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Sequential C—F Bond Transformation of the Difluoromethylene Unit
in Perfluoroalkyl Groups: A Combination of Fine-Tuned
Phenothiazine Photoredox Catalyst and Lewis Acid

Naoki Sugihara, Yoshihiro Nishimoto,* Yasuko Osakada, Mamoru Fujitsuka, Manabu Abe,

and Makoto Yasuda*

Abstract: A sequential process via photoredox catalysis
and Lewis acid mediation for C—F bond transformation
of the CF, unit in perfluoroalkyl groups has been
achieved to transform perfluoroalkylarenes into com-
plex fluoroalkylated compounds. A phenothiazine-based
photocatalyst promotes the defluoroaminoxylation of
perfluoroalkylarenes with (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO) under visible light irradiation,
affording the corresponding aminoxylated products.
These products undergo a further defluorinative trans-
formation with various organosilicon reagents mediated
by AICI; to provide highly functionalized perfluoroalkyl
alcohols. Our novel phenothiazine catalyst works effi-
ciently in the defluoroaminoxylation. Transient absorp-
tion spectroscopy revealed that the catalyst regeneration
step is crucial for the photocatalytic aminoxylation.

The carbon-fluorine (C-F) bond transformation in per-
fluoroalkyl compounds not only is an important synthetic
method in organic chemistry,["! but also is an urgent issue to
solve PFAS (polyfluoroalkyl substances) environmental
problems.? Numerous C—F bond activation protocols have
been reported for single C—F bond transformations of
perfluoroalkyl group.’*! However, a sequential C—F bond
transformation of a difluoromethylene unit (—CF,—) into two
different functional groups remains underdeveloped (Fig-
ure 1A) despite being an important clue to the solution of
PFAS problems. This is because the harsh reaction con-

ditions needed to cleave robust C—F bonds cause the
undesired installation of the same functional group. In fact,
dialkoxylation,” dimethylation® and dichlorination! of a
CF, moiety have been reported. To avoid installing the same
groups, amino alcohols were used in the aminoalkoxylation
of a-perfluoroalkyl ketones in a three-component tandem
reaction (Figure 1B, a).”! Recently, two distinguished reac-
tions were reported: a sequential defluorinative alkylation of
trifluoroacetyl compounds by a radical mechanism (Fig-
ure 1B, b)® and a coupling reaction of 1,1-difluoroalkyl
compounds (RCF,R’) with Grignard reagents and chlorosi-
lanes or alkyl tosylates by CrCl, catalysis via chromium
carbenoid species (Figure 1B, c).”’ Neither method is
applicable to the transformation of longer perfluoroalkyl
compounds (RCF,(CF,),R’). Herein we propose a reaction
design based on a sequential process via radical and ionic
paths (Figure 1C). The primary substitution of F with RO
groups involves C—F bond activation by photocatalysis!*!
and capture of the perfluoroalkyl radical by an oxyl
radical." Then the second transformation employs a Lewis
acid and nucleophiles. Because the reaction mechanism
includes an oxonium intermediate, diverse nucleophiles can
be introduced. Based on our proposed design using a dual
activation system, in this study we achieved a sequential
C—F bond transformation of perfluoroalkylarenes via ami-
noxylation with a fine-tuned phenothiazine photocatalyst
and aminoxyl radical reagent followed by AlCl;-mediated
nucleophilic substitution with organosilicon reagents (Fig-
ure 1D).
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Figure 1. Sequential C—F bond transformation of perfluoroalkyl com-
pounds.

Firstly, we investigated reaction conditions for the
photo-catalyzed aminoxylation using 4-
phenyl(perfluorobutyl)benzene 1a (E,..=-2.06 V vs SCE)
and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (2)
under visible light irradiation (370 nm) (Table 1). The use of
Ir(ppy); resulted in no reaction due to the low reducing
ability of excited Ir(ppy); (Entry1).*¢) We focused on
phenothiazines exhibiting higher reducing abilities than
Ir(ppy);. Their photocatalytic activities can be tuned by a
substituent effect.'’! N-Phenylphenothiazine PC1 exhibited
a catalytic activity to mediate the aminoxylation, giving
product 3a (Entry2). To access more negative redox
potentials, phenothiazine PC2 was used, leading to an
improved yield (Entry 3). It should be noted that newly
developed phenothiazine PC3 bearing diisopropylamino and
two methyl groups showed the best catalytic activity
(Entry 4), suggesting the effect of the two Me groups is
crucial to the aminoxylation. N-Dimeth-
ylphenylphenothiazine PC4 was less effective, which indi-
cates the increase of reducing ability by an amino group is
significant (Entry 5). Next, to utilize much lower reduction
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Table 1: Optimization of photo-catalyzed aminoxylation of perfluoroal-

kylarene 1a with TEMPO 2:
N
F FFR F ?\40 FFR F
Calalyst (1 mol%)
CFj3 + CF3
MeCN 35°C,4h FF
370 nm LEDs Ph

