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ox-active group for the
generation of fluorinated radicals from
difluorostyrenes†

Mikhail O. Zubkov,ab Mikhail D. Kosobokov,a Vitalij V. Levin, a

Vladimir A. Kokorekin,ac Alexander A. Korlyukov, de Jinbo Hu f

and Alexander D. Dilman *a

A 4-tetrafluoropyridinylthio group was suggested as a new photoredox-active moiety. The group can be

directly installed on difluorostyrenes in a single step by the thiolene click reaction. It proceeds upon

visible light catalysis with 9-phenylacridine providing various difluorinated sulfides as radical precursors.

Single electron reduction of the C–S bond with the formation of fluoroalkyl radicals is enabled by the

electron-poor azine ring. The intermediate difluorinated sulfides were involved in a series of photoredox

reactions with silyl enol ethers, alkenes, nitrones and an alkenyl trifluoroborate.
Organouorine compounds have gained increasing attention
due to their utility in medicinal chemistry and agrochemistry in
the last few decades.1 Among various methods of uorine
incorporation, major attention in recent years has been devoted
to radical pathways of uoroalkylation by visible light photo-
redox catalysis.2,3 This approach has attracted much attention
because of the exceptionally mild reaction conditions and
functional group tolerance. Known reagents, which are suitable
for efficient radical uoroalkylation such as halides, sulfonyl
chlorides, sulfones, sulnates, and Umemoto and Togni
reagents (Scheme 1a),3 suffer from limited structural diversity
and complicated preparation. Indeed, besides a signicant
amount of CF3 and CF2H derivatives, most of the other Rf

radical precursors require multistep preparation under harsh
conditions.3c,4 As a result, operationally simple methods are still
needed.
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Herein we report a simple and diversity-oriented strategy
based on the direct introduction of a photoredox-active group
into the uorinated substrate. Our approach involves the
addition of tetrauoropyridine-4-thiol (2, PyfSH) to readily
accessible diuorostyrenes followed by photocatalytic reduction
with uoroalkyl radical formation (Scheme 1b). As is well
Scheme 1 Generation of fluorinated radicals.
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known, the thiol-ene reaction is an excellent instrument for
diuorostyrene functionalization leading to suldes.5 However,
C–S bond reduction in common suldes is challenging owing
to their unfavorable redox potential compared to their
S-oxygenated counterparts.6,7 To overcome this obstacle, we
propose to use an electron-withdrawing uorinated pyridine
moiety, which would be susceptible to SET reduction
(Scheme 1a).

Thus, we report the application of suldes as a new class of
readily available, bench-stable and easy-to-handle reagents for
radical uoroalkylation under visible-light photoredox catalysis.
It is worth mentioning that our concept allows the synthesis of
precursors of various Rf radicals in a single step from easily
accessible compounds, which is oen hard in practice for other
photoredox-active groups.3c,4 Thiol 2 can be easily prepared from
commercially available pentauoropyridine8 and the initial
diuorostyrenes come from aldehydes by the Wittig-type
reaction.9

Styrenes 1 serve as a basis for a number of ionic syntho-
nes9b,10,11 and recent developments in visible light photoredox
catalysis allowed us to replace most of them with complemen-
tary radical synthones (Scheme 1c).12,13 Herein, we disclose the
last “blind spot” in the map of radical analogues of ionic
diuorostyrene synthones. It should be noted that due to facile
elimination of the uorine atom in polar reactions, only a few
examples of diuoroalkyl cation synthons have been described
previously.11

To perform the addition of thiol 2 to styrenes 1, we applied
a protocol involving the activation of thiols based on proton
coupled electron transfer recently developed by our group.5,14

Thus, screening of reaction conditions allowed us to identify the
optimal system: 9-phenylacridine (PC-I) as the photocatalyst
under blue light irradiation (see the ESI for details†). The
reaction is performed in cyclohexane and requires a virtually
stoichiometric amount (1.1 equiv.) of the thiol 2. A series of
Table 1 Addition of thiol 2 to gem-difluorostyrenes 1a

a Isolated yields are shown. b DCM was used as a solvent.

738 | Chem. Sci., 2020, 11, 737–741
styrenes 1 were reacted with thiols 2 leading to diuorinated
suldes 3 (Table 1). Aromatic and heteroaromatic substrates
provided suldes 3 in good to excellent yields. The only excep-
tion was the furan substituted product 3j, which had a low yield
due to instability of 1j.15 The product 3k derived from a-pentyl-
substituted diuorostyrene was also obtained. In contrast to the
reactions with styrenes, only traces of suldes were obtained
with aliphatic gem-diuoroalkenes (see the ESI for details†). It
should also be pointed out that all reactions shown in Table 1
were performed on a 5 mmol scale.

A suggested mechanism for thiol–alkene addition is shown
in Scheme 2. Thus, upon interaction of colorless compounds 9-
phenylacridine (PC-I) and PyfSH, a red colored salt A is instantly
formed (proton transfer, PT). The structure of this salt was
studied by X-ray analysis indicating a p–p stacking-type struc-
ture, in which positively charged acridinium cations and
negatively charged thiolate anions are arranged in parallel
planes. The reaction is believed to proceed via light induced
electron transfer (ET) thereby representing the proton-coupled
electron transfer (PCET) manifold.16 The generated S-centered
radical attacks the double bond of styrene 1, and the resulting
benzyl radical abstracts the hydrogen atom either from the N–H
acridinium radical or from the starting PyfSH.

