nature 
of the exocyclic aryl C–S bond in the lowest unoccupied molecular 
orbital (LUMO) of [ArTT]+(4) and its lengthening on reduction to 
the [ArTT]0 radical (4·), as calculated by density functional theory 
(Fig. 3e and Supplementary Table 30). The larger rate of ArTT radi-
cal fragmentation when compared to that of aryl bromide radical 
anion fragmentation can thus be explained by the stereoelectronic 
alignment of the σ* orbital of the exocyclic C–S bond with the π 
system of the TT scaffold (Supplementary Fig. 48). The mesolytic 
cleavage of aryl bromides requires a bending motion to achieve suf-
ficient population of the C–Br σ* orbital, which is orthogonal to the 
π framework; in both cases, the singly occupied molecular orbital 
(SOMO) has the largest parentage in the π framework, but only in 
the ArTTs is it appropriately aligned to expel the leaving group29–31. 
The TT-based LUMO of the ArTT salts can also explain why their 
reduction potentials are less sensitive to substituent effects on the 
arene, which can be extracted from the length of the respective lines 
in Fig. 1b and quantified (Supplementary Fig. 49).

Consistent with the formation of aryl radicals during catalysis, 
the 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) adduct could 
be isolated under the reaction conditions on addition of TEMPO. 
Likewise, the same adduct (6) was also observed when copper(i) 
was excluded from the reaction mixture, which rules out the  

possibility of a copper-mediated C–O coupling between [ArTT]+3 
and TEMPO. Furthermore, observation of cyclization products in a 
78% combined yield of the prenyl ether 7 under standard reaction 
conditions supports a mechanism that proceeds through aryl radi-
cals. Our analysis is consistent with the observation that the opti-
mized reaction conditions of copper-mediated photoredox catalysis 
can also elicit fluorination from aryldiazonium salts, which have 
higher reduction potentials than the corresponding halides: phenyl-
diazonium tetrafluoroborate was converted into fluorobenzene in 
37% yield upon photolysis in the presence of an iridium catalyst and 
copper(i) salt (Supplementary Fig. 3).

Owing to their desirable properties, most notably in pharma-
ceuticals and agrochemicals, aryl fluorides are highly sought after. 
Several electrophilic fluorination reactions from aryl nucleophiles, 
such as aryl boronates, are available32–34, but such aryl nucleophiles 
are often not readily available selectively or at all from complex 
small molecules. Palladium-catalysed nucleophilic fluorination has 
been developed successfully, yet protic functional groups and other 
groups that engage in palladium-catalysed cross-coupling, such as 
other halides, may pose problems35; in addition, aryl electrophile 
starting materials, such as aryl halides, are generally not accessible 
selectively at a late stage21. Only one direct, late-stage C–H fluorina-
tion reaction of arenes is available, but the product mixtures that 
result must be separated from other constitutional isomers and 
unreacted starting material, which can be challenging36. The two-
step late-stage fluorination reaction we present here selectively 
produces a single constitutional isomer, enables trivial purifica-
tion from the ionic starting material, is tolerant of a wide variety 
of functional groups, which include several that are not tolerated 
in palladium-catalysed cross-coupling and electrophilic fluorina-
tion reactions, and can therefore quickly give access to complex  
small molecule aryl fluorides that are not readily accessible by  
current methods.

As shown in Fig. 2b, copper catalysis is possible for fluorina-
tion. Yet, purification of aryl fluorides from the corresponding 
hydro-counterparts is challenging. The addition of a stoichiometric 
amount of inexpensive Cu(i) salt eliminated the undesired amounts 
of hydrodefunctionalized side product of complex small molecules 
that could be observed for reactions with catalytic copper. All the 
non-volatile fluorides shown in Table 1 could therefore be isolated 
as analytically pure compounds. The use of acetone as the solvent 
also had a major effect on the suppression of the hydrodefunctional-
ization reaction. Typically, the reaction was performed at 0.1 M con-
centration, although higher concentrations (0.5 M) did not result in 
a lower yield in the evaluated cases (Supplementary Table 8). Both 
ArTT and tetrafluorothianthrenium salts can successfully par-
ticipate in fluorination, and the thianthrenium congeners typically 
afforded higher yield (Supplementary Table 2). Fluorination is suc-
cessful on electron-deficient (10, 11 and 15), -neutral (18, 25 and 
26) and -rich arenes (13, 31 and 38), as well as on substrates that 
bear ortho substituents (12, 20, 21, 24, 28, 30 and 34). The reaction 
is tolerant towards aldehydes (17), esters (16 and 19), heterocycles 
(23, 24, 29 and 39), benzyl ethers (31), carbamates (36), amides (22, 
32, 33 and 37), acid-sensitive glycosidic linkages (14) and enoliz-
able groups, such as ketones (28). Protic groups, such as alcohols 
(26) and phenols (20), all the halides (10–12, 15, 19, 24, 27, 29, 
32 and 33), pseudo-halides (35) and tertiary amines (29), many of 
which are not compatible with other nucleophilic and electrophilic 
transition metal-catalysed fluorination reactions, are tolerated in 
copper-mediated photoredox fluorination.

