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ABSTRACT: We report herein an operationally simple method for the direct
conversion of benzylic C—H groups to C—F. We show that visible light can
activate diarylketones to abstract a benzylic hydrogen atom selectively. Adding a H H
fluorine radical donor yields the benzylic fluoride and regenerates the catalyst. @'XCHg =

The selective formation of mono- and difluorination products can be achieved | e T
by catalyst control. 9-Fluorenone catalyzes benzylic C—H monofluorination,
while xanthone catalyzes benzylic C—H difluorination. The scope and efficiency
of this new C—H fluorination method are significantly better than those of the
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existing methods. This is also the first report of selective C—H gem-difluorination.

Bl INTRODUCTION

Fluorine-containing molecules are of particular interest in the
fields of biomedicine, agriculture, and material sciences.’ They
possess unique physical and chemical properties because of
fluorine’s small size and high electronegativity. Incorporating
fluorine atoms into small-molecule drugs often improves their
lipophilicity and metabolic stability. However, fluorine’s special
characteristics also make its incorporation difficult.” Most
fluorination methods rely on functional group transformation
or metal-catalyzed C—H insertion/abstraction (Figure 1a). We
now show that visible light can be used to promote a metal-free
catalytic reaction to directly incorporate a fluorine atom onto
the benzylic position of aromatic compounds under mild
conditions (Figure 1b). No special photochemical equipment is
required. 9-Fluorenone catalyzes benzylic C—H monofluorina-
tion with significantly improved scope and efficiency compared
to existing C—H fluorination methods. In contrast, xanthone
catalyzes selective benzylic C—H difluorinaton with good
efficiency. This is the first report of catalytic C—H gem-
difluorination.?

Several new fluorination reactions for facile synthesis of
organofluorides have been developed recently.*"'* However,
prior installation of a functional group at the reaction site is
typically required. There are only a few reports of direct C—H
fluorination."® Sanford and Yu developed palladium-catalyzed
directed C—H fluorination methods in 2006 and 2009,
respectively.' "> Groves reported a manganese porphyrin-
catalyzed C—H fluorination method in 2012;'® Lectka
described copper- and iron-catalyzed methods in 2012;'7 and
Inoue disclosed a thermal free radical method in 2013."®

We have long-term interest in radical chemistry and
photochemistry.'” Innate C—H activation reactions that involve
a radical species for C—H abstraction are a focus of our
research.'”® During the study of vanadium-catalyzed C—H
fluorination in 2012,"”" we found that photoexcited arylketones

v ACS Publications  © Xxxx American Chemical Society

a
) functional group Pd?*, Mn3*, Cu*, Fe?*
\ transformation \ or NDHPI catalysis \
i > —C-F = —C-H
/ (Ref. 4-12) / (Ref. 14-18) /

b
) visible light-promoted
H H metal-free catalysis HF EF
—_— or X
fluorine donor Ar” R Ar
room temperature
(this work)

Ar)( R

c)

%\f& & oR Vil |
H-N-R
el

X

Figure 1. Metal-free, photolytic C—H activation as a new method for
direct C—H fluorination.

abstract a hydrogen atom more efficiently than the vanadium
catalysts we examined. This observation inspired us to develop
a metal-free, photolytic C—H fluorination reaction. We show
here that this operationally simple method has broader scope
than the recently reported C—H fluorination methods.'¢™"®
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Particularly, it can be used for both monofluorination and gem-
difluorination.

Yang reported in 1958 that irradiating a mixture of acetone
and cyclohexane w1th short-wavelength UV light gave 2-
cyclohexylpropan-2-ol.>° The photoexcited acetone abstracted a
hydrogen atom from cyclohexane, and the two resulting radicals
combined to form a new C—C bond. This reaction is
significantly more efficient when carried out intramolecularly
and is referred to as Norrish—Yang cyclization when forming a
cyclobutane ring. Breslow later developed a remote oxidation
strategy for fatty alcohols and steroids based on this reaction.”!
This photoreaction® typically requires at least a substoichio-
metric amount of benzophenone and the use of UV light for
photoexcitation.” It is also limited to C—C bond formation.**
We demonstrate herein that visible light can drive an
intermolecular C—H activation reaction with a low loading of
a ketone catalyst to introduce a heteroatom to a specific
position of aromatic compounds.

