
Subscriber access provided by CAL STATE UNIV BAKERSFIELD

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Letter

Visible Light-Triggered Monofluoromethylation of Alkenes by Strongly
Reducing 1,4-Bis(diphenylamino)naphthalene Photoredox Catalysis

Naoki Noto, Takashi Koike, and Munetaka Akita
ACS Catal., Just Accepted Manuscript • DOI: 10.1021/acscatal.9b00473 • Publication Date (Web): 12 Apr 2019

Downloaded from http://pubs.acs.org on April 12, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Visible Light-Triggered Monofluoromethylation of Alkenes by 
Strongly Reducing 1,4-Bis(diphenylamino)naphthalene Photoredox 
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ABSTRACT: Monofluoromethyl (CH2F) radical can be easily generated from a sulfoximine-based precursor (CH2F-
S(=O)(=NTs)-Ph) by the action of visible light metal-free photoredox catalysis with readily accessible 1,4-
bis(diphenylamino)naphthalene. The catalyst design based on the high excitation energy (E0,0) and interchromophoric 
conjugation features a strong reducing power and a high quantum yield of emission of the photocatalyst. In addition, their 
photophysical properties are preserved in various polar solvents. The present system is amenable to oxy-
monofluoromethylation of alkenes with high functional-group tolerance, i.e., single-step synthesis of -fluoroalcohol 
scaffolds from various alkenes. Applications to late-stage functionalization of potentially bioactive molecules are also 
shown.

photoredox catalysis, organic photocatalyst, monofluoromethylation, radical reaction, alkene difunctionalization.

Development of methodologies for synthesis of 
organofluorine compounds attracts increasing attention of 
synthetic chemists because of their unique properties as 
pharmaceuticals, agrochemicals, and functional materials.1 
Recently, various methods for fluorination and 
introduction of fluorinated organic units have been 
developed.2 However, compared to a large number of 
successful examples for tri- and di-fluoromethylation 
reactions, strategies for direct incorporation of a 
monofluoromethyl (CH2F) group into carbon skeletons, 
i.e., fluorinative homologation, are still underdeveloped.3,4 
In particular, monofluoromethylation of alkenes is limited 
to the two types of radical reactions with CH2FSO2Cl 
reported by the group of Dolbier, and they require harsh 
conditions or a stoichiometric amount of a peroxide, 
leading to halo- and intramolecular carbo-
monofluoromethylation (Scheme 1a).4

For the past several years, our group has revealed that a 
combination of photoredox catalysis and shelf-stable 
electrophilic fluoroalkylating reagents such as sulfonium- 
and sulfoximine-based tri- and di-fluoromethylating 
reagents (4, 6, 7) is a reliable way for fluoroalkylation of 
unsaturated carbon–carbon bonds.5 This catalytic system 
is triggered by 1e-reduction of the electrophilic reagents by 
the excited photocatalyst (PC*). Finally, unsaturated bonds 
are functionalized with fluoroalkyl and nucleophilic 
groups to furnish various difunctionalized products 
bearing a fluoroalkyl group under mild conditions without 
sacrificial redox agents. In the case of 

monofluoromethylation, single-step synthesis of various -
fluoro substiuted products from alkenes is enabled, which 
are not always easy to be accessed by simple fluorination.

Herein we disclose photocatalytic 
monofluoromethylative difunctionalization of alkenes 
under mild and metal-free conditions (Scheme 1b). A major 
obstacle of reductive monofluoromethylation is due to the 
reduction potentials of the sulfonium-
Scheme 1. Strategy for Radical 
Monofluoromethylation of Alkenes by Organic 
Photoredox Catalysis. 
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aThe potentials are those reported in the literatures.5b,c,e,6 
bThe reducing power is that reported in the literature.8

Scheme 2. Gram-Scale Synthesis of Photocatalyst 1

and sulfoximine-based CH2F precursors (3, 5), which are 
significantly lower than those of the corresponding di- and 
tri-fluoromethylating reagents (4, 6, 7) to make the 1e-
reduction of them difficult (Scheme 1c).6 Therefore, 
development of a strongly reducing catalyst is essential to 
achieve the reaction.

