Metal-Free Fluorination of C(sp®)—H
Bonds Using a Catalytic N-Oxyl Radical

Yuuki Amaoka, Masanori Nagatomo, and Masayuki Inoue*

ORGANIC
LETTERS

2013
Vol. 15, No. 9
2160-2163

Graduate School of Pharmaceutical Sciences, The University of Tokyo, Hongo,

Bunkyo-ku, Tokyo 113-0033, Japan
inoue@mol.f.u-tokyo.ac.jp

Received March 13, 2013

ABSTRACT

o]
HO-N

0]

0
N-OH

(0]

(NDHP1, 2.5 mol %)

H  Selectfluor (2 equiv), 50 °C F
54% yield

MeOzC™ NPhth

C-H fluorination MeQ,C" NPhth

A direct conversion of C(sp®)—H bonds to C(sp®)—F bonds has been developed. In this process, a catalytic N-oxyl radical generated from N,N-
dihydroxypyromellitimide abstracts hydrogen from the C(sp®)—H bond and Selectfluor acts to trap the resulting carbon radical to form the
C(sp®)—F bond. This simple metal-free protocol enables the chemoselective introduction of a fluorine atom into various aromatic and aliphatic
compounds and serves as a powerful tool for the efficient synthesis of fluorinated molecules.

Organofluorine compounds are widely used in many
different applications, ranging from pharmaceuticals and
agrochemicals to advanced materials and polymers.'*
Thirty to forty percent of agrochemicals and twenty percent
of pharmaceuticals currently on the market contain at least
one fluorine atom (e.g., CETP inhibitor® and fluticasone
propionate® in Figure 1). It has been recognized that
fluorine substitution can confer useful molecular proper-
ties, such as enhanced stability and hydrophobicity.” In
addition, fluorine substitution of an sp>-rich carboskeleton
can modify the overall molecular shape by changing the
conformational preference through dipole—dipole inter-
actions or hyperconjugation.®
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The one-step fluorination of C—H bonds at the sp’-
carbon centers dramatically simplifies the synthetic routes
to such characteristic fluorinated carboskeletons in com-
parison to conventional methodologies.”® However, only
a limited number of direct fluorination methods have been
developed, and those involving catalysis are especially
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rare.”!” Recently, Lectka’s group described C(sp’)—H
fluorination employing a combination of Selectfluor, a
copper(I) bisimine complex, an anionic phase-transfer
catalyst and N-hydroxyphthalimide (NHPI).” Herein,
we report metal-free direct C(sp*)—H fluorination using
a catalytic system consisting of N,N-dihydroxypyromelli-
timide (NDHPI)'' and Selectfluor'? (Scheme 1). The pre-
sent transformation is applicable to benzylic or aliphatic
C(sp”)—H bonds of 1 and generates the corresponding
monofluorinated derivatives 2 under mild conditions in a
highly chemoselective fashion.

CETP inhibitor

Fluticasone propionate

Figure 1. Biologically active compounds incorporating C(sp>)—F
bonds.

Scheme 1. C(sp®)—H Fluorination Using
N,N-Dihydroxypyromellitimide (NDHPI) and Selectfluor

cat. O (o]
HO-N N-OH
H o O (NDHPI) F
R "R? +/\+ 2BF, R'"” "R?
F-N N
v ER

Cl (Selectfluor)
metal-free C-H fluorination

Table 1. Screening of Reaction Conditions for the Direct
Fluorination of Benzylic C(sp*)—H Bonds®

F NHAc
2.5 mol % catalyst
F-source (2 equiv) .
MeCN (0.1 M)
50°C,5h
1a OBz 2a OBz 3a OBz
yield® (%)
entry  catalyst F-source 2a 3a 1la(recovery)
1 NHPI Selectfluor 21 0 73
2 NHNPI Selectfluor 10 0 90
3 NDHPI Selectfluor 72° 0 21
49 NDHPI  Selectfluor 42 21 13
5 Selectfluor 0 0 100
6 NDHPI Selectfluor PFg 55 15 16
7 NDHPI Selectfluor II 51 13 21
8 NDHPI Accufluor 17 25 39
9 NDHPI NFSI 0 0 88
10 NDHPI NFPY 0 0 98