Bl RESULTS AND DISCUSSION

Research Design. We hypothesized that the reactivity of
photoactivated ketones could be modulated to achieve selective
C—H abstraction. We first targeted the weakly activated
benzylic position because it is an ideal site for strateglc
fluorination in medicinal chemistry for metabolic reasons.’ ° We
envisioned that an intermolecular benzylic C—H abstraction of
I by a photoexcited ketone would give benzylic radical II
(Figure 1c). Subsequent atom transfer from a fluorine atom
donor would provide benzylic fluoride III. Photoexcitation of
ketones has traditionally been carried out by UV irradiation.
We wondered if the less energetic visible light could be used
instead to provide better functional group tolerance. Given the
recent success of MacMillan, Yoon, Stephenson, and others in
using visible light to promote photoredox reactions,>> * we
believed that visible light could also energize IV bearing a
suitable chromophore.

Because the photoexcited ketone V is short-lived and can
potentially react with all accessible hydrogen atoms, Breslow
covalently linked benzophenone to a remote position of the
substrate to enhance the reaction efficiency and regioselectiv-
ity.”! The photoexcited benzophenone is known to preferen-
tially abstract the hydrogen atom adjacent to a heteroatom.*”
We therefore hypothesized that V could selectively and
effectively abstract the weakly activated benzylic hydrogen
atom from I. We reasoned that the resulting benzylic radical IT
would be rather stable and might diffuse away from ketyl radical
VI to react intermolecularly with a fluorine atom donor, for
example, VIL Selectfluor is known to react through radical
manifolds and thus could represent an ideal fluorine atom
donor.* The back-hydrogen transfer from stable ketyl radical
VI is usually slow. Accumulation of VI would lead to its
dimerization and loss of the catalyst, giving low or no catalyst
turnover. We envisioned that aminium radical cation VIII
would be highly energetic and could effectively turn over the
catalyst. A low loading of IV might therefore be used for this
photolytic C—H activation reaction.

Monofluorination. We started our study by searching for a
suitable ketone catalyst at S mol % loading (Table 1). We used
ethylbenzene (1) as the substrate, Selectfluor (I) as the fluorine
donor, and an 11 W household CFL as the light source. As
expected, no reaction occurred when acetone was used as the
catalyst (entry 1). However, we found that benzophenone and
9-fluorenone™® catalyzed the benzylic fluorination cleanly to

Table 1. Effects of the Catalyst, Fluorine Donor, And Light
Source on the C—H Fluorination of 1

visible light
5 mol % catalyst

©/\CH3 2 equiv fluorine donor _ ©/LCH3
CH3CN, 24 h

1

entry catalyst fluorine source light source” temp yieldb
1 acetone A CFL 27 °C 0%
2 benzophenone A CFL 27 °C 83%
3 9-fluorenone A CFL 27 °C 86%
4 9-fluorenone B CFL 27 °C 40%
S 9-fluorenone C CFL 27 °C 9%
6 9-fluorenone D CFL 27 °C 0%
7 9-fluorenone E CFL 27 °C 0%
8 9-fluorenone A LED 27 °C 78%
9 9-fluorenone A in dark 50 °C 0%
10 Ir(ppy); A CFL 27 °C 0%