3a
Ereq (1 a/1 a”
-2.06 Vvs SCE
Mes BF,~
SH Z
Catalyst . O < \
MeO Bu N Bu
Ph
Mes-Acr-BF 4

Ir(ppy)3
N'Pr, N'Pr,

vy R
oo av ao oo

PC1 PC2 PC3 PC4
Entry Catalyst E.* Yield
(V vs SCE)

1 Ir(ppy)s -1.73 0%

2 PC1 —2.45 35%

3 PC2 —2.68 42%

4 PC3 —2.57 60%

5 PC4 —2.47 38%

6! 4-MeOCH,SH —3.31 0%

76 Mes-Acr-BF, —3.36 trace
8 PC3 —2.57 0%

9 none — 0%

104 PC3 —2.57 82% (71%)"

[a] 1a (0.4 mmol), 2 (0.8 mmol), catalyst (0.004 mmol), MeCN
(2 mL), irradiation with 370 nm LEDs at 35°C for 4 h. Yields were
determined by "H NMR spectroscopy using an internal standard. [b] 4-
MeOC¢H,SH (0.08 mmol), HCO,Cs (0.8 mmol), DMSO (2 mL) irradi-
ation with 427 nm LEDs at 35°C for 24h. [c] Mes-Acr-BF,
(0.04 mmol), N'Pr,Et (1.2 mmol), MeCN (1.3 mL), irradiation with
390 nm LEDs at 35°C for 24 h. [d] No irradiation. [e] PC3 (0.02 mmol),
24 h. [f] Isolated yield.

potential of photocatalysts, we applied thiolate catalysis!'?
and consecutive photo-induced electron transfer (conPET)
system!™ to this reaction. Thiolate catalysis resulted in no
reaction, and la was hardly converted (Entry6). In the
conPET system, 1a was completely consumed, but only a
trace amount of 3a was obtained according to complicated
products (Entry 7). In this case, the high reducing ability of
the active catalytic species generated by conPET would
cause the undesired overreduction or side-reactions. Both
photocatalyst and photo-irradiation were essential for the
reaction progress (Entries8 and 9). Finally, under the
optimized conditions using the 5 mol % amount of PC3, 3a
was obtained in 82 % yield (Entry 10). Further optimization
for addition amount of TEMPO 2 and solvent screening is
described in the Supporting Information.!**

Scheme 1 depicts a plausible mechanism for the amino-
xylation of 1 with TEMPO 2 catalyzed by phenothiazine PC.
The photoexcited PC* reduces 1 via single electron transfer
(SET), affording radical anion A and radical cation PC*".
Mesolysis of a C—F bond affords benzyl radical B.*#! Then,
B associates with 2 to give product 3. PC (E(PC3**/PC3)=

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 1. Proposed mechanism for photo-catalyzed aminoxylation of
perfluoroalkylarenes.

0.61 V vs SCE) is regenerated by single electron reduction
with 2 (E(2*/2)=0.62V vs SCE)."™ A by-product, N-
oxoammonium cation C captures F~, suppressing the retro-
reaction from B to A.' HRMS and "F NMR confirmed N-
oxoammonium fluoride D was generated.!'"” The appropriate
reduction potential of PC3* achieves selective reduction of
starting material 1 and not product 3, realizing a single C—F
bond transformation without overreduction and side-
reactions.™

We focused on the fact that our developed PC3
exhibited a more efficient catalytic activity than PC2 despite
the lower reducing ability of PC3* than PC2* (Table 1).!"!
We conducted mechanistic studies to understand the origin
of the high activity of PC3. First, the fluorescence quenching
experiments of PC* with 4-trifluorometh-
yl(perfluorohexyl)benzene 1e were performed. Stern—Volm-
er plots determined that the rate constants of the dynamic
quenching of excited singlet species PC2* and PC3* were
5.3x10" M's7! and 3.1x10" M's™!, respectively (Figures S2
and S4).°21 The 1st SET between le and PC* is a
diffusion-controlled process,” which indicates that the
catalytic turnover is independent of the reducing ability of
PC* .l We then considered the 2nd SET between PC** and
TEMPO for the catalyst regeneration. The sub-microsecond
transient absorption spectroscopy using laser flash photol-
ysis method at 355 nm (4 mJ/pulse, 4 ns pulse-width) was
conducted for a mixture of PC, 4-
phenyl(perfluoroethyl)benzene 1n, and TEMPO to monitor
the generation and quenching of PC'*.” The quenching
rate constant of PC3** (3.2x10* M™'s™') was found to be
much larger than that of PC2*" (0.93x10*> M's™") (Figur-
es S19 and S20).”! Thus, the fast regeneration of PC3
dominates the catalytic turnover (Figure 2A). Next, Gibbs
free energy changes (4G,) and reorganization energies (1) in
the 2nd SET were obtained by DFT calculation to estimate
activation energies (4G™) according to Marcus-Hush theory
(Figure 2B).?**) While two AG, values are almost identical
(3.8 and 3.7 kcal/mol), 1 value for PC3 (38.8 kcal/mol) is
lower than that for PC2 (42.3 kcal/mol). Finally, AG™ for
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(S1) Ist SET 2nd SET
kq (PC*) kq (PC™)