Most of the previous photoredox catalysts have relied on 
use of their triplet excited species with longer lifetimes 
because they may have more chances to interact with 
reactants.7 But the triplet species in general show the 
significant downward trend in energy compared to the 
singlet species, resulting in disadvantage as reductants. To 
explore a strongly reducing photocatalyst, we turned our 
attention to energetically favorable design of molecules.

Recently, we reported that 9,10-
bis(diphenylamino)anthracene 2 serves as an efficient 
organophotocatalyst for radical fluoroalkylative 
difunctionalization under visible light irradiation.8 
Catalyst 2 exhibits a visible light absorption band and 
excellent emission properties derived from 

interchromophoric conjugation,9 but it is not strong 
enough to reduce the CH2F precursors (3, 5) (Scheme 1c 
and 1d). The reducing power of a catalyst in the photo-
excited state (E*ox) can be estimated according to the 
equation, E*ox = Eox – E0,0 (Eox: oxidation potential in the 
ground state, E0,0: excitation energy).10 In addition, 
emission energy (em) is strongly connected to excitation 
energy (E0,0 ≈ hc/em, h: Planck constant, c: speed of light). 
In brief, naphthalene derivatives with higher emission 
energy are expected to show stronger reducing power than 
anthracene derivatives (emission (em): em(naphthalene) = 
338 nm, em(anthracene) = 403 nm).11 Therefore, we 
designed 1,4-bis(diphenylamino)naphthalene 1 (Scheme 
1d), which was easily prepared in a good yield and in a gram 
scale by the palladium-catalyzed Buchwald-Hartwig 
amination reaction (Scheme 2: 85%, 1.57 g).12 

We commenced hydroxy-monofluoromethylation of 
alkenes with sulfoximine-based CH2F-reagent 313 (Ered = –
2.43 V) in the presence of photocatalyst 1. To our delight, 
visible light irradiation ( = 425 nm) of a mixture of p-
vinylbiphenyl 13a and 1.5 equivalents of 3 dissolved in 
acetone-d6/D2O in the presence of 5 mol % of 1 afforded the 
expected monofluoromethylated alcohol 14a-d1 in an 83% 
NMR yield (Table 1, entry 1). Then, we scrutinized the 
reaction system. For the CH2F reagent, the sulfonium-type 
reagent 53b (Ered = –2.10 V) afforded 14a-d1 in a lower yield 
because a considerable amount of ArS–CH2F was formed 
from 5 through cleavage of the S–Ar bonds rather than the 
desired S–CH2F bond (entry 2, see the Supporting 
Information). The sulfone-type reagent 814 turned out to be 
sluggish presumably due to its very low reduction potential 
(Ered = –2.64 V) (entry 3). For the photocatalyst, several 
strongly reducing ones such as fac-[Ir(ppy)3] (9), 
phenothiazine (10)15 and 5,10-dihydrophenazine (11) 
derivatives,16 perylene (12),5e,17 and 28 were examined, but 
they turned out to be much less effective than 1 (entries 4–
9). The higher catalytic performance of 1 may be ascribed 
to compatibility of the stronger reducing power (E*ox), the 
visible light absorption ability, and its robustness.
Table 1. Optimization of Photocatalytic Hydroxy-
Monofluoromethylation of p-Vinylbiphenyl (13a)

Entry Photocat. CH2F-reagent Yield of 14a-d1,%

1 1 3 83

2 1 5 36

3 1 8 <5

4 2 3 0
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5 9 (E*ox = –1.98 V) 3 29

