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We report here a photoinduced iron-catalyzed fluoroalkylation-peroxi-
dation of activated and/or unactivated alkenes with fluoroalkyl car-
boxylic acids and hydroperoxide. The ligand-to-iron charge transfer
strategy effectively overcomes the high redox potential of the fluoroalkyl
carboxylic acids, facilitating the difunctionalization reaction to occur
smoothly under mild reaction conditions. The late-stage functionaliza-
tion of drug and natural product derivatives was also demonstrated.

The incorporation of fluoroalkyl motifs into organic frame-
works has emerged as a powerful strategy in the development
of pharmaceuticals and agrochemicals. This approach can
substantially enhance the therapeutic profiles of the parent
compounds by improving their bioavailability, lipophilicity and
metabolic stability." Among the various fluoroalkyl groups, the
introduction of the trifluoromethyl (CF;) group, which func-
tions as a valuable bioisostere for the methyl group, into
aliphatic chains has gained increasing interest in recent
years.” In this regard, the radical fluoroalkylation of alkenes
offers a straightforward approach to accessing a variety of
trifluoromethylated products in a single step.? To facilitate this
transformation, several reagents have been developed, includ-
ing Togni’s reagent, Umemoto’s reagent, Langlois’ reagent and
Ruppert-Prakash reagent, all of which enable the efficient
installation of the CF; group. Nevertheless, the high cost of
these reagents raises concerns regarding their accessibility and
application.

Decarboxylative functionalization of carboxylic acids repre-
sents research in the field of synthetic chemistry. Among the
various candidates, trifluoroacetic acid (TFA) is of particular
interest due to its stability and low cost, which makes it an
attractive option to achieve trifluoromethylation. Theoretically,
TFA can undergo single-electron transfer (SET) oxidation to
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generate a CF; radical, accompanied by the release of CO,.
However, carboxylates bearing strong electron-withdrawing
fluoroalkyl substituents display an exceptionally high redox
potential for CF;COO™ [Ep,, > 2.28 V vs. a saturated calomel
electrode (SCE)].> This elevated redox potential makes the
seemingly straightforward decarboxylative pathway quite chal-
lenging. Consequently, the direct outer-sphere electron oxida-
tion of TFA necessitates the use of harsh reaction conditions,
such as elevated temperatures (> 120 °C), and the use of strong
oxidants such as XeF,.°

Photocatalysis has emerged as a powerful approach to
facilitate challenging organic transformations under mild reac-
tion conditions.” Among the various photocatalytic strategies,
ligand-to-metal charge transfer (LMCT) processes have been
used to generate radical species from inactive substrates. As a
representative inner-sphere single electron transfer mecha-
nism, LMCT enables electron transfer to or from a directly
coordinated substrate and a metal, irrespective of the redox
potentials of the substrates and the photocatalyst.® In 2023,
West and coworkers reported a state-of-the-art iron-mediated
photocatalytic hydrofluoroalkylation of alkenes with diverse
fluoroalkyl carboxylic acids via LMCT and a thiol-mediated
HAT process (Scheme 1a).” Based on the Fe-LMCT strategy,
Xia and coworkers also achieved a similar transformation
shortly thereafter, demonstrating the feasibility of performing
hydrofluoroalkylation on a gram-scale in conjunction with
continuous flow synthesis.’® In 2024, Niu, Li and co-workers
further developed this strategy by developing a Brensted acid-
mediated Fe-LMCT activation of inert fluoroalkylcarboxylates,
which enabled the fluoro-polyfluoroalkylation of alkenes with
Selectfluor as the fluorine source (Scheme 1b)."* Despite these
achievements, the incorporation of a CF; group and another
functional group (e.g. difunctionalization) into alkenes using
TFA is rather limited.

Organic peroxides play a vital role in a number of fields,
particularly in the large-scale production of polymers and in med-
icinal chemistry."> In continuation of our research interests in iron
catalysis™® as well as the synthesis and manipulation of organic
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Scheme 1 Ligand-to-iron charge transfer enabled fluoroalkylation-
functionalization of alkenes.

peroxides,"* we herein report the photocatalytic fluoroalkylation-
peroxidation of alkenes using an iron-LMCT strategy (Scheme 1c).
This cooperative catalytic system enables the efficient implementa-
tion of the three-component reaction involving fluoroalkyl car-
boxylic acids, alkenes and tert-butyl hydroperoxide, affording a
variety of fluoroalkylated organic peroxides in moderate to good
yields under mild reaction conditions.