“Conditions: aromatic compound 1a, catalyst (2.5 mol %), F-source
(2 equiv), MeCN (0.1 M), at 50 °C for 5 h under an Ar atmosphere.
% Yield was determined by NMR analysis of the crude mixture. ¢ Isolated
yield. Y The reaction time was 8 h.
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Previously, we developed methodologies for the high-
yield transformations of benzylic C(sp’)—H bonds to
C(sp*)—0 and C(sp>)—N bonds, using NHPI as the pre-
cursor of the hydrogen-abstracting N-oxyl radical.'® In the
present study, the benzylic compound 1a and a number of
NHPI derivatives were employed in combination with
various fluorinating reagents to realize the C(sp’)—H
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fluorination (Table 1).'* Treatment of 1a with 2.5 mol %
of NHPI and 2 equiv of Selectfluor at 50 °C for 5 h in
MeCN'" chemoselectively provided the desired benzyl-
fluoride 2a in low yield along with a significant quantity
of unreacted 1a (entry 1). As shown in entries 2 and 3, we
subsequently applied two NHPI analogues'® in an attempt
to enhance the catalytic activity. Although the use of
N-hydroxy-4-nitrophthalimide (NHNPI) decreased the yield
of 2a (entry 2), N,N-dihydroxypyromellitimide (NDHPI),"”
which has an additional imide-N-hydroxy group, was
found to significantly increase the yield (entry 3). A longer
reaction time (entry 4) resulted in lower yield of 2a and the
formation of acetamide 3a through nucleophilic attack by
MeCN, ¥ suggesting the activated nature of the resulting
benzylic C(sp®)—F bond. The lack of any products in the
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absence of NDHPI confirmed its importance as the
N-oxyl radical precursor (entry 5).'®'” Three structural
variants of Selectfluor®® (entries 6—8) were shown to be
less effective fluorinating reagents than Selectfluor itself,
while the application of N-fluorobenzenesulfonimide (NFSI,
entry 9) and N-fluoropyridinium triflate (NFPY, entry 10)
did not give any fluorinated products. The results in
entries 6—10 clarified the superiority of Selectfluor for
metal-free C(sp*)—H fluorination.?!

To examine the functional group compatibility, various
benzene derivatives having different functionalities on
their side chains were submitted to the optimized condi-
tions determined previously (Table 2). The reactions of
benzoates 1a—c all took place, producing benzylfluorides
2a—c (entries 1—3). The lower yield of 2¢ (55%, entry 3) in
comparison to those of 2a (72%, entry 2) and 2b (72%,
entry 1) reflects the general preference of electrophilic
N-oxyl radical for electron-rich C—H bonds.'*** Specifi-
cally, the lower reactivity of 1c results from the electron-
deficient nature of the benzylic C—H bond, due to the
shorter tether length between the benzyl methylene and the
electron-withdrawing benzoyloxy group.

As long as alcohol and amine functionalities on the
substrate were properly protected, our reagent system
allowed formation of the expected benzylfluorides in high
yields. Namely, methanesulfonyl (Ms) ester 2d (entry 4)
and phthaloyl (Phth) imide 2e (entry 5) were obtained in
good yields. In addition, the reaction occurred without
affecting electrophilic methyl ester (1f, entry 6) and cyanide
(1g, entry 7) moieties to provide 2f and 2g, respectively.
Importantly, the C—H fluorination proceeded even in the
presence of a free carboxyl group (1h, entry 8) and a free
tertiary hydroxyl group (1i, entry 9), resulting in formation
of 2h and 2i, respectively. Despite the radical mechanism
of the reaction (vide infra), the C(sp)—Br bond of 1j
remained intact, and 2j was isolated in good yield (entry 10).