“CFL: 11 W IKEA E26 CFL Bulb, LED: 10.5 W Philips A19 LED
bright white bulb. “Determined by F NMR using C4H:F as an

external standard.
o] (j/\(j
ﬁ%
r(PPY)s
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benzophenone

give 2 in 83 and 86% yield, respectively (entries 2 and 3).
Replacing the fluorine donor Selectfluor (A) with Selectfluor II
(B), NFSI (C) or N-fluoropyridinium salts (D and E) led to a
significantly lower conversion or no reaction (entries 4—7). An
LED lamp could be used as an alternative light source (entry
8), but no reaction occurred in dark at SO °C (entry 9). The
commonly used visible-light active photocatalyst Ir(ppy); did
not promote the fluorination of 1 (entry 10). This C—H
fluorination reaction is oxygen but not moisture sensitive.
However, the reaction rate was significantly lower when using
water as a cosolvent.

We used 9-fluorenone as the standard catalyst to explore the
scope of this benzylic C—H fluorination reaction (Figure 2).
Both electron-rich (2—5) and deficient (6—9) substrates
reacted well In general, substrates with a nonpositive Hammett
constant’! reacted faster. For example, it took only 3—6 h for
2—5 to react completely, but an extended reaction time was
needed for 6—9. Anisyl and phenolic substrates are highly
electron-rich and can react directly with Selectfluor.** The
resulting benzylic fluorides were also not stable. Converting the
phenol group to an acetoxy group effectively suppressed the
side-reactions but the conversion was moderate (6). The highly
electron-deficient 4-ethylbenzonitrile could also be fluorinated
to give 9, providing evidence against the electron-transfer
mechanism wherein the photosensitized 9-fluorenone acted as
an electron acceptor.®® Because visible instead of UV light was
used to promote the photoexcitation, some aromatic halides
could be tolerated. Fluorination of 4-fluoro and 2-chloro
substituted ethylbenzene gave 10 and 11 in good yields without
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Figure 2. Scope of the benzylic monofluorination. Conditions: 0.2 mmol substrate, S mol % 9-fluorenone, 2.0 equiv Selectfluor, 2.5 mL acetonitrile,
CFL irradiation, 27 °C, isolated yield. (a) Determined by '’F NMR using C¢HSF as an external standard; (b) isolated yield from 20 mmol of 1 and
20 h reaction time; and (c) isolated yield over two steps after reduction of the ketone.

dehalogenation.34 However, reactions involving the 3- and 4-
chloro substituted and 3-bromo substituted ethylbenzenes were
less clean, giving 12—14 in moderate yields.

Heteroatoms on the alkyl chain were also well-tolerated
(15—23). There was no elimination of the p-heteroatom
despite the intermediacy of a benzylic a-radical (15 and 17).
While it is well-documented that photoexcited benzophenone
can effectively abstract the hydrogen atom adjacent to an
oxygen atom,”” we obtained 17 and 18 cleanly without
complications. Substrates containing a tertiary alcohol, ketone,
carboxylic acid, carboxylic ester, or phthalimide group could
also be fluorinated smoothly (19—23). However, purification of
ketone 20 led to partial elimination of the fluoride. We
therefore isolated the benzylic fluoride as the corresponding
alcohol after reduction of the ketone to avoid the formation of
benzylideneacetone. Primary and secondary alcohols were not
compatible. Selectfluor is known to directly oxidize them to
acyl fluorides and ketones, respectively.”®

This photoreaction can also be used to fluorinate the N-
phthaloyl-protected phenylalanine methyl ester and amphet-
amine. Both 24 and 25 were obtained in moderate yield as a 1:1
mixture of diastereomers. The observed lack of diastereose-
lectivity is consistent with our proposed radical mechanism
(Figure 1c). Deprotecting 25 gave f-fluoroamphetamine in

three steps from a commercially available alcohol (see
Supporting Information). Fluorinating the highly reactive
diphenylmethane also gave 26 smoothly. However, we were
not able to isolate 26 as a pure compound because of hydrolysis
issues.