6 10 (E*ox = –2.52 V)a 3 12

7b 10 3 19

8 11 (E*ox = –2.10 V)a 3 6

9 12 (E*ox = –2.23 V)a 3 9

10 – 3 0

11c 1 3 0

12d 1 3 0

13e 1 3 53

14f 1 3 77

Yields were determined by 1H NMR spectroscopy using 
tetraethylsilane as an internal standard. Typically, the 
reaction was performed with p-vinylbiphenyl 13a (0.0250 
mmol), 3 (0.0375 mmol), and photoredox catalyst (1.25 mol) 
in a mixture of acetone-d6 (0.45 mL) and D2O (0.05 mL) under 
irradiation with blue LEDs ( = 425 nm) at room temperature. 
The reducing powers (E*ox V vs. Cp2Fe) are values reported in 
the literatures except 9. a[E*ox vs. Cp2Fe] = [E*ox vs. SCE] – 
0.41.15b,16b,5e bLED ( = 380 nm) was used. cReaction was 
performed in the dark. dTEMPO (3 equiv.) was added. 

eReaction was performed under air. f1,3,5,7-Cyclooctatetraene 
(1 equiv.) was added.

Notably, the catalytic activity of 1 is drastically changed 
compared to 2 by the alternation of the anthracene core to 
naphthalene. Visible light irradiation and the photoredox 
catalyst are essential to the reaction (entries 10 and 11). In 
the presence of TEMPO, TEMPO-CH2F was formed instead 
of 14a-d1 (entry 12). In the presence of triplet quenchers 
such as O2 and 1,3,5,7-cyclooctatetraene, the reaction was 
retarded but afforded 14a-d1 in 53% and 77% NMR yields, 
respectively (entries 13 and14).

With the optimized reaction conditions in hand, we next 
examined the reactions of various alkenes (Chart 1A). 
Styrene derivatives with a variety of functional groups such 
as Ph, Me, F, Cl, Br, OMe, OAc and TMS groups (13a–13i, 
13k, 13l) and indene 13j afforded the corresponding 3-
fluoropropanols 14a–14l in 27–70% yields. Unfortunately, 
aliphatic alkenes such as 1-octene and 1,1-
dicyclohexylethene did not provide the corresponding 
products under the present conditions. gem-Diarylalkenes 
(15a–15m) also afforded the corresponding alcohols 16a–
16m in moderate to good yields (42–84%).

Chart 1. Scope of the Present Photocatalytic Monofluoromethylation of Alkenes

For the details of the conditions, see the Supporting Information. DCE = 1,2-dichloroethane. aReaction time = 24 h. b8 mol% of 
1 was used. cGram-scale synthesis. dReaction time = 18 h.

It is noteworthy that functionalities such as NO2 (16g: 
50%), pyridyl (16k: 42%), and thienyl (16l: 52%) groups 
were also tolerated with the reaction. In addition, the 
gram-scale synthesis of 16h was performed in an 80% yield 
(1.30 g), demonstrating the scalability of the present 

organic photocatalytic system. The reactions of -
alkylstyrene derivatives (17a–17d) and methylidene 
substrates (19a–19c) were relatively slow but afforded the 
products 18a–18d and 20a–20c in moderate yields (55–
76%) after prolonged irradiation. Furthermore, 
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functionalization of potentially bioactive alkenes such as 
steroid and flavonoid was also possible (22: 30%, 24: 74%). 
Notably, a CH2F group was successfully incorporated into 
an anti-cancer drug, bexarotene (26: 45%). In addition to 
the hydroxy-monofluoromethylation mentioned above, 
methoxy- (27a: 75%) and dehydro-monofluoromethylation 
(28a: 52%), and intramolecular monofluoromethylative 
lactonization (30: 63%) were also achieved (Chart 1B) in 
various solvents such as DCE, MeCN and DMSO.