Conclusions
Aryl fluorides are now available at the late-stage in high, predict-
able selectivity through a thianthrenation followed by metallo-
photoredox–catalysis reaction sequence. We articulate the specific 
electrochemical, structural and stereoelectronic requirements for 
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Table 1 | Substrate scope of the fluorination of thianthrenium salts under photoredox conditions
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Reaction conditions: (tetrafluoro)thianthrenium salt (0.20 mmol, 1.0 equiv.), CsF (1.2 equiv.), [Cu(MeCN)4]BF4 (1.5 equiv.), [Ir[dF(CF3)ppy]2(dtbpy)PF6] (1 mol%), acetone (0.1 or 0.2 M), blue light-emitting 
diode (68 W), 30 °C, 20 h. All non-volatile fluorinated products were isolated and characterized as analytically pure samples. aYield of thianthrenation. bYield of fluorination. cYield of the thianthrenation 
from Berger et al.21. dYields of volatile fluorides are reported based on the 19F NMR integration of reaction mixtures with internal standard.
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aryl leaving groups to address the challenge of copper(iii)-mediated 
photoredox catalysis as a promising reactivity manifold. In contrast 
to mononuclear leaving groups, such as bromide, complex leav-
ing groups can bear a positive charge that can lower the reduction 
potential while they maintain the ability to engage in productive 
redox catalysis if they display appropriate stereoelectronic proper-
ties. Therefore, the conceptual value of our contribution is also to 
provide a suitable hypothesis for the design of new leaving groups 
that do not undergo deleterious side reactions and so can also 
engage in metallophotoredox catalysis with copper or other metals.

Methods
General procedure for fluorination. To a 4 ml borosilicate vial, equipped with 
a stir bar, was added Ir[dF(CF3)ppy]2(dtbpy)PF6 (2.4 mg, 2.1 μ mol, 1.0 mol%) 
(dF(CF3)ppy, 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine; dtbbpy, 4,4′ 
-di-tert-butyl-2,2′ -bipyridine)) and an aryl (tetrafluoro)thianthrenium salt 
(0.200 mmol, 1.00 equiv.). Under N2 atmosphere, Cu(MeCN)4BF4 (94.4 mg, 
0.300 mmol, 1.50 equiv.), anhydrous CsF (36.4 mg, 0.240 mmol, 1.20 equiv.) and 
anhydrous acetone (2.0 ml, 0.10 M) were added into the reaction vial. Subsequently, 
the vial was capped and placed 5 cm away from two 34 W blue light-emitting diode 
(LEDs). The temperature was kept at approximately 30 °C through cooling with 
a fan. After being stirred for 20 h, the reaction mixture was diluted with CH2Cl2 
(2 ml) and the resulting mixture was filtered through a short pad of Celite using 
CH2Cl2 (5 ml) as eluent. The filtrate was collected and concentrated by rotary 
evaporation. The residue was purified by chromatography on silica gel to afford  
the fluorinated product.

Note that for the optimal results, the use of anhydrous CsF is important for 
the reaction. When CsF was weighed under ambient atmosphere, the yield of the 
fluorinated product was lower and the yield of the hydrodefunctionalized product 
was higher. Schlenk techniques can be used to avoid moisture. For convenience, 
we stored and weighed the CsF in a N2-filled glove box; the reactions can be 
performed outside a glove box.

Data availability
Crystallographic data for the structures reported in this article have been deposited 
at the Cambridge Crystallographic Data Centre (CCDC) under deposition 
numbers CCDC 1900278 (4), 1900279 (25-TT), 1900280 (40-TT), 1900276  
(41-TT) and 1900277 (43-TT) (Supplementary Figs. 42–46). Copies of the data  
can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/. All 
other data that support the findings of this study are available within the article  
and its Supplementary Information, or from the corresponding author upon 
reasonable request.
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