In addition to the methylene group, we found that methyl
(27-29) and methine (30—32) groups can also be
monofluorinated. Both electron-donating and -withdrawing
substituent groups on the aromatic ring can be tolerated.
However, elimination of the fluoride from 30 and 31 to give
stable tertiary benzylic cations occurred readily, preventing the
isolation of these two products as pure compounds.

While aryl boronates can react with Selectfluor directly,*
amine-stabilized MIDA boronate®” did not react under our
photolysis conditions. Given that boronates can undergo a
variety of transformations, 29 is a valuable a-fluorotolyl
building block. Selective monofluorination (>20:1) of a methyl
or methylene group was achieved because introducing a
fluorine atom increased the bond dissociation energy of the
adjacent C—H.*®

Difluorination. C—H difluorination is a challenging and
underdeveloped area of research. Currently, there is no report
of selective gem-difluorination using C—H activation methods.
Traditional electron-transfer methods gave little control on the
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Table 2. Effects of the Catalyst and Fluorine Donor on the
C—H Difluorination of 1¢

visible light

5 mol % catalyst r k.F
@ACM 3 equiv fluorine donor . @/LCHs @XCH;‘

1 CH3CN 2 33

entry catalyst fluorine source reaction time yieldb 2/33

1 A Selectfluor® 24 h 86%/2%
2 A Selectfluor 24 h 81%/5%
3 A Selectfluor 96 h 29%/9%
4 B Selectfluor 24 h 11%/20%
S C Selectfluor 24 h 0%/31%
6 D Selectfluor 24 h 7%/15%
7 C NESI 24 h 26%/0%
8 C Selectfluor 11 24 h 0%/83%
9 A Selectfluor 1T 24 h 62%/2%

“Irradiated with an 11 W IKEA E26 CFL bulb. “Determined by
NMR using C4HF as an external standard. 2 equiv Selectfluor.

(o] (o]
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degree of fluorination.” Therefore, gem-difluorides are usually
synthesized by deoxodifluorination of ketones or dethiodi-
fluorination of dithianes.*® Baran recently reported a C—H
alkylation method that allows for the introduction of an a,a-
difluoroalkyl group to heterocycles.” Complementary to this
radical alkylation method, our ketone-catalyzed photolytic C—

H fluorination reaction can be used to directly introduce two
fluorine atoms to the benzylic position of aromatic compounds.
This is the first report of selective C—H gem-difluorination.

As described in the previous section, introducing a fluorine
atom impedes the second fluorination at the same site.
Therefore, sequential fluorination is particularly challenging.
Under our standard monofluorination conditions (5 mol % 9-
fluorenone, 2.0 equiv Selectfluor), there was little or no
difluorination products. For example, fluorination of 1 gave
only 2% of 33 (Table 2, entry 1). Increasing the amount of
Selectfluor had little effects (entry 2). Further extending the
reaction time led to decomposition without significantly
increasing the yield of gem-difluoride 33 (entry 3).

We envisioned that modulating the reactivity of the ketone
catalyst and fluorine donor would lead to improved reactivity
toward difluorination. Indeed, we obtained 20% yield of 33
when using the more electron-rich catalyst 4,4'-dimethox-
ybenzophenone (entry 4). Further improvement was achieved
with xanthone, which led to the formation of 33 in 31% yield
(entry 5). However, introducing two electron-donating
methoxyl groups to xanthone resulted in decreased reactivity
(entry 6).

Having identified xanthone as a better catalyst, we turned our
attention to the fluorine source. Consistent with the
monofluorination reactions, NFSI was a less effective fluorine
donor (entry 7). However, we observed smooth difluorination
when using xanthone with Selectfluor II (entry 8). Reaction of
1 with 5 mol % xanthone and 3 equiv Selectfluor II under
visible light irradiation gave 83% yield of gem-difluoride 33 and
no monofluoride 2. The major byproduct was acetophenone.
We confirmed that the use of Selectfluor II alone was not
sufficient to improve the reaction. Using 9-fluorenone as the
catalyst and Selectfluor II as the fluorine donor gave only 2%
yield of 33 (entry 9).