To obtain insights into the efficient catalytic ability of 1, 
its photophysical and electrochemical properties were 
examined (Figure 1a). Catalyst 1 (in acetone) shows an 
absorption band extended to the visible region (abs = 375 
nm) and a blue emission (em = 449 nm) with a very high 
quantum yield of fluorescence ( = 0.99), whereas an 
excited state lifetime of 1 is very short ( = 9 ns), indicating 
that the photo-excited species with a nanosecond span of 
lifetime causes efficient photoredox reaction. According to 
DFT and TD-DFT calculations, the visible absorption band 
is assigned to the HOMO–LUMO transition (Figure 1b). 
The distributions of the HOMO and LUMO partially 
overlap with each other. Delocalization of the HOMO over 
the whole molecule are caused by interchromophoric 
conjugation derived from the distorted (neither coplanar 
nor orthogonal) arrangements around the amino group 
with respect to the naphthalene core and phenyl groups. 
These features of the orbitals arouse the efficient 
intramolecular charge transfer (CT), leading to the 
characteristic extension of the absorption band to the 
visible region and the high quantum yield.9 

 = 339 nm
f = 0.3792

HOMO LUMO
(95%)

HOMO LUMO
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Figure 1. Photophysical Data for 1. (a) UV-vis (in acetone) and 
fluorescence spectra (in various solvents). (b) Frontier orbitals 
& electronic transition calculated by DFT and TD-DFT 
calculations.

In contrast, the HOMOs and LUMOs of the previously 
reported strongly reducing organic photoredox catalysts 
such as 11 and the carbazole derivative (31)18 are rather 

localized on the donor and acceptor moieties, respectively, 
and thus their distributions are separated. The separated 
orbital distributions of them might be connected to the 
long-lived excited states (11: 4.3 s in DMA,16b 31: 250 ns in 
THF18) but weaker absorption bands derived from 
intramolecular CT and lower quantum yields of emission. 
Furthermore, it is noteworthy that the photophysical 
properties of 1 is not significantly affected by solvents 
(Figure 1a).  The difference between the emission maxima 
(∆em) of 1 observed in toluene and DMSO is only 18 nm. 
Additionally, 1 also maintains the excited state lifetime ( 
= 8–10 ns) and the quantum yield ( = 0.94–0.99) (see the 
Supporting Information). In contrast, for organic 
photocatalysts with the separated frontier orbital 
distributions such as 11 and 31, large bathochromic shifts of 
emission (∆em = 100–200 nm)16c,18 induced by solvents were 
reported, which are associated with decrease of the 
reducing power (E*ox).10   

A cyclic voltammogram of 1 contains two reversible 
redox waves. The first oxidation potential determined by 
DPV analysis (Eox = +0.36 V, see the Supporting 
Information) is comparable to those of the previously 
reported strongly reducing catalysts (9,10,19 1015b). The 
reducing powers (E*ox vs. Cp2Fe) of 1 in the excited state in 
various solvent are estimated as follows: –2.40 V (in 
acetone), –2.41 V (in 1,2-dichloroethane), –2.35 V (in 
acetonitrile), and –2.30 V (in DMSO).10 These preserved 
strong reducing powers due to the insensitivity of the 
emission to solvents mentioned above make 
monofluoromethylation in various polar solvents 
successful.

Fluorescence quenching experiments revealed that 1* 
was not quenched by alkene 13a but by 3 (see the 
Supporting Information). Together with the result of the 
radical trapping experiment by TEMPO (Table 1, entry 12), 
the reductive ·CH2F radical generation from 3 should 
trigger the reaction. In addition, from a result of the 
quantum yield measurement of the reaction ( = 8%), 
contribution of the radical chain mechanism in this 
reaction turned out to be minor component (see the 
Supporting Information). The high quantum yield of 
fluorescence implies that a considerable amount of the 
active excited species of 1 is allowed to take part in the 
reaction. The combination of (i) the strong reducing power 
caused by the high emission energy level and (ii) the high 
fluorescent quantum yield of 1 may compensate its short 
excited state lifetime.

