
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 7

:5
1:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Radical photoch
aDepartment of Chemical Sciences, Univers

35131, Padova, Italy. E-mail: sara.cuadroshu
bInstitut Lavoisier de Versailles, Université
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emical difluorosulfoximination of
alkenes and propellanes†

Simone Baldon, a Julien Paut, ab Elsa Anselmi, bc Guillaume Dagousset, b

Béatrice Tuccio,e Giorgio Pelosi, d Sara Cuadros, ‡*a Emmanuel Magnier ‡*b

and Luca Dell’Amico ‡*a

Herein, we report a metal-free divergent visible-light driven method for the synthesis of fluorinated

sulfoximines. Both olefins and propellanes efficiently undergo difluorosulfoximination with yields up to

77% (65 examples). The process is general and robust and tolerates diverse functional groups, including

esters, ethers, ketones, silyl groups, silyl ethers or boronic esters. The functionalization of diverse

bioactive ingredients (8 examples) and various product manipulations demonstrate the synthetic

usefulness of the developed synthetic platform. Finally, we rationalized the divergent reaction

mechanism by performing Stern–Volmer quenching and EPR experiments that revealed the key activity

of a difluoroalkyl sulfoximine radical.
Introduction

Sulfoximines have gained increasing popularity in pharmaceu-
tical and agrochemical research as versatile isosteric replace-
ment of sulfones, sulfonamides, carbonyl compounds, amines
or alcohols, among others (Fig. 1a).1 These compounds possess
interesting properties, such as high chemical stability, increased
solubility in water2 and multiple hydrogen bond donor/acceptor
sites. Further, the N-atom adds value to the structure by adding
intrinsic chirality, with the possibility of exploring the 3D-
chemical space with dened exit vectors. On the other hand,
replacing hydrogen atoms with highly electronegative uorine
atoms is a common strategy to modulate properties, reactivity
and conformations of molecules.3 In this regard, F-containing
sulfoximines have found applications as key elements in bioac-
tive compounds (Fig. 1a) or functional materials.4 However,
general synthetic methods for the preparation of these classes of
uorinated compounds are still largely underdeveloped.4a In
recent years, we undertook a research line for the development
of effective methodologies to achieve the construction of F-
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containing sulfoximines 1 (Fig. 1b).5 Interestingly, these struc-
tures 1 have exhibited synthetic versatility in photoredox cata-
lytic systems,6 with reactivity inuenced by the N-substitution
pattern (Fig. 1b). On one hand, N-tosyl and N-triate sulfox-
imines (1, X= Ts or Tf, respectively) have been used as uoroalkyl
radical sources (pathway i).7Here, a single electron transfer (SET)
process from an excited photocatalyst to 1 triggers a C–S bond
homolytic cleavage, while releasing uorinated C-centered
radicals (RFc). These radicals have been subsequently engaged
in radical additions with alkenes 3, ultimately forming uo-
roalkyl products 4. In these strategies, the sulfoximine unit is not
incorporated into the nal target 4 but only serves as an auxiliary
for the generation of reactive uoroalkyl radicals. On the other
hand, the group of Magnier utilized N-chloro substituted sul-
foximines (1, X = Cl) in photoinduced SET reductions (pathway
ii), promoting N–Cl homolytic bond scission while generating
the corresponding N-sulfoximidoyl radical 2.8 The N-centered
radical 2 has also been successfully engaged in radical addition
processes with alkenes 3, offering a straightforward access to N-
alkylated uorinated products 5. Aiming at identifying novel
reaction manifolds for 1, while addressing the increasing
demands of uorinated sulfoximines, we wonder whether an
alternative scission pathway could be promoted to access
diuoroalkyl sulfoximine radicals 6 (pathway iii), for which there
are currently no available methods. Success in this endeavor will
offer new avenues for the synthesis of CF2-sulfoximines via
radical chemistry, while allowing the generation of novel F-
containing building blocks.9