Under these new conditions, a broad range of substrates can
be difluorinated cleanly to give no or less than 5% yield of the
monofluorination products (Figure 3). Both methylene (33—
40) and methyl groups (41—44) can be difluorinated well. A
variety of substituent groups can be tolerated on the aromatic
ring (34—36 and 41—44) and on the side-chain (37—40).
Specifically, this includes alkyl (34 and 41), aromatic (35 and

visible light 9 CHa
H H 5 mol % xanthone E F
X r 3.0 equiv Selectfluor Il X R O @ B
xf - X 0 z BF4
CH4CN xanthone Selectﬂuor n
H30 CHa E OH
@)4 Ha /@)( ©)K/\ @X/ECHE\\
33 (24 h) 34 (24 h) 35 (20 h)" 36 (24 h) 37 (24 h) 38 (24 h)
83% NMR yield® 33% yield 91% yield >05% NMR yield® 64% yield 40% vyield
F

39 (24 h) 40 (24 h) H3C CH; 41(16h) @ 42 (20 h)® 43 (24 h) 44 (96 hy?
54% yield® 51% yield 72% yield 93% yield 74% NMR yleld" Me g0% yield

Figure 3. Scope of the benzylic difluorination. Conditions: 0.1 mmol substrate, 5 mol % xanthone, 3.0 equiv Selectfluor II, 2.5 mL acetonitrile, CFL
irradiation, 27 °C, isolated yields. (a) Determined by '°F NMR using C¢H;F as an external standard; (b) 5 mol % 9-fluorenone, 3.0 equiv Selectfluor;
(c) isolated yield over two steps after reduction of the ketone; and (d) S mol % 9-fluorenone, 4.0 equiv Selectfluor.

D
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42), and heteroatom (36, 43, and 44) substitution on the
aromatic ring and chloro (37), hydroxyl (38), and carbonyl
(39) substitution on the side-chain. Again, MIDA boronate is
compatible, giving 44 as a valuable a,a-difluorotolyl building
block. However, 33, 36, and 43 were too volatile to isolate.
Mechanistic Studies. We confirmed that this C—H
fluorination reaction requires both visible light and the ketone
catalyst. First, a 10.5 W household light-emitting diode (LED)
lamp can be used as the alternative light source (Table 1, entry
8). Second, there was no reaction when the reaction mixture
was stirred in dark at S0 °C without a catalyst (Table 1, entry
9), suggesting that the reaction did not occur through a thermal
radical process.>™ The reaction can also be switched on and off
by turning on and off the light (Figure 4). Third, the visible

100 Light Off 1 Light Off2 Light Off 3
. 801
g
© 60
;_:
™ 40
=
Z 204
0
00 10 20 30 40 50 6.0
Reaction Time (h)

Figure 4. 9-Fluorenone-catalyzed benzylic fluorination of 1 is a light-
dependent reaction.

light-active photocatalyst Ir(ppy)3, having the same triplet
energy (Ep = S5 kcal/ mol)*' as 9-fluorenone, did not catalyze
this reaction (Table 1, entry 10). It is therefore less likely that
9-fluorenone functions as an energy transferring photo-
sensitizer. While it is possible that 9-fluorenone forms an
exciplex with 1, we did not observe changes in UV—vis
absorption when mixing 1 with 9-fluorenone in acetonitrile (see
Supporting Information). We also confirmed that the 9-
fluorenone-catalyzed fluorination of 1 was not promoted by the
insignificant amount of UV light generated by CFL, because it
also proceeded smoothly in the presence of a 400 nm long-pass
filter.