In conclusion, we have developed a strongly reducing 
photoredox system with 1,4-
bis(diphenylamino)naphthalene catalyst 1, which is easily 
accessible and shelf-stable. The present system promotes 
metal-free hydroxy-monofluoromethylation of alkenes 
with the easy-to-handle sulfoximine-based CH2F reagent 
under mild conditions, leading to facile synthesis of -
fluoroalcohols from alkenes. Moreover, extension to other 
monofluoromethylation of alkenes is feasible due to the 
retention of the high reducing power in various solvents. 
The present work offers a new strategy for development of 
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visible light organic photocatalysts with high reducing 
power but short excited state lifetime, which are useful for 
reactions elusive by the conventional Ir photocatalyst. 
Further development of reactions which require the higher 
reducing power is currently under way in our laboratory.
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ferrocene.

(7) For selected reviews on photoredox catalysis, see: (a) Yoon, 
T. P.; Ischay, M. A.; Du, J. Visible Light Photocatalysis as a Greener 
Approach to Photochemical Synthesis. Nat. Chem. 2010, 2, 527–
532. (b) Narayanam, J. M. R.; Stephenson, C. R. J. Visible Light 
Photoredox Catalysis: Applications in Organic Synthesis. Chem. 
Soc. Rev. 2011, 40, 102–113. (c) Xuan, J.; Xiao, W.-J. Visible-Light 
Photoredox Catalysis. Angew. Chem. Int. Ed. 2012, 51, 6828–6838. 
(d) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible Light 
Photoredox Catalysis with Transition Metal Complexes: 
Applications in Organic Synthesis. Chem. Rev. 2013, 113, 5322–
5363. (e) Romero, N. A.; Nicewicz, D. A. Organic Photoredox 
Catalysis. Chem. Rev. 2016, 116, 10075–10166. (f) Arias-Rotondo, D. 
M.; McCusker, J. K. The Photophysics of Photoredox Catalysis: A 
Roadmap for Catalyst Design. Chem. Soc. Rev. 2016, 45, 5803–
5820. (g) Marzo, L.; Pagire, S. K.; Reiser, O.; König, B. Visible-Light 
Photocatalysis: Does It Make a Difference in Organic Synthesis? 
Angew. Chem. Int. Ed. 2018, 57, 10034–10072.

(8) Noto, N.; Tanaka, Y.; Koike, T.; Akita, M. Strongly Reducing 
(Diarylamino)anthracene Catalyst for Metal-Free Visible-Light 
Photocatalytic Fluoroalkylation. ACS Catal. 2018, 8, 9408–9419.

(9) Sasaki, S.; Hattori, K.; Igawa, K.; Konishi, G. Directional 
Control of -Conjugation Enabled by Distortion of the Donor 
Plane in Diarylaminoanthracenes: A Photophysical Study. J. Phys. 
Chem. A 2015, 119, 4898–4906.

(10) E*ox = Eox – E0,0: Eox, the oxidation potential in the ground 
state, is obtained by a DPV measurement, and E0,0, the excitation 
energy, is obtained from the emission wavelength (em) at room 
temperature. Thus, the values are likely to be underestimated. 
Tucker, J. W.; Stephenson, C. R. J. Shining Light on Photoredox 
Catalysis: Theory and Synthetic Applications. J. Org. Chem. 2012, 
77, 1617–1622 and the reference 7e.

(11) Quici, S.; Manfredi, A.; Maestri, M.; Manet, I.; Passaniti, P.; 
Balzani, V. Synthesis and Photophysical Properties of 
Polyazacrown Ethers with Appended Naphthyl or Anthracenyl 
Units. Eur. J. Org. Chem. 2000, 2041–2046.

(12) (a) Synthesis of 1 in different manners was recently 
reported in the patent by Murai and co-workers. Murai, T.; 
Kawakami, H.; Yashita, A.; Kawai, K. (Gifu University, Japan; 
Miyoshi Oil and Fat Co., Ltd.). Jpn. Kokai Tokkyo Koho 
JP 2018127451 A 20180816, 2018. (b) CCDC 1880269 contains the 
supplementary crystallographic data for 1. These data can be 
obtained free of charge from The Cambridge Crystallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

(13) Shen, X.; Zhang, W.; Zhang, L.; Luo, T.; Wan, X.; Gu, Y.; Hu, 
J. Enantioselective Synthesis of Cyclopropanes That Contain 
Fluorinated Tertiary Stereogenic Carbon Centers: A Chiral -
Fluoro Carbanion Strategy. Angew. Chem. Int. Ed. 2012, 51, 6966–
6970.