Herein, we detail a mild organophotoredox strategy that
gives access to unprecedented diuoroalkylsulfoximine radicals
8, while engaging them in divergent reaction manifolds
(Fig. 1c). Our approach is based on the use of
Chem. Sci., 2025, 16, 6957–6964 | 6957
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Fig. 1 (a) Application of sulfoximines in drug design and examples of biologically active fluorinated sulfoximines. (b) Available reactivity pathways
for fluorinated N-substituted sulfoximines 1, under photoredox catalyzed conditions. (c) This work: light-driven difluorosulfoximination of
unactivated alkenes 3 and propellanes 9. PC: photocatalyst; SET: single electron transfer.
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bromodiuoroalkyl NH-sulfoximines 7, which upon photoin-
duced SET, undergo preferentially C–Br homolytic cleavage to
produce the target radicals 8. These intermediates successfully
engage in different radical addition processes with unactivated
alkenes 3 and propellanes 9, either via atom-transfer radical
addition (ATRA) or hydrofunctionalization mechanisms.10

Using this divergent synthetic platform, we accessed a wide
variety of diuoroalkyl sulfoximine products 10–12 (65 exam-
ples, up to 77% yield), including enantiomerically pure sulfox-
imines. On the other hand, the formation of the radical
intermediate 8 was undoubtedly proven by means of spin
trapping coupled with electron paramagnetic resonance (EPR)
detection. Finally, product manipulations demonstrate the
usefulness of the products, including the synthesis of novel
classes of cyclic F-containing sulfoximines.
Results and discussion

We began our studies by evaluating the performance of
different organophotoredox catalysts in the ATRA process
between bromodiuoroalkyl sulfoximine 13 and 1-hexene 14
(Table 1). The rst experiments were conducted at 20 °C, using
acetonitrile as the solvent (0.5 M). Initially, we observed the
formation of product 15 with the commercially available
phenothiazine PC1 as well as with the dihydroacridine photo-
catalyst PC2 (entries 1 and 2). The NMR yield was raised up to
60% or 47%, by increasing the catalyst loading of either PC1 or
PC2 from 5 to 15 mol% (entries 3 and 4). Finally, aer an
extensive PC screening (see ESI, Section C.1.5†), we identied
6958 | Chem. Sci., 2025, 16, 6957–6964
the N-phenyl substituted dihydroacridine PC3 as the best PC,
affording the product 15 in 60% NMR yield, aer 10 h (entry 5).
Alongside 15, we observed the formation of byproducts arising
from the radical addition of cCF2Br radicals to 14 in variable
NMR yields depending on the reaction conditions (see ESI
Section C.3,† for further details). This suggests that, while C–Br
bond scission predominates under these conditions, C–S bond
scission is not entirely suppressed (vide infra).

With this result in hand, we next investigated the possibility
of going beyond the classical ATRA manifold in the presence of
suitable hydrogen atom transfer (HAT) donors. To our delight,
the addition of 1.5 equivalent of the Hantzsch ester 17 to the
previously optimized conditions mainly afforded the product 16
in 47% isolated yield, with only traces of the ATRA product 15
(entry 7). Intriguingly, the process can be promoted without the
use of a PC (entry 9), indicating the pivotal excited state reac-
tivity of the Hantzsch ester 17 under the optimized reaction
conditions.11 Taking into account the absorption prole of 17,
we next tested other excitation wavelengths, identifying 400 nm
as the most effective to obtain the hydrofunctionalization
product 16 in higher yield (61% isolated yield, entry 10).
Generality of the process

Our next efforts were directed to assess the generality of the two
divergent reaction manifolds (Table 2). A wide variety of unac-
tivated terminal alkenes 3 bearing common functionalities in
medicinal chemistry settings,12 including esters, ethers, silyl
ethers, sulfones, boronates, or indole derivatives, were well
tolerated in both reaction pathways, giving the corresponding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the light-driven ATRA and hydro-
functionalization process with control experiments – selected results

Entrya PC (mol%) l (nm) HAT donor 15 : 16 yieldb (%)

