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Photoredox-Catalyzed Selective Synthesis of Allylic

Perfluoroalkanes from Alkenes

Anne-Laure Barthelemy, F. Bourdreux, Guillaume Dagousset,* and Emmanuel Magnier*

Abstract: We report herein a novel photoredox-catalyzed synthesis
of allylic trifluoromethanes. The use of sulfilimino iminium as source
of trifluoromethyl radical proves crucial to achieve high selectivity.
Importantly, both styrene derivatives and unactivated alkenes are for
the first time suitable partners for this process. The mild reaction
conditions are compatible with a variety of functional groups.
Remarkably, this method is readily broadened to other perfluoroalkyl
groups (Re = CFCl,, CF;Br, C4Fg). An extensive mechanistic study is
also provided.

The presence of a trifluoromethyl group (or perfluoroalkyl group
Rg) into organic compounds is of great importance due to the
specific physico-chemical properties that such CF3; moiety
imparts on these molecules (high lipophilicity, improved
bioavailability and enhanced metabolic stability).”] Among the
contemporary synthetic approaches available to create a new
C-CF3 bond, visible-light photoredox-induced
trifluoromethylation of alkenes has recently emerged as a
prominent methodology.?? It often starts from one of the most
available functional groups, a carbon-carbon double bond, is
easy to put into practice and tolerant to a wide range of
functional groups. On the one hand, this C—CF; bond formation
can be combined with the concomitant introduction of a second
functional group, leading to various vicinal difunctionalizations of
alkenes.?d On the other hand, with a formal loss of a proton
instead of a second functionalization, it can give access to either
vinyl-CF; or allyl-CFs compounds, which have shown to be
useful fluorinated moieties in medicinal chemistry and material
sciences, and which can undergo further functionalization to
access biologically active molecules.®!

One of the major issues is then the selectivity between vinyl-
and allyl-CF3 derivatives with emphasis on the production of the
allylic targets (Scheme 1, box). Indeed, the selective
photocatalytic synthesis of vinyl-CFz (and more generally vinyl-
Rg) products from simple alkenes have been thoroughly
described in the literature.® In all these reports, a Re—X reagent
(X = halogen) was used as the source of -Rg radical, and
evidence for a haloperfluoroalkylation/HX elimination sequence
were generally provided to account for the formation of the vinyl-
CF; adduct (Scheme 1a). The elimination step is quite selective,
and allyl-CF; adducts were only detected in trace amounts. 6061
By contrast, the photocatalytic synthesis of allyl-CF; compounds
from alkenes has only been reported once, to the best of our
knowledge.[®! In this seminal and pioneering work, Koike, Akita
and coworkers used Umemoto’s reagent as the source of CFs
radical (Scheme 1b). However, a moderate allyl/vinyl selectivity
was obtained in the case of terminal alkenes (2.6:1 to 1:1.4
ratio), and double trifluoromethylation was observed as side-
reaction in the case of internal alkenes, leading mainly to poor
yields.
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Vinyl/allyl selectivity issue in the photocatalytic perfluoroalkylation of alkenes
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Scheme 1. Allyl vs. vinyl perfluoroalkylation of alkenes under photoredox
catalysis. bpy = 2,2’-bipyridine. ppy = 2-phenylpyridine.

As a consequence, a general method towards the selective
formation of allyl-CF; compounds from alkenes under
photoredox catalysis is highly needed.®

In this context, we wish to report herein a new and general
protocol of photoredox-catalyzed synthesis of allylic
trifluoromethanes. Importantly, it proved highly selective for both
aliphatic and aromatic alkenes, and was easily extended to a
variety of other perfluoroalkyl groups (Scheme 1c).

Our initial investigations began with the reaction between alkene
la (1 equiv), a CF;3 source 2 (1 equiv), and fac-Ir(ppy)s 3 as the
photocatalyst in CH,Cl, (Table 1). Blue LED irradiation of this
mixture in the case of the well-known Umemoto’s and Togni’s
reagents 2a-b led only to traces of the desired allyl-CF; adduct
4a (2% and 10%, respectively, entries 1-2). Despite these low
yields, the process was selective with respect to the formation of
the corresponding vinyl-CF; by-product 4a’ (4a/4a’ = 4.9:1, entry
2). This result was consistent with the previous work of Koike
and Akita,l"! and encouraged us to test other sources of CFj
radical. Notably, switching to S-CF3 sulfoximine derivatives 2c-e
resulted in improved yields, with somewhat similar allyl/vinyl
selectivities (entries 3-5). Pleasingly, with sulfilimino iminium 2f,
which has been recently used as an efficient precursor of CF3
radical under photoredox catalysis,'% product 4a was obtained
in a better yield (54%, entry 6), and remarkably, the allyl/vinyl
selectivity was even higher (4a/4a’ = 12:1). Other parameters,
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Table 1. Optimization of the photoredox-catalyzed allylic trifluoromethylation
of alkene 1a.