Measurement of the reduction potential of 3a by cyclic vol-
tammetry provided a value of �1.36 V (vs. SCE), which supports
the single electron reduction of compounds 3 by means of light
activated photocatalysts. Aer the reduction of sulde 3a, peaks
corresponding to the oxidation of the thiolate anion are
observed in the reverse scan (see the ESI for details†).

Using sulde 3a as a model substrate, we evaluated its
reactions with silyl enol ethers17,18 (see the ESI† for optimization
details). The reactions were performed in the presence of
20 mol% triphenylphosphine, which, as we noted previously,
exerts a benecial effect on some photoredox reactions.17b,19

Two sets of optimal conditions, both operating using blue LED
Scheme 2 Plausible mechanism of thiol 2 addition to gem-difluor-
ostyrenes 1.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Radical reactions of sulfides 3a

a Isolated yields are shown. b Ir[(dF(CF3)ppy)2(dtbbpy)]PF6 was used as a photocatalyst. c The decreased isolated yield is due to the partial
degradation of the product upon chromatography. The yield given within parenthesis was determined by 19F NMR with an internal standard.
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irradiation, were identied. In the rst system, an organic
photocatalyst, 12-phenyl-12H-benzo[b]phenothiazine20 (PC-II,
5 mol%), and zinc acetate (0.6 equiv.) as a scavenger of the
thiolate byproduct were used (method A).

Method A provided good results for the diuoroalkylation of
electron-donor-substituted aromatic silyl enolates. Thus, prod-
ucts 5aa, 5ef, 5ad, and 5ai were obtained with excellent yield.
This journal is © The Royal Society of Chemistry 2020
Unfortunately, the approach showed poor results for some
other substrates. For instance, it is incompatible with aryl
halide moieties due to concomitant carbon–halogen bond
reduction induced by the phenothiazine catalyst (PC-II).20b For
EWG-containing silyl enolates, we observed low yields along
with radical polymerization by-products. To overcome these
drawbacks, the second system involving an iridium based
Chem. Sci., 2020, 11, 737–741 | 739
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catalyst [Ir(ppy)2(dtbbpy)]PF6 (PC-III, 0.5 mol%) in combination
with 50 mol% tetrabutylammonium iodide (method B) was
suggested. The iodide ion is believed to induce reductive
quenching of the photoexcited Ir(III) catalyst generating Ir(II)
species behaving as a reductant of the substrate. Indeed, Stern–
Volmer studies demonstrated that the iodide anion serves as
a good uorescence quencher of the iridium photocatalyst (see
the ESI†). Under optimized conditions, a series of suldes 3
were coupled with silyl enol ethers 4 (Table 2).

Generally, the procedure involving the iridium catalyst
provided higher yields of products 5. In the case of 4-chloro-
substituted silyl enol ether, the yield of the product 5ac was
only 57% with phenothiazine, likely due to the formation of
radical oligomerization by-products. However, switching to the
iridium/iodide system gave an increased yield of 92%.
Presumably, the ability of the latter system to cope with oligo-
merization is associated with the capture of the intermediate
silyloxy-substituted radical by iodine followed by the formation
of the carbonyl group.

Besides silyl enol ethers, other classes of compounds, which
could be expected to trap uorinated radicals, were evaluated
(Table 2). To perform hydroperuoroalkylation of alkenes
bearing an electron withdrawing group, borane reagents were
evaluated as sources of the hydrogen atom.21 In this regard, by
using excess of pyridine–borane complex in combination with
fac-Ir(ppy)3 as the photocatalyst, suldes 3 were successfully
combined with acrylamides, acrylonitrile, tert-butyl acrylate and
vinyl phosphonate. Nitrones are known to be good traps for
radicals, and reductive addition of uorinated halides to
nitrones has recently been developed.22 Suldes 3 proved to be
competent partners for coupling with nitrones (Table 2).
Ascorbic acid in the presence of collidine was employed as the
stoichiometric reducing agent using fac-Ir(ppy)3 as the catalyst
leading to gem-diuorinated hydroxylamines 9 in good yields.

Even nitrones derived from enolizable aldehydes afforded
the expected addition product 9fe. We also demonstrated that
sulde 3a can alkylate styryltriuoroborate 10 in the presence of
an iridium photocatalyst under visible light, affording the
Scheme 3 Mechanistic experiments.

740 | Chem. Sci., 2020, 11, 737–741
product 11 as a mixture of cis and trans isomers (Table 2,
bottom).

Control experiments conrmed that the reaction does not
proceed without a photocatalyst or light. Moreover, in the
presence of TEMPO, the formation of the product was totally
suppressed (Scheme 3). Finally, the gem-diuorinated radical
was trapped by a nitrone spin trap, and the nitroxyl radical was
detected by EPR spectroscopy.
Conclusions

In summary, a new 4-tetrauoropyridinylthio group suitable for
mild activation of diuorostyrenes is described. The utility of
this group is enabled by a combination of two unique features:
rst, the pyridinethiol readily gives uoroalkyl suldes by the
thiolene reaction, and second, the suldes have favorable
potential for radical generation under photoredox catalysis
conditions.
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