1 PC1 (5) 400 — 33 :—
2 PC2 (5) 427 — 28 :—
3 PC1 (15) 400 — 60(42) :—
4 PC2 (15) 427 — 47 :—
5c PC3 (15) 427 — 60(52) :—
6 None 427 — No reaction
7 PC3 (15) 427 17 5 : 51(47)
8 PC3 (15) 427 18 12 : 40
9c None 427 17 <5 : 55
10c None 400 17 — : 66(61)
11 PC3 (15) Light off 17 No reaction

a Reactions performed at 0.1 mmol scale, using 1 equiv. of 13 and 3
equiv of 14 (see ESI, Section C). b The yield was determined by 1H-
NMR analysis of the crude, using trichloroethylene as the internal
standard. c Reaction time: 10 h. Isolated yields are in the parentheses.
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products 19–34 in up to 68% isolated yield. As a general trend,
we observed higher yields under the hydrofunctionalization
conditions, in comparison with the ATRA reactivity.

Allyl chloride proved to be reactive only in the ATRA pathway,
delivering the highly versatile adduct 35 in 43% yield. On the
other hand, allyl-TMS successfully afforded product 36 in 53%
yield under the hydrofunctionalization conditions, while desily-
lated alkene products are formed under the ATRA reactivity (see
ESI, Section E.1†). In a similar manner, product 37 was obtained
from the use of the methyl-substituted allyl-TMS under the ATRA
conditions (see ESI,† for other entries) Intriguingly, the phenyl-
substituted allyl-TMS proved to be only reactive in the ATRA
pathway, giving the corresponding desilylated product 38 in 55%
yield. Alkenes bearing pyridine or –N(Boc)2 groups in terminal
positions were only reactive in the hydrofunctionalization
pathway, affording the products 40 and 91 (see ESI†) in 54% and
26% yield, respectively. Furthermore, inspired by previous
reports,13 we also synthesized the functionalized benzofurane
derivative 41, via sequential ATRA reaction followed by a nucle-
ophilic substitution process, starting from 2-allylphenyl acetate
© 2025 The Author(s). Published by the Royal Society of Chemistry
(see ESI† for the synthesis of an indoline analogue). To our
delight, themethod proved to be amenable also tomore complex
biologically relevant substrates. We could use in both photo-
chemical processes alkenes derived from D-galactose, carvone, b-
pinene, tyrosine or eugenol (42–55, see ESI Section E.1† for other
entries). Alkyl and mono-uorinated N–Ts-protected sulfox-
imines were also competent substrates (55 and 98). We next
evaluated the scope of sulfoximines 7 in the strain-release ATRA
process with [1.1.1]-propellane 9 (Table 3).14 Here, likely thanks
to the strain-release process, we observed higher yields, by only
using 5 mol% of PC2.

Pleasingly, different aryl and alkyl substituted N–H or N–Ts
sulfoximines were successfully engaged in this transformation,
affording the ATRA products 56–70 in up to 71% yield. It is
worth nothing that also [3.1.1]-propellanes can also be used as
radical trapping agents, giving access to product 65–67 in 42–
50% yield. These functionalized [3.1.1]-bicycloalkane units have
been recently validated as bioisosteric replacements for meta-
substituted arene rings, suggesting signicant applications in
drug design.15 Although this is not the main topic of this article,
it should be pointed out that a major effort has been made to
prepare novel sulfoximines. In the CF2Br series, ve new sul-
foximines were obtained by varying the aromatic ring on the
sulfur atom (including a highly original pyridine ring). Aer
reactions, the latter led to compounds 60 to 64. In addition, we
engaged a N–Ts substituted uorodibromo-sulfoximine in an
unprecedented double sequential reduction/addition process of
two [1.1.1]propellane units, with the formation of product 70 in
42% yield. Finally, original bromo uoromethyl sulfoximine led
to the synthesis of compounds 69 and 98 (the latter described in
the ESI†). We next evaluated the possibility of performing
a stereospecic version of the reaction by using chiral sulfox-
imine precursors, while assessing the congurational stability
of the radical intermediate 8 (Fig. 2a).

To this end, we submitted both enantiomers of the bromo-
diuoroalkyl sulfoximine 13 to the different optimized reaction
conditions developed in this study. Satisfactorily, the use of
either the (S)- or (R)- enantiomers of 13 led to the formation of
the enantiopure ATRA products (R)-56 and (S)-56, respectively
(>99.5% ee). A similar result was observed in the hydro-
functionalization pathway using eugenol 3ab as the radical
acceptor (Fig. 2b). In this case, the corresponding products (R)-
51 and (S)-51were also obtained without erosion of the chirality,
corroborating that the chiral diuorosulfoximine radical 8
remains congurationally stable during both photochemical
processes (see ESI Section G† for further examples).