OBn OBn
OBn
Ir(ppy)s 3
CFs (2.5 mol%)
+
source Solvent, Base (2 equiv)
blue LEDs, RT, 18h
1a 2 4a CF, 4a' CF;
CF3 source: +
F;C—I—0 10 NMe;
£ R A &
(o) \\// ~ S N
N PN I
s\+ TfO Ph/ \CF3 Ph CF; _S..
CF3 2d:R=Ts Ph™ CFy
2a 2b 2c 2e:R=Tf 2f
Entry CFa Solvent Base Yield 4a/4a
source 2
1 2a CH:Cl2 - 2 -
2 2b CH:Cl2 - 10 4.9:1
3 2c CH2Cl2 - 16 4:1
4 2d CH2Cl2 - 53 4:1
5 2e CH2Cl2 - 32 8:1
6 2f CHzCl2 - 54 12:1
7 2f Acetone - 36 12:1
8 2f DMF - 34 12:1
9 2f THF - 26 12:1
10 2f 1,4-dioxane - 54 12:1
11 2f DCE - 54 12:1
120 2f DCE - 56 12:1
134 2f DCE - 41 12:1
141 2f DCE CsF 28 12:1
150 2f DCE K2COs 31 12:1
16 2f DCE NaHCOs 42 12:1
170 2f DCE K2HPO4 39 12:1
18[cel 2f DCE KH2PO4 60 (60) 12:1
19 2f DCE Pyridine 31 12:1
20 2f DCE KH2PO4 0 -
219l 2f DCE KH2PO4 0 -

[a] General conditions: 1a (0.1 mmol), CF3 source 2 (0.1 mmol), 3 (0.025
equiv), and base (2 equiv) irradiated with blue LEDs at RT for 18 h. [b]
Yields determined by °F NMR spectroscopy using PhOCF3 as an internal
standard. [c] With 0.15 mmol of 1a. [d] With 0.15 mmol of 2f. [e] Yield into
brackets referred to chromatographically pure product. [f] In the dark. [g]
without 3.

such as solvent (entries 7-11), stoichiometry (entries 12-13), and
base (entries 15-19) were further screened, and the optimal
conditions (KH2PO,4 (2 equiv) in DCE, entry 19) afforded the
desired allylic compound 4a in 60% isolated yield.

With these conditions in hand, the scope of this visible-light-
induced methodology was next examined and the results are
summarized in Scheme 2. First, sulfilimino iminiums 2g-i bearing
other fluorinated groups (CsFy, CFCl, and CF.Br, respectively)
smoothly reacted with alkene 1a, affording the corresponding
allylic adducts 4b-d with a similar efficiency (55-68% yield). The

4
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Scheme 2. Scope of the photoredox-catalyzed allylic perfluoroalkylation.
General conditions: alkene 1 (0.15 mmol), 2 (0.10 mmol), 3 (2.5 mol%),
KH2PO4 (0.20 mmol) in DCE (1 mL) irradiated with blue LEDs at RT for 18 h.
Yields referred to chromatographically pure products. For volatile products,
yields into brackets were determined by *°*F NMR spectroscopy using PhOCF3
as an internal standard. [a] Performed on a 2 mmol scale. [b] Performed on a
5 mmol scale. [c] 2,6-di-tert-butylpyridine (1.5 equiv) in 1,4-dioxane instead of
KH2POx4 (2 equiv) in DCE. r.r. = regioisomeric ratio.

scope of this allylic perfluoroalkylation reaction with respect to
the unactivated alkene was also explored. Other exocyclic
alkenes 1b-1g bearing various functionalities (sulfone,
carbamate, amide, cyano, boronic ester, ester as well as
benzofuran moiety) were all suitable partners for this visible-light
induced process. Acyclic substrates, such as 6-
methyleneundecane 1h, could also be readily converted into the
corresponding allylic-C4F9 adduct 4k in 53% yield. In addition,
unsymmetrical substrates 1li-1j led to a mixture of
perfluoroalkylated allylic regioisomers 4l and 4m. Alkene 1j
derived from 5a-cholestan-3-one afforded the desired allyl-CF;
adduct 4m in 66% vyield, showing that such process is applicable
to the late-stage functionalization of more complex molecules.



Importantly, gram-scale experiments were also successfully
performed to give compounds 4a and 4f without any loss of
efficiency.