We initiated the investigation with the use of 4-phenylbutene
1a, TFA 2a and tert-butyl hydroperoxide 3 as the model substrates
to test our hypothesis (Table 1). Encouragingly, the desired
trifluoromethylation-peroxidation product 4a was obtained in
32% yield with Fe(acac); as the catalyst and a catalytic amount of
Na,CO; in MeCN (0.1 M) under 390nm irradiation at room
temperature for 24 h (entry 1). Various iron catalysts, including
Fe(OTY),, FeCls;, Fe(NO3);-9H,0 and Fe(OAc),, FeCl, were tested
(entries 2-6). Among these, FeCl, gives the highest yield of 4a at
79% (entry 6). Subsequently, we tested different solvents, including
ethyl acetate (EtOAc), dichloromethane (DCM), 1,2-dichloroethane
(DCE), methyl tert-butyl ether (MTBE), benzene and dimethylsulf-
oxide (DMSO) (entries 7-12), and found that MeCN remained the
optimal solvent. The desired product 4a could also be synthesized
in the presence of alternative bases, such as Li,COj, K,COs,
Cs,CO3, N,N-diisopropylethylamine (DIPEA) and 1,4-diazabicyclo
[2.2.2]octane (DABCO) (entries 13-17). However, the yields were
inferior compared to those achieved with Na,CO;. The product 4a
was obtained in 40% yield when ‘BuOOH (70% in H,0) was used
instead (entry 18). Control experiments confirmed that 4a was not
detected in the absence of a metal catalyst (entry 19) or light
(entry 20).

With the optimal reaction conditions established, we set out
to investigate the generality of this protocol. As shown in
Scheme 2, a variety of fluorinated peroxides were synthesized
from unactivated alkenes in moderate to good yields. The
functional groups, including ester 1b, ketone 1c, alcohol 1d,
bromide 1e, terminal alkyne 1f, N-phthalimide 1g and phos-
phate 1h were well tolerated, affording the corresponding
products 4b-4h in 41-88% yields. The reaction also proceeded
with alkenes containing heterocycles such as thiophene 1i,
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Table 1 Optimization of the reaction conditions®?

cat. (10.0 mol%) ‘BuOO

N T CFeCOoH base (10.0 mol%) CFs
©/\/\ 2a solvent (2.0 mL), N,
+  guooH  390nm, 10W,tt, 24 h
1a 3 4a

Entry Catalyst Base Solvent Yield of 4a
1 Fe(acac); Na,CO; MeCN 32
2 Fe(OTf), Na,CO; MeCN 31
3 FeCl; Na,CO; MeCN 58
4 Fe(NO;);-9H,0 Na,COs MeCN 65
5 Fe(OAc), Na,CO; MeCN 71
6 FeCl, Na,CO; MeCN 79
7 FeCl, Na,CO, EtOAc 36
8 FeCl, Na,CO; DCM 0
9 FeCl, Na,CO; DCE 0
10 FeCl, Na,CO, MTBE 15
11 FeCl, Na,CO; Benzene 0
12 FeCl, Na,CO; DMSO 0
13 FeCl, Li,CO; MeCN 60
14 FeCl, K,CO, MeCN 45
15 FeCl, Cs,CO; MeCN 38
16 FeCl, DIPEA MeCN 60
17 FeCl, DABCO MeCN 58
184 FeCl, Na,CO, MeCN 40
19 — Na,CO, MeCN 0
20° FeCl, Na,CO; MeCN 0

? Reaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), ‘BuOOH 3
(0.8 mmol, 5-6 M in decane), catalyst (10.0 mol%), base (10.0 mol%),
solvent (2.0 mL), 390 nm (10 W), r.t., 24 h in a Schlenk tube under N,.
? NMR yields are based on 1a and determined By "H NMR using
mesitylene as an internal standard. ¢ In the dark. ¢ ‘BuOOH (70% in
H,0).