(14) Inbasekaran, M.; Peet, N. P.; McCarthy, J. R.; LeTourneau 
M. E. A Novel and Efficient Synthesis of Fluoromethyl Phenyl 
Sulphone and Its Use as a Fluoromethyl Wittig Equivalent. J. 
Chem. Soc., Chem. Commun. 1985, 10, 678–679.

(15) (a) Treat, N.J.; Sprafke, H.; Kramer, J. W.; Clark, P. G.; 
Barton, B. E.; de Alaniz, J. R.; Fors, B. P.; Hawker, C. J. Metal-Free 
Atom Transfer Radical Polymerization. J. Am. Chem. Soc. 2014, 
136, 16096–16101. (b) Discekici, E. H.; Treat, N. J.; Poelma, S. O.; 
Mattson, K. M.; Hudson, Z. M.; Luo, Y.; Hawker, C. J. de Alaniz, J. 
R. A Highly Reducing Metal-Free Photoredox Catalyst: Design 
and Application in Radical Dehalogenations. Chem.Commun. 
2015, 51, 11705–11708.

(16) (a) Theriot, J. C.; Lim, C.-H.; Yang, H.; Ryan, M. D.; 
Musgrave, C. B.; Miyake, G. M. Organocatalyzed Atom Transfer 
Radical Polymerization Driven by Visible Light. Science, 2016, 352, 
1082–1086. (b) Du, Y.; Pearson R. M.; Lim, C.-H.; Sartor, S. M.; 
Ryan, M. D.; Yang, H.; Damrauer, N. H.; Miyake, G. M. Strongly 
Reducing, Visible-Light Organic Photoredox Catalysts as 
Sustainable Alternatives to Precious Metals. Chem. Eur. J. 2017, 23, 
10962–10968. (c) Lim, C.-H.; M. D. Ryan, B. G. McCarthy, J. C. 
Theriot, S. M. Sartor, N. H. Damrauer, Musgrave, C. B.; Miyake, 
G. M. Intramolecular Charge Transfer and Ion Pairing in N,N-
Diaryl Dihydrophenazine Photoredox Catalysts for Efficient 
Organocatalyzed Atom Transfer Radical Polymerization. J. Am. 
Chem. Soc. 2017, 139, 348–355.

(17) (a) Miyake, G. M.; Theriot, J. C. Perylene as an Organic 
Photocatalyst for the Radical Polymerization of Functionalized 
Vinyl Monomers through Oxidative Quenching with Alkyl 
Bromides and Visible Light. Macromolecules, 2014, 47, 8255–8261. 
(b) Okamoto, S.; Kojiyama, K.; Tsujioka, H. Sudo, A. Metal-Free 
Reductive Coupling of C=O and C=N Bonds Driven by Visible 
Light: Use of Perylene as a Simple Photoredox Catalyst. Chem. 
Commun. 2016, 52, 11339–11342.

(18) In polar solvents, emission spectra of 11 and 31 exhibit 
significant red-shift, see: Matsubara, R.; Shimada, T.; Kobori, Y.; 
Yabuta, T.; Osakai, T.; Hayashi, M. Photoinduced Charge-Transfer 
State of 4-Carbazolyl-3- (trifluoromethyl)benzoic Acid: 
Photophysical Property and Application to Reduction of Carbon–
Halogen Bonds as a Sensitizer. Chem. Asian J. 2016, 11, 2006–2010 
and reference 16c.

(19) The E*ox value of 9 (vs. Cp2Fe in acetone) was determined 
to be –1.98 V on the basis of Eox = 0.40 V and em = 522 nm.
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