We then turned our attention to aromatic alkenes. Using our
previous conditions, another by-product (the a-hydroxy-B-CFs
arene adduct coming from the nucleophilic trapping of the
benzylic cation intermediate with water) was detected in small
amounts (10% °F NMR yield), leading to diminished yields and
despite many efforts to work in dry medium. Fortunately, this
side-reaction was efficiently minimized by replacing KH,PO,4 with
2,6-di-tert-butylpyridine. Under these slightly modified reaction
conditions, we were pleased to see that a wide variety of
aromatic alkenes, such as acyclic styrenes 1k-n, endocyclic
styrene 1o, and exocyclic styrenes 1p-r smoothly reacted to
furnish the corresponding perfluorinated allylic adducts 4n-y in
up to 69% vyield.

To study the mechanism of this perfluoroalkylation reaction, the
following classical control experiments were performed. No
reaction took place in the absence of irradiation and/or fac-
Ir(ppy)s 3 (see Table 1, entries 20-21). Additionally, a light on/off
experiment was carried out (see S3 of the Supporting
Information), which demonstrated that continuous irradiation is
needed for the reaction to proceed. Moreover, the formation of 4
was inhibited in the presence of radical scavengers such as
TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl), suggesting that
a radical process is involved in this reaction.

In addition, the redox potential of sulfilimino iminium 2f was
measured by cyclic voltammetry (E2 = -1.31 V vs. SCE,
SCE = Saturated Calomel Electrode, see the Supporting
Information for more details), and showed that the reduction of
2f by the excited state of Ir(ppy)s 3* (Eiqanymrav) =—1.73 V vs.
SCE) is thermodynamically feasible. Furthermore, luminescence
quenching experiments were performed, and confirmed that only
reagent 2f efficiently quenched the excited photocatalyst 3*
(Scheme 3a).

On the basis of all these studies, a plausible mechanism is
depicted in Scheme 3b. Single Electron Transfer reduction of
sulfilimino iminium 2f-i by 3* leads to the corresponding ‘Rg
radical A, which subsequently reacts with alkene 1 to give
radical B. Importantly, all these radical intermediates have
already been characterized by electron paramagnetic resonance
experiments using various spin traps.'@ Then, radical B is
oxidized into carbocation C, which is finally deprotonated to
afford the desired allylic adduct 4. The oxidation step leading to
intermediate C can follow two possible pathways: i) a
photocatalytic pathway involving Ir'V photocatalyst species; ii) or
a radical chain mechanism involving a second molecule of
sulfilimino iminium. To distinguish between these two pathways,
the quantum yield ® of the reaction was measured.' @ is
defined as:

@ = (rate of substrate conversion)/(absorbed photon flux)

In order to measure the rate of substrate conversion, the amount
of remaining substrate 2f was plotted as a function of time, and
these kinetics data were fitted to a 6" order polynomial (Scheme
3c, red line). This was enabled by the use of in operando °F
NMR spectroscopy, the reaction mixture being directly irradiated
inside the NMR spectrometer thanks to an optical fiber (Scheme

3d, see the Supporting Information for more details).*? The rate
of substrate conversion was calculated from the derivative of this
polynomial (see Table S1). Then, the photon flux was measured
by standard ferrioxalate actinometry.i*® This finally allowed us to
calculate the quantum yield ®, which decreased over time,
together with the amount of substrate 2f (see Figure S7).
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Scheme 3. (a) Luminescence quenching experiments. Stern Volmer plots
lo/I = f([quencher]) using 1a or 2f as the quencher. (b) Plausible mechanism.
(c) Recorded kinetic profiles of the reaction with a solution of 2f (1.25.10°° mol)
alkene 1a (1.5 equiv), 3 (2.5 mol%) and KH2PO4 (2 equiv), determined by *°F
NMR spectroscopy using PhOCFs as an internal standard. The red plot for 2f
is fitted to a 6™ order polynomial. (d) Irradiation inside the NMR tube thanks to
an optical fiber.



The maximum value ® = 0.43 suggests that the photocatalyzed
process is mainly operating, and that the radical chain
mechanism is less likely.

In conclusion, we have developed a new visible-light mediated
allylic trifluoromethylation reaction. This efficient methodology
operates with a high allyl/vinyl selectivity and is for the first time
compatible with both unactivated alkenes and styrene
derivatives bearing a wide range of functional groups.
Importantly, this mild protocol has been successfully extended to
other perfluoroalkyl motifs (Re = CFCl,, CF2Br, C4Fg) thanks to
the use of sulfilimino iminiums as sources of -Rg radicals.
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