kq (PC) =53 x 10" M's™ (PC2%)  kq (PC™)=0.93x 102 M's™" (PC2")
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+ diffusion-controlled process  kq (PC37) >> k, (PC2™")
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Figure 2. (A) Quenching rate constants of PC* and PC**. (B) Activation
energies (4G™), Gibbs free energy changes (4G,), reorganization
energies (1), and bent angles () in the 2nd SET by DFT calculation
studies ((U)wB97XD/6-31+G(d,p)/SMD (acetonitrile)).

PC3 (11.6 kcal/mol) is lower than that for PC2 (12.6 kcal/
mol). This trend in 4G™ is consistent with that in the catalyst
regeneration rate. Thus, we focused on the geometry change
of PC because a smaller 4 value leads to the decrease of AG™
for SET. The planar structure of phenothiazine backbone in
PC*" changes to the bent one upon reduction (Figure 2B).
This bending is the dominant geometry change and would
be deeply related to 4 values. We adopted the bent angle (6)
in Figure 2B right to represent the extent of a bent structure
of PC. The smaller value of ¢ in PC3 (§=14.5°) shows the
smaller geometry change in the reduction of PC3°*
compared to PC2 (#=18.0°). The steric repulsion of Me
groups of PC3 suppresses bending of a phenothiazine
backbone, eventually decreasing 4G*. A catalyst design
including both fast catalyst regeneration and effective
photo-excited reduction potential is achieved by the rigidity
of molecular structure and the introduction of an electron-
donating group.

Using the determined optimal reaction conditions, we
explored the substrate scope of this aminoxylation
(Scheme 2). Electron withdrawing groups such as CN,
CO,Me, and CONMe, were available for the transformation
(3b, 3¢, 3d). The CF;-substituted perfluoroalkylarene
selectively underwent the aminoxylation in the perfluoroalk-
yl group (3e).” Silyl and boryl substituents were also
tolerated (3f and 3g). It is noted that perfluoroalkylarenes
with electron-donating groups smoothly underwent amino-
xylation (3h, 3i, and 3j). The development of PC3 with high
reducing ability overcame the limitation of the substrate
scope in our previous report for defluoroallylation.*!
Substrates including pyridine, benzofuran, or naphthalene

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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TMP-O F F_F TMP-O F F_F TMP-O F F_F HO HO HO, HO
cFy P CF; CFs CaF7 CsF7 CsF7 CsF7
FF FF
NC NC Ph Ph
31 50% 3m 55% 5d 94% 5e 62% 5f 73% 59 79%
(from 4b)
TMP-O F TMP-O F F_F T™MP-Q FF F Ph
N
/©)<CF3 w CF, HOWC& o 7 HO
A F ~J FF
Ph OMe CaF7 CsF7
3n 50% 30 98% 3p 93%
NC NC NC
. TMNP—O FFR F o TMNP—O FFR F TMNP—o FR F 5h 68% 5d 829%
2 ‘ N CFs </O ‘ X CFs ‘ X CFs (from 4g) NC
J FF J FF J FF HO H HO — Ho JePh
Et
3q53% 3r72% 35 68% /©)<csp7 /©)<; F, o
NC NC NC
TMP-O F F_F 5) 88% 5k 0% 510%
R F
FsC FF Scheme 3. Second defluorinative transformation mediated by a Lewis
FFFF acid.” [a] 3 (0.2 mmol), 4 (1.0 mmol), and AICl; (0.4 mmol) in CHCl,
3t42% (2 mL) at room temperature for 6 h. Isolated yields are shown. [b] 4h

Scheme 2. Substrate scope of perfluoroalkylarenes in the aminoxylation
with TEMPO." [a] 1a (0.4 mmol), 2 (0.8 mmol), PC3 (0.02 mmol),
MeCN (2 mL), irradiation with 370 nm LEDs at 35 °C for 24 h. Isolated
yields are shown. [b] 2a (1.2 mmol) and PC3 (0.04 mmol).