To gain further insights into the reaction mechanism, we
measured the intermolecular kinetic isotope effect (KIE)
(Figure S). A competition experiment using a 1:1 mixture of
1 and 1-d, provided a 65:35 mixture of 2 and 2-d,,
corresponding to a KIE value of 1.9. The modest primary
KIE is consistent with the hypothesis that a nonmetal radical
C—H abstraction is involved in the rate-limiting step.*”

HH
o
visible light
1 5 mol % 9-fluorenone F H FE D
(20 equiv) 1 equiv Selectfluor _ @XCHa ©)< CHs
DD CD4CN, 2h
CHj kH / kn =19 2 2'61
I (65% : 35%)7
1-d;
(20 equiv)

Figure S. Intermolecular KIE of ethylbenzene (1). (a) Product ratio
determined by '’F NMR.

We also studied the electronic and steric effects on the site
selectivity using intermolecular competition experiments with
toluene (45), ethylbenzne (1), and cumene (47) (Figure 6a—

a) visible light
5 mol %
9-fluorenone

CH
OENO A
1 equiv

Selectfluor

Nl eas

(20 equiv) (20 equiv) CH3CN,4h (1 124
visible light
CHs 5 mol %
CHs @)\CH 9-fluorenone ©/\ mCH“
1 equiv
4 Selectfluor
(20 equiv) (20 equiv) CHsCN,4h (35:1)7°

visible light
5 mol %
9 -fluorenone

CHa @,J\
1 equiv

Selectfluor

@CHa
CH

(20 equw) (20 aquw) CH3CN, 4 h (1.3 1y
d)
CHa
HaC.
3 visible light
HiC CHs 48 5 mol % 9-fluorenone F
(5equiv) 1 equiv Selectfl
equiv Selectfluor N CH,
CH, CH4CN, 2 h HyC
HaC CHj
NC
49 (on
y product)
(5 equiv) I

Figure 6. Relative reactivity of different C—H groups. (a) Product
ratio determined by 'F NMR.

c). The ratio of fluorination at the primary versus secondary
benzylic site was 1:2.4, secondary versus tertiary benzylic site
3.5:1, and primary versus tertiary benzylic site 1.3:1. Therefore,
the site preference for this reaction is 2° > 1° &~ 3°. We have
further confirmed that electron-rich substrates reacted faster
than the electron-deficient ones when the steric factors are
comparable. For example, fluorinating a 1:1 mixture of 48 and
49 gave 4 as the only product (figure 6d).

To demonstrate the practicality of this photoreaction, we
carried out the monofluorination reaction of 1 on a gram scale
(Figure 7). Reaction of 2.12 g (20 mmol) of ethylbenzene (1)
with 1.5 equiv Selectfluor in the presence of 5 mol % 9-
fluorenone in acetonitrile gave 2 (2.11 g) in 85% isolated yield.
A household CFL and regular glassware were used. No

visible light
5 mol % 9-fluorenone F "
@/\CHB 1.5 equiv Selectfluor _ @)\CH3
1 GH3ON (0.09 M) 2
212g 27°C,20h 85% yield
(isolated)

Figure 7. Demonstrating the practicality of the photolytic benzylic
fluorination reaction.
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specialized photochemical equipment was used for any of the
experiments described herein.

B SUMMARY

We have developed a photolytic method for direct benzylic
fluorination. Cheap and readily available diarylketones were
used as the catalysts. 9-Fluorenone catalyzed selective benzylic
C—H monofluorination and xanthone gem-difluorination.
Ketone-catalyzed photolytic C—H activation reactions were
traditionally carried out with UV irradiation and a large amount
of ketone. In contrast, we can use visible light to drive this C—
H fluorination reaction. Only a low loading of the diarylketone
catalysts is needed because of efficient catalyst turnover.
Methyl, methylene, and methine groups can all be fluorinated,
and a wide range of functional groups on the aromatic ring and
side-chain can be tolerated. We are currently developing new
catalyst systems for fluorinating the unactivated C—H groups.
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