Finally, to showcase the synthetic utility of the products, we
carried out a series of product manipulations (Fig. 3). First,
treatment of the ATRA product 21with NaH (60%mineral oil) in
DMF allowed the deprotonation of the –NH of the sulfoximine
moiety, while triggering an intramolecular cyclization process
to yield the 5-membered ring sulfoximine 71 in 25% yield. It is
worth mentioning that there are no other methodologies to
obtain these cyclic uorinated sulfoximines, thus demon-
strating the relevance of the obtained ATRA products to access
other structures of higher complexity.
Chem. Sci., 2025, 16, 6957–6964 | 6959
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Table 2 Scope of alkenes 3 and sulfoximines 7 in the light-promoted ATRA and hydrofunctionalization reactions. Reactions performed on
0.2 mmol scale (see ESI for details). Yields refer to the isolated compounds. Values in theparentheses refer to 1H-NMR yields. If not otherwise
noted dr = 1 : 1 (see ESI)

a Yield determined by 1H-NMR analysis from the crude reactionmixture. b Formed under hydrofunctionalization conditions. c Formed under ATRA
conditions. d Reaction crude then treated with an aqueous solution of NaOH 2 M (see ESI).
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Similarly, product 39 can also be treated with NaH (60%
mineral oil) to induce intramolecular cyclization and yield the 6-
membered ring sulfoximine 72 in 55% yield.

Furthermore, the hydrofunctionalized product 22 and the
strain-released ATRA product 56 were successfully used in
a copper catalyzed N-arylation process with phenyl iodide 73
and 3-iodopyridine 75,16 affording the N-phenyl substituted
sulfoximine 74 and the N-pyridine substituted sulfoximine 76 in
87% and 50% yield, respectively.
Mechanistic investigations

We next focused on understanding the mechanisms
accounting for the observed divergent reactivity. Under the
6960 | Chem. Sci., 2025, 16, 6957–6964
ATRA conditions, PC3 or its EDA complex with the starting
substrate (depending by the type of diuorosulfoximine used,
see ESI, Section K.1† for further details) is the only absorbing
species,9d whereas 17 is the main species absorbing at 400 nm
in the hydrofunctionalization pathway (see ESI, Section K.1†).
Stern–Volmer quenching studies showed that increasing
amounts of the bromodiuoroalkyl sulfoximine 13 could
effectively quench the emission of PC3, whereas no quenching
was observed with the alkene 14 (Fig. 4a). Furthermore, the
excited state redox potentials of both PC3 and 17 [Ered(PC3c

+/
PC3*) = −2.30 V vs. SCE; Ered(17c

+/17*) = −2.28 V vs. SCE11a,17]
are sufficiently negative to undergo a thermodynamically fav-
oured SET reduction of the sulfoximine 13 [Ered(13/13c

−) = –

1.57 V vs. SCE].
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of sulfoximines 7 that can participate in strain-release
ATRA processes with propellanes 9. Yields refer to the isolated
compounds. Values in the parentheses refer to 1H-NMR yields

a Reaction performed using starting material 7k (see ESI). b Reaction
performed using starting material 7j (see ESI).

Fig. 2 Reactions with enantiopure sulfoximines 13; (a) ATRA reaction,
and (b) hydrofunctionalization. Yields refer to the isolated compounds.
Values in the parentheses refer to 1H-NMR yields.