moieties efficiently gave the corresponding products (3k, 31,
and 3m). The reaction of perfluoroethylarene also gave 3n
in a moderate yield. Perfluoroalkyl-substituted pyridines
were feasible substrates, and various functional groups such
as OMe, OH, NH,, and acetal groups were compatible with
the present reaction (30, 3p, 3q, and 3r). A quinoline-based
substrate afforded desired product 3s in 68 % yield. The
substrate with two C,Fy groups underwent single amino-
xylation to give product 3t. Reactions of perfluoroalkylphe-
nanthrene and -pyrene gave no products (3u and 3v).””!
Next, Lewis acid mediators and nucleophilic coupling
partners were surveyed for the selective C—F bond trans-
formation of aminoxylated compounds 3 via an ionic path®®
(Tables S3 and S4). The combination of AICl; and organo-
silicon reagents was found to be appropriate in the trans-
formation (Scheme 3). After isolation of 3a, which was
provided by aminoxylation between la and 2 (Table 1,
Entry 10), 3a was treated with allyltrimethylsilane (4a) in
the presence of AICI;. The reaction gave allylated alcohol

Angew. Chem. Int. Ed. 2024, 202401117 (4 of 7)

(1 mL).

Sain 74 % yield, in which the amino group was removed on
the O atom (see below). The CN and CO,Me groups were
tolerated in this allylation (5b and 5¢). Various organo-
silicon nucleophiles were applicable to this C—F bond
transformation. Methallylsilane 4b, silyl enol ethers 4¢ and
4d, silyl ketene acetal 4e, and alkynylsilane 4f provided
functionalized perfluoroalkyl alcohols 5d, Se, 5f, 5g, and
5h, respectively. An organotin reagent, methallyltributyltin
(4g) also acted well as a nucleophile. Toluene (4h) was a
suitable nucleophile for the Friedel-Crafts reaction to give
product S5i. The reduction with HSiEt; smoothly proceeded
to yield defluorinated product 5j. On the other hand,
vinylsilane 4j and silyl ketene imine 4k were not applicable.
Using the radical and ionic methods to realize two types
of C—F bond activation, we demonstrated a one-pot trans-
formation of a CF, unit via aminoxylation and allylation
reactions (Scheme 4A). After aminoxylation of perfluoroal-
kylarene 1a with 2 using PC3 and 370 nm LED light, the
crude product was treated with 4a and AICl; to give product
Sa in high yield. The one-pot aminoxylation/alkylation was
also successful using silyl ketene acetal 4e (Scheme 4B).
Scheme 5 illustrates a proposed mechanism for AICI;-
mediated C—F bond allylation of 3 with allylsilane 4a. AlCl,

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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FF PC3 (5 mol%) 4a wo 7
TEMPO 2 AICl3
CaF7 CsF
MeCN, 35 °C, 24 h CHCl3, rt, 6 h 37
Ph 370 nm LEDs Ph
1a 5a 94%
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MeO
“ SoMe O
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C.F TEMPO 2 AICl3 CsF7
7 MeCN,35°C,24h  CHCls, 1t, 6 h Ph
Ph 370 nm LEDs 59 82%
1a
TMP-O F
CsF7
Ph 3a

no purification

Scheme 4. One-pot sequential C—F bond transformation of CF, unit./”
[a] Ta (0.4 mmol), 2 (0.8 mmol), PC3 (0.02 mmol), MeCN (2 mL).
Then, 4 (2.0 mmol), AICl; (1.2 mmol), CHCl; (4 mL). Yields were
determined by '"H NMR spectroscopy using an internal standard.

F-AICl;
N AlCI N 1
N 3 ~o*
XF/‘ \ Ar)’J__\C3F7
Ar” CsF Arm "CsF7
E cl
u AICl,
AIFCI, Q[ jL _~_SiMes
4a
y y Cl3Al
H(;<—/ H,0 ClAIO 2/ o SiMe;
A CoF; A CE, . S AT G,
Me;SiCl

Scheme 5. Proposed mechanism for C—F bond transformation medi-
ated by AICl;.

abstracts F~ to give oxonium intermediate E. Then N-
chloroamine and AIFCI, are eliminated to give ketone F.
AIlCI; activates F, and 4a adds to a carbonyl group, affording
G.P Finally, hydrolysis of G yields product 5. The
generation of F was confirmed when 3 was treated with
AICI; in the absence of nucleophiles (Scheme S4). Other
typical Lewis acids™ were not effective (Table S3). AlCI,
can mediate abstraction of fluoride ion of 3 and activation of
a less basic carbonyl group of F due to high Lewis acidity. In
terms of the intermediacy of ketone F, our procedure has an
impact on the synthesis of perfluoroalkyl ketones from
PFAS via defluorination. Traditional methods such as
defluorination of fully-perfluorinated alkylbenzenes,* per-
fluoroalkyl-substituted anilines® and -enamines,* and a-
hydroperfluoroalkanoic acid esters®®! have problems such
as narrow substrate scopes. Especially for the synthesis of
aryl ketones F, available substrates were extremely limited.
In this report, compounds 3 can be synthesized and used as
synthetic equivalents for F with the wide substrate scope
and the high compatibility of functional groups. Our process
is an efficient synthetic method of functionalized perfluor-
oalkyl alcohols like 5 from PFAS.
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In summary, a combination of photoredox catalysis and
Lewis acid activation realizes sequential C—F bond trans-
formation of a CF, unit in perfluoroalkylarenes. Functional-
ized perfluoroalkyl alcohols were synthesized by phenothia-
zine-catalyzed photo-induced defluoroaminoxylation with
TEMPO and subsequent AlCl; mediated substitution of a F
atom with various carbon nucleophiles. Mechanistic studies
revealed that the rigidity of molecular structure and the
introduction of an electron-donating group is important in
catalyst design to achieve fast catalyst regeneration and
effective photo-excited reduction potential.