furan 1j and pyridine 1k, affording the desired products
4i-4k. Additionally, cyclobutene carboxylic acid derivative 11
and 1-dodecene 1m proceeded smoothly, producing the desired
products 41 and 4m in 88% and 68% yields, respectively.
Styrene derivatives 1n-1p, featuring either electron-donating
or electron-withdrawing groups, were successfully convert-
ed into the corresponding fluorinated peroxides 4n-4p in
47-74% yields. Other types of alkenes, including enyne 1r,
acrylate 1q and allyl ether 1s, also underwent this iron-
mediated photocatalytic  trifluoromethylation-peroxidation
reaction, although the yields were relatively low (25-33%),
probably due to polymerization or other side reactions under
390 nm irradiation. Moreover, 1,1-disubstituted alkenes were
suitable substrates as well, affording the corresponding
difluorinated peroxides 4t-4x in 34-77% yields. We also tested
a series of internal alkenes under the optimal conditions. Cyclic
alkenes, including cyclohexene 1y, cyclooctene 1z, norbornene
laa and indene 1ab, provided the corresponding products
4y-4ab in 19-66% yields. Besides, the peroxides 4ac-4ae were
obtained in 25-46% yields when 1,2-disubstituted or trisubsti-
tuted acyclic alkenes were tested accordingly.

In light of our findings regarding the use of trifluoroacetic
acid for the trifluoromethylation-peroxidation of alkenes, we
proceeded to investigate the potential of other fluoroalkylated
carboxylic acids as reaction partners. For example, difluoroa-
cetic acid 2b, 2,2-difluoropropanoic acid 2¢, perfluorooctanoic
acid 2d, perfluorooctanoic acid 2d and phenyl difluoroacetic

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Scope of substrates. ? Alkene 1 (0.2 mmol), R<COOH 2 (0.6 mmol), ‘BUOOH 3 (0.8 mmol, 5.5 M in decane), FeCl, (10% mol) and Na,COs
(0.02 mmol) in MeCN (2.0 mL), 390 nm Kessil LED at r.t. for 24 h under N,. d.r. = diastereoselectivity ratio.

acid 2e were identified as suitable candidates, affording the
desired products 4af-4al in 29-79% yields.

To demonstrate the practical applicability of this protocol,
we investigated its potential for late-stage functionalization of
drug and natural product derivatives (Scheme 3). The unacti-
vated alkenes derived from various precursors, including sugar,
non-steroidal anti-inflammatory and analgesic drugs such as
celecoxib, sulbactam, gemfibrozil, as well as steroidal com-
pounds like dehydrocholic acid, were reacted efficiently, pro-
viding the corresponding fluorinated peroxides 6a-6e in
51-79% yields. Moreover, (1)-menthol and the sterically con-
gested (—)-borneol derivatives could also be synthesized effi-
ciently (6f and 6g).

The photoinduced fluoroalkylation-peroxidation reaction
was completely inhibited in the presence of radical scavengers,
such as TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl). Moreover,
the radical clock experiment gave the ring-opening fluorinated
peroxide in 48% yield (see the ESIt for details). These findings
suggest that a radical pathway was involved in this process.

Based on the above results and literature reports,®**** a
plausible reaction mechanism for the fluoroalkylation-
peroxidation of alkenes is presented in Scheme 4. Initially,
Fe(u) is oxidized by ‘BuOOH to give Fe(m) and ‘BuQ°. The

This journal is © The Royal Society of Chemistry 2024

photoactive Fe(ur)-carboxylate complex A is formed in situ via the
coordination of fluoroalkyl carboxylic acid 2 with Fe(m). Upon
photoexcitation, a LMCT event occurs to generate Fe(u) and an
acyloxy radical B, which subsequently undergoes decarboxylation to
release the fluoroalkyl radical C. The electrophilic radical C is then
trapped by an alkene, leading to the formation of the nucleophilic
radical intermediate D. Concurrently, ‘BuO® abstracts a hydrogen
atom from ‘BuOOH, producing the ‘BuOO® E. Finally, a polarity-
matched radical coupling between radicals D and E results in the
formation of the fluorinated peroxide product 4.

In conclusion, we have developed a photocatalytic fluoroal-
kylation-peroxidation of alkenes utilizing an iron-LMCT strategy.
The cooperative catalytic system is effective in facilitating a three-
component reaction involving fluoroalkyl carboxylic acids, alkenes
and tert-butyl hydroperoxide. A diverse array of fluoroalkylated
organic peroxides were synthesized in moderate to good yields
under mild reaction conditions. Furthermore, the late-stage func-
tionalization of drug and natural product derivatives was success-
fully accomplished.

We gratefully acknowledge the National Natural Science
Foundation of China (22071266, 22201300), the Fundamental
Research Funds for the Central Universities, and the Research
Funds of Renmin University of China (24XNK]J27).
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