Fig. 3 Post functionalizations of some products. (a) Synthesis of F-
containing cyclic sulfoximines. (b) Copper-mediated N-functionali-
zation. Yields refer to the isolated compounds.
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We next carried out a spin trapping/EPR study to detect the
key diuoroalkyl radical 8a, generated from the bromodiuoro
sulfoximine 13 (Fig. 4b). A solution containing 13, PC3 and the
spin trap 2-methyl-2-nitrosopropane (MNP) was prepared in
acetonitrile. Upon irradiation under the standard reaction
conditions, the signal reported in Fig. 4b was immediately
observed. Its simulation (with a virtually perfect superimposi-
tion with the red dotted line) revealed the presence of a major
radical species (over 90%) whose EPR spectrum showed twelve
intense lines, due to hyperne couplings with a nitrogen
nucleus (aN = 11.6 G) and two uorine nuclei at the a-position
towards the nitrogen (aF1 = 22.1 G and aF2 = 14.2 G). On the
basis of these hyperne coupling constant (hfcc) values the
spectrum recorded was assigned to the MNP adduct of
a diuorinated carbon-centered radical and was perfectly
compatible with the MNP-8a adduct (see Fig. 4b and ESI,
Section J†). Because the CF2 group was linked to a chiral sulfur
atom in 8a, the two uorines in the spin adduct MNP-8a were
© 2025 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2025, 16, 6957–6964 | 6961
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Fig. 4 (a) Stern–Volmer quenching studies. (b) EPR studies (detection key chiral radical). (c) Proposed mechanisms for the ATRA (left side) and
hydrofunctionalization process (right side) developed in this study.
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not magnetically equivalent, as shown by the large difference
between the two hfccs. Although this phenomenon is rather
common in NMR, to the best of our knowledge this is the very
rst description of an EPR spectrum of a radical with two non-
magnetically equivalent geminal uorine nuclei.18 In addition,
no EPR signal was detected before irradiation or in blank tests
performed in the absence of either the substrate 13 or PC3.

Based on these experimental ndings, we propose the
divergent mechanism illustrated in Fig. 4c. On one hand, the
ATRA pathway is initiated by a photoinduced SET process from
the excited PC3* to sulfoximine 7, producing the diuor-
osulfoximine radical 8 and the radical cation of the photo-
catalyst (PC3c+). The open-shell intermediate 8 participates in
a radical addition process to alkene 3 (the same ATRA manifold
with propellane 9 has been omitted for clarity), forming the
intermediate 88. This radical (88) undergoes halogen atom
transfer (XAT) with another molecule of sulfoximine 7, afford-
ing the ATRA product 10 along with the reactive radical 8. This
chain propagation mechanism is supported by a relatively high
quantum yield value of f = 0.23 for 3 and 19.03 for 9. On the
other hand, the hydrofunctionalization reaction is initiated by
a photoinduced SET process from the excited Hantzsch ester
17* to 7, delivering the key radical 8 and the radical cation
HEHc+.17 In this scenario, the intermediate 77 formed aer the
radical addition undergoes a HAT process with another mole-
cule of HEH to afford the desired product 11, alongside radical
78. Most likely, the rate of the HAT is faster than the XAT,
thereby explaining the preferential formation of product 11 over
10. The very low quantum yield value registered for this process
(f = 0.02) suggests the activity of an in-cage mechanism.
However, at the current stage we cannot exclude the operation
of a very inefficient chain propagation mechanism, in which the
radical 78 reduces 7, generating another reactive radical 8 and
the Hantzsch pyridinium 79.19
6962 | Chem. Sci., 2025, 16, 6957–6964
Conclusions

In conclusion, we have developed a divergent synthetic plat-
form for the efficient installation of valuable uorinated sul-
foximine moieties onto olens and bicycloalkanes.20

Interestingly, by the rational selection of the reducing agent,
either the excited PC3 or the Hantzsch ester 17, it is possible to
channel the chemistry towards Br- or the H-containing uori-
nated sulfoximine product, respectively. We have shown the
generality of these processes with diverse classes of molecules,
including olens and propellanes bearing a large variety of
functional groups (65 examples, up to 77% yield). Further, it
was possible to transfer chiral sulfoximine radicals with
complete stereoretention into the nal products. Finally, we
performed a series of product manipulations accessing struc-
turally relevant synthetic targets such as cyclic 71 and 72.
Mechanistic investigations revealed the key activity of the
uorinated radical 8 (characterized by EPR) that undergoes
ATRA or hydrofunctionalization pathways.

Data availability

The data supporting this article have been included as part of
the ESI.†
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