Acknowledgements

This work was financially supported by JSPS KAKENHI
(JP23K17845 (M.Y.), JP23H04906 (M.F.)). This work was
supported by the Grant-in-Aid for Transformative Research
Areas (A) JP21H05212 (M.Y.) Digitalization-driven Trans-
formative Organic Synthesis (Digi-TOS) from the Ministry
of Education, Culture, Sports, Science & Technology, Japan
and JST CREST Grant No. JPMJCR20R3 (M.Y.) and
JPMJCR18R4 (M.A.), Japan. We thank the members of the
Radiation Laboratory of SANKEN, Osaka University, for
running the linear accelerator. N.S. acknowledges support
from the JSPS Fellowship for Young Scientists
(JP22J10775). Y.N. acknowledges support from Research
Encouragement Grants of The Asahi Glass Foundation.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Fluorine - Phenothiazine - Photochemistry - Radical
reactions - Radical ions

[1] a) R.E. Banks, B.E. Smart, J. C. Tatlow, Organofluorine
Chemistry: Principles and Commercial Applications; Plenum,
1994; b) P. Jeschke, ChemBioChem 2004, 5, 570-589; c) K.
Uneyama, Organofluorine Chemistry; Blackwell Publishing,
2006; d) K. Miiller, C. Faeh, F. Diederich, Science 2007, 317,
1881-1886; ¢) S. M. Ametamey, M. Honer, P. A. Schubiger,
Chem. Rev. 2008, 108, 1501-1516; f) S. Purser, P. R. Moore, S.
Swallow, V. Gouverneur, Chem. Soc. Rev. 2008, 37, 320-330;
¢) P. Kirsch, Modern Fluoroorganic Chemistry: Synthesis,
Reactivity, Applications, 2nd ed.; Wiley-VCH, 2013; h) E. P.
Gillis, K. J. Eastman, M. D. Hill, D.J. Donnelly, N. A. Mean-
well, J. Med. Chem. 2015, 58, 8315-8359; i) Y. Zhu, J. Han, J.
Wang, N. Shibata, M. Sodeoka, V. A. Soloshonok, J. A.S.
Coelho, F. D. Toste, Chem. Rev. 2018, 118, 3887-3964.

[2] a) C. E. Schaefer, C. Andaya, A. Urtiaga, E. R. McKenzie,
C. P. Higgins, J. Hazard. Mater. 2015, 295, 170-175; b) A. M.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWWOD 8A 1.0 3|cedldde 8y} Aq peusenob a1e aolie O ‘8N JO Sa|nJ 10} A1 8UIIUO A8]IA UO (SUONIPUOD-pUR-SLLBY WD A3 | 1M ARe g1 U1 |UO//SANU) SUORIPUOD Pue SWiB | 8Y} 88S *[1Z0z/E0/vT] Uo AriqiTauliuo /oM * AISRAIUN BXESO -BPILSO A 10/ A Aq ZTTTOKZ0Z 3I1Ue/Z00T OT/I0p/wo0" A8 |1m Arelqijeul|uo//Sdny woij papeojumoq ‘0 ‘€2LETZST


https://doi.org/10.1002/cbic.200300833
https://doi.org/10.1021/cr0782426
https://doi.org/10.1039/B610213C
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1021/acs.chemrev.7b00778
https://doi.org/10.1016/j.jhazmat.2015.04.024

GDCh
=

Trautmann, H. Schell, K. R. Schmidt, K. M. Mangold, A.
Tiehm, Water Sci. Technol. 2015, 71, 1569-1575; ¢) X. Liang, J.
Cheng, C. Yang, S. Yang, Chem. Eng. J. 2016, 298, 291-299;
d) R. K. Singh, S. Fernando, S.F. Baygi, N. Multari, S. M.
Thagard, T. M. Holsen, Environ. Sci. Technol. 2019, 53, 2731-
2738; e) M. J. Bentel, Y. Yu, L. Xu, Z. Li, B. Wong, Y. Men, J.
Liu, Environ. Sci. Technol. 2019, 53, 3718-3728; f)B.N.
Nzeribe, M. Crimi, S. M. Thagard, T. M. Holsen, Rev. Environ.
Sci. Bio/Technol. 2019, 49, 866-915; g) M. J. Bentel, Z. Liu, Y.
Yu, J. Gao, Y. Men, J. Liu, Environ. Sci. Technol. Lett. 2020, 7,
351-357; h) A. Leeson, T. Thompson, H.F. Stroo, R.H.
Anderson, J. Speicher, M. A. Mills, J. Willey, C. Coyle, R.
Ghosh, C. Lebrén, C. Patton, Environ. Toxicol. Chem. 2021,
40, 24-36; i) M. J. Krause, E. Thoma, E. Sahle-Damesessie, B.
Crone, A. Whitehill, E. Shields, B. Gullett, Environ. Eng. 2022,
148, 050210065 j) B. Trang, Y. Li, X.-S. Xue, M. Ateia, K. N.
Houk, W. R. Dichtel, Science 2022, 377, 839-845.

[3] Recent reviews about C—F bond transformation of perfluor-

oalkyl compounds: a) W. Xu, Q. Zhang, Q. Shao, C. Xia, M.

Wu, Asian J. Org. Chem. 2021, 10, 2454-2472; b) L. Zhou,

Molecules 2021, 26, 7051; c) S. Li, W. Shu, Chem. Commun.

2022, 58, 1066-1077; d) Z. Wang, Y. Sun, L.-Y. Shen, W.-C.

Yang, F. Mengb, P. Li, Org. Chem. Front. 2022, 9, 853-873;

e) Y. Nishimoto, N. Sugihara, M. Yasuda, Synthesis 2022, 54,

2765-2777; f) S. Yoshida, Chem. Rec. 2023, 23, €202200308;

¢) L. V. Hooker, J. S. Bander, Angew. Chem. Int. Ed. 2023, 62,

€202308880.

Selected papers about photoredox catalyzed C—F bond trans-

formation: a) K. Chen, N. Berg, R. Gschwind, B. Kénig, J. Am.

Chem. Soc. 2017, 139, 18444-18447; b) H. Wang, N. T. Jui, J.

Am. Chem. Soc. 2018, 140, 163-166; c) C. Luo, J. S. Bandar, J.

Am. Chem. Soc. 2019, 141, 14120-14125; d) D. B. Vogt, C. P.

Seath, H. Wang, N. T. Jui, J. Am. Chem. Soc. 2019, 141, 13203—

13211; e)J. B.1. Sap, N.J. W. Straathof, T. Knauber, C.F.

Meyer, M. Medebielle, L. Buglioni, C. Genicot, A. A. Traban-

co, T. Noel, C. W. Am Ende, V. Gouverneur, J. Am. Chem.

Soc. 2020, 142, 9181-9187; f) Y. C. Luo, F. F. Tong, Y. Zhang,

C.Y. He, X. Zhang, J. Am. Chem. Soc. 2021, 143, 13971-13979;

¢) N. Sugihara, K. Suzuki, Y. Nishimoto, M. Yasuda, J. Am.

Chem. Soc. 2021, 143, 9308-9313; h) S.-S. Yan, S.-H. Liu, L.

Chen, Z.-Y. Bo, K. Jing, T.-Y. Gao, B. Yu, Y. Lan, S.-P. Luo,

D.-G. Yu, Chem 2021, 7, 3099-3113; i) S. Ghosh, Z.-W. Qu, S.

Pradhan, A. Ghosh, S. Grimme, 1. Chatterjee, Angew. Chem.

Int. Ed. 2022, 61, €202115272; j) C. Liu, N. Shen, R. Shang, Nat.

Commun. 2022, 13, 354-361; k) S. E. Wright, J. S. Bandar, J.

Am. Chem. Soc. 2022, 144, 13032-13038; 1) J. H. Ye, P. Bellotti,

C. Heusel, F. Glorius, Angew. Chem. Int. Ed. 2022, 61,

€202115456; m) J. Wang, Y. Wang, Y. Liang, L. Zhou, L. Liu,

Z. Zhang, Angew. Chem. Int. Ed. 2023, 62, ¢202215062; n) W.-

J. Yue, R. Martin, Angew. Chem. Int. Ed. 2023, 62, €202310304.

[5] S. Thiebaut, C. Gerardin, J. Amos, C. Selve, J. Fluorine Chem.
1995, 73, 179-184.

[6] J. Terao, M. Nakamura, N. Kambe, Chem. Commun. 2009,
6011-6013.

[7] X.-Q. Chu, D. Ge, M.-L. Wang, W. Rao, T.-P. Loh, Z.-L. Shen,
Adyv. Synth. Catal. 2019, 361, 4082—4090.

[8] Y.-J. Yu, F.-L. Zhang, T.-Y. Peng, C.-L. Wang, J. Cheng, C.
Chen, K. N. Houk, Y.-F. Wang, Science 2021, 371, 1232-1240.

[9] S. Wang, L. Long, X. Zhang, L. Ling, H. Chen, X. Zeng,
Angew. Chem. Int. Ed. 2023, 62, ¢202312856.

[10] D. Leifert, A. Studer, Chem. Rev. 2023, 123, 10302-10380.

[11] a) E. H. Discekici, N.J. Treat, S. O. Poelma, K. M. Mattson,
Z.M. Hudson, Y. Luo, C.J. Hawker, J. R. de Alaniz, Chem.
Commun. 2015, 51, 11705-11708; b) F. Speck, D. Rombach,
H.-A. Wagenknecht, J. Org. Chem. 2019, 15, 52-59; c)F.
Weick, N. Hagmeyer, M. Giraud, B. Dietzek-Ivansi¢, H.-A.
Wagenknecht, Chem. Eur. J. 2023, €202302347.

(4

—_—

Angew. Chem. Int. Ed. 2024, 202401117 (6 of 7)

Communications

Angewandte

intemationaldition’y) Chemie

[12] C.Liu, K. Li, R. Shang, ACS Catal. 2022, 12, 4103-4109.

[13] I. A. MacKenzie, L. Wang, N. P. R. Onuska, O. F. Williams, K.
Begam, A. M. Moran, B. D. Dunietz, D. A. Nicewicz, Nature
2020, 580, 76-81.

[14] See Supporting Information Tables S1 and S2.

[15] Z.-H. Wang, P.-S. Gao, X. Wang, J.-Q. Gao, Z.-T. Xu, Z. He,
C. Ma, T.-S. Mei, J. Am. Chem. Soc. 2021, 143, 15599-15605.

[16] Y.J. Chen, W.H. Deng, J.D. Guo, R.N. Ci, C. Zhou, B.
Chen, X. B. Li, X. N. Guo, R. Z. Liao, C. H. Tung, L. Z. Wu, J.
Am. Chem. Soc. 2022, 144, 17261-17268.

[17] See Supporting Information Figures S35 and S36.

[18] Excited PC3* selectively reduces starting material 1 in prior to
product 3 in terms of reduction potential. For example, E(1a/
1a*)=-2.06 V vs SCE, E(3a/3a®)=-2.31 V vs SCE.

[19] In contarast to PC2 and PC3, PC1 and PC4 did not work in
the aminoxylation of 1j, which exhibited lower reduction
potential than 1a, due to the lower reducing abilities of PC1*
and PC4* (Tables S6 and S7). This is because that the 1st SET
is slower due to lower reducing abilities of PC1* and PC4*
caused by the lack of N'Pr, group. Thus, the catalytic activities
of PC1 and PC4 are lower than those of PC2 and PC3. The
Marcus analysis of PC1 and PC4 as well as PC2 and PC3 is
shown in the Supporting Information.

[20] Figures S2 and S4 show the Stern-Volmer fluorescence
quenching studies of PC2 and PC3 with 1e (see Supporting
Information).

[21] Sub-nano second laser flash photolysis was conducted to
determine the lifetimes of singlet states of PC2 and PC3. The
singlet lifetime of PC2 was 'ty=2.4ns (1/'t=ky=4.1x10°s7")
and that of PC3 was 't,=2.5ns (1/'ry=k,=4.0x10*s7") (see
Supporting Information Figures S22 and S24).

[22] The diffusion-controlled rate constant of acetonitrile is k=
1.9x10" Lmol~'s”. M. Montalti, A. Credi, L. Prodi, M. T.
Gandolfi, Handbook of Photochemistry, 3rd ed.; CRC Press,
2006.

[23] The quenching rate constants of excited singlet species of PC
('ky) with 1e is much larger than the inter-system-crossing rates
of PC (Scheme S1). Thus, the triplet species has a negligible
contribution to this reaction. In fact, open air conditions gave
the target product in high yield (Scheme S3).

[24] The absorption of radical anion A was not observed due to
being out of the monitoring range.

[25] Figures S19 and S20 show the Stern—Volmer plots for 1/ of
PC*" versus [TEMPO 2].

[26] Recently, in several papers, activation energies for single
electron transfer processes, in organic reactions were estimated
by Marcus-Hush theory. See selected papers: a) O. Lépez-
Estrada, H. G. Laguna, C. Barrueta-Flores, C. Amador-Bed-
olla, ACS Omega 2018, 3, 2130-2140; b) M.-C. Fu, R. Shang, B.
Zhao, B. Wang, Y. Fu, Science 2019, 363, 1429-1434;
c¢) Tiffany O. Paulisch, F. Strieth-Kalthoff, C. Henkel, Lena
Pitzer, D. M. Guldi, F. Glorius, Chem. Sci. 2020, 11, 731-736;
d) K. Matsumoto, M. Nakajima, T. Nemoto, J. Org. Chem.
2020, 85, 11802-11811; e) S. Sil, A.S. Bhaskaran, S. Chakra-
borty, B. Singh, R. Kuniyil, S. K. Mandal, J. Am. Chem. Soc.
2022, 144, 22611-22621; ) C. Ma, J. Shen, C. Qu, T. Shao, S.
Cao, Y. Yin, X. Zhao, Z. Jiang, J. Am. Chem. Soc. 2023, 145,
20141-20148; g) M. Wang, R. Rowshanpour, L. Guan, J.
Ruskin, P. M. Nguyen, Y. Wang, Q. A. Zhang, R. Liu, B. Ling,
R. Woltornist, A. M. Stephens, A. Prasad, T. Dudding, T.
Lectka, C. R. Pitts, J. Am. Chem. Soc. 2023, 145, 22442-22455.

[27] See Supporting Information for the derivation of 4G,, 1, and
4AG*.

[28] DFT calculation study revealed that the alkyl radical inter-
mediate generated via C—F bond mesolysis at perfluoroalkyl
group was more stable than one generated via the mesolysis at

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95U9017 SUOWIWOD BAIE81D) 3 (gedljdde ay) Ag peuencb afe sopiLe YO ‘8sn Jo o 10} ArIqiTauluO A8]1/ UO (SUONIPLOD-PUe-SWLIS)/L0D A8 | 1M Alelq1jpuluo//sd)y) SUONIPUOD pue SWS 1 8U) 885 *[202/c0/7T] o Arigiauliuo A8im * A1SIAIUN ©XESO - BPIUSO A 10he A AQ ZTTTOYZ0Z ©1Ue/Z00T OT/I0p/Wod" o 1M Aleiq1jpul|uoy//sdiy wolj pepeoumod ‘0 ‘€L/ETZST


https://doi.org/10.2166/wst.2015.143
https://doi.org/10.1016/j.cej.2016.03.150
https://doi.org/10.1021/acs.est.8b07031
https://doi.org/10.1021/acs.est.8b07031
https://doi.org/10.1021/acs.est.8b06648
https://doi.org/10.1080/10643389.2018.1542916
https://doi.org/10.1080/10643389.2018.1542916
https://doi.org/10.1021/acs.estlett.0c00236
https://doi.org/10.1021/acs.estlett.0c00236
https://doi.org/10.1002/etc.4894
https://doi.org/10.1002/etc.4894
https://doi.org/10.1126/science.abm8868
https://doi.org/10.1002/ajoc.202100426
https://doi.org/10.3390/molecules26227051
https://doi.org/10.1039/D1CC06446K
https://doi.org/10.1039/D1CC06446K
https://doi.org/10.1039/D1QO01512E
https://doi.org/10.1021/jacs.7b10755
https://doi.org/10.1021/jacs.7b10755
https://doi.org/10.1021/jacs.7b12590
https://doi.org/10.1021/jacs.7b12590
https://doi.org/10.1021/jacs.9b07766
https://doi.org/10.1021/jacs.9b07766
https://doi.org/10.1021/jacs.9b06004
https://doi.org/10.1021/jacs.9b06004
https://doi.org/10.1021/jacs.0c03881
https://doi.org/10.1021/jacs.0c03881
https://doi.org/10.1021/jacs.1c07459
https://doi.org/10.1021/jacs.1c03760
https://doi.org/10.1021/jacs.1c03760
https://doi.org/10.1016/j.chempr.2021.08.004
https://doi.org/10.1021/jacs.2c05044
https://doi.org/10.1021/jacs.2c05044
https://doi.org/10.1016/0022-1139(94)03219-P
https://doi.org/10.1016/0022-1139(94)03219-P
https://doi.org/10.1039/b915620h
https://doi.org/10.1039/b915620h
https://doi.org/10.1002/adsc.201900585
https://doi.org/10.1126/science.abg0781
https://doi.org/10.1021/acs.chemrev.3c00212
https://doi.org/10.1039/C5CC04677G
https://doi.org/10.1039/C5CC04677G
https://doi.org/10.1021/acscatal.2c00592
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1038/s41586-020-2131-1
https://doi.org/10.1021/jacs.1c08671
https://doi.org/10.1021/jacs.2c08068
https://doi.org/10.1021/jacs.2c08068
https://doi.org/10.1021/acsomega.7b01425
https://doi.org/10.1126/science.aav3200
https://doi.org/10.1039/C9SC04846D
https://doi.org/10.1021/acs.joc.0c01573
https://doi.org/10.1021/acs.joc.0c01573
https://doi.org/10.1021/jacs.2c09225
https://doi.org/10.1021/jacs.2c09225
https://doi.org/10.1021/jacs.3c08883
https://doi.org/10.1021/jacs.3c08883
https://doi.org/10.1021/jacs.3c06477

GDCh
~~

(29]

(30]

(31]

Angew. Chem. Int. Ed. 2024, 202401117 (7 of 7)

CF; group and that the activation energy for perfluoroalkyl
group is lower than that for CF; group (Scheme S6).
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