The subsequent synthesis of a wide variety of benzyl
fluorides 2k—u from the corresponding aromatic com-
pounds 1k—u demonstrated the versatility of the pre-
sent methodology (Scheme 2). Electron-rich phenol (2k)
and aniline derivatives (21) could be synthesized using
reduced reaction times, whereas longer time spans were
necessary when the reaction involved substrates with
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(25% vyield). These results indicate continuous generation of N-oxyl
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participate in oxidation of NDHPI (see Scheme 3).
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Table 2. Direct C(sp®)—H Fluorination of Aromatic
Compounds Having a Functional Group on the Side Chain“

H 2.5 mol % NDHPI F

Selectfluor (2 equiv)
Jn Jn
R! R!

MeCN (0.1 M)
50°C
1 2

substrate 1

entry R! n time (h) product2 yield (%)
1 OBz 3 (1b) 5 2b 72
2 OBz 2 (1a) 5 2a 72
3 OBz 1(1e) 7 2¢ 55
4 OMs 2 (1d) 6 2d 70
5 NPhth 2 (1le) 5 2e 74
6 COy;Me 2 (1f) 6 2f 70
7 CN 2(1g) 5 2g 64
8 CO.H 2 (1h) 5 2h 51
9 C(Me),OH 1 (i) 3 2i 72
10 Br 2 (1j) 6 2j 51

“Conditions: aromatic compound 1, NDHPI (2.5 mol %), Select-
fluor (2 equiv), MeCN (0.1 M), at 50 °C for the indicated time under an
Ar atmosphere.

electron-withdrawing methoxycarbonyl (2m) and acetyl
(2n) functionalities. No significant differences in reactivity
were observed between p-benzoyloxy-substituted 1k,
meta-substituted 1o, and ortho-substituted 1p when gen-
erating 2Kk, 20, and 2p. The tertiary C—H bonds of 1q and
1r were also fluorinated to introduce the tetrasubstituted
carbon centers of 2q and 2r, respectively. The reaction of
1,3-diphenylpropane 1s gave the monofluorinated com-
pound 2s as the major product. Moreover, the C—H
fluorinations of homophenylalanine derivative 1t and
ibuprofen derivative lu exhibited high chemoselectivity
for the benzylic positions despite their structural complex-
ity, delivering monofluorides 2t and 2u, respectively.

Finally, this synthetic protocol was successfully applied
to the direct fluorination of the C—H bonds of alkanes
(1v—2z), which are known to be less reactive than benzylic
C—H bonds (Scheme 2). The secondary aliphatic C—H
bonds of cyclododecane 1v underwent the functionaliza-
tion, providing the expected monofluoride 2v. The reaction
of adamantane derivatives 1w—y proceeded chemoselec-
tively at the tertiary C—H bonds, in the presence of several
secondary C—H bonds, to give the corresponding fluorides
2w—y as the sole products. Furthermore, the fluorination
of 2-oxaadamantan-1-ol 1z proceeded chemoselectively at
the nonoxygen substituted position to provide 2z.

A proposed reaction mechanism for the NDHPI/Select-
fluor-promoted fluorination of C(sp®)—H bonds is pre-
sented in Scheme 3. In the first step, NDHPI is oxidized by
Selectfluor in situ to generate the electrophilic N-oxyl
radical, which is the key reactive species.'""'* Then, che-
moselective abstraction from the electron-rich C(sp’)-H
bond takes place to form carbon radical A and NDHPI.
The subsequent trapping of the carbon radical A by
Selectfluor in turn provides the corresponding fluoride 2

Org. Lett,, Vol. 15, No. 9, 2013
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Scheme 2. Direct C(sp®)—H Fluorination of Various Substrates

2.5 mol % NDHPI

/T\ Selectfluor (2 equiv) j\
R! R? MeCN (0.1 M) R R2
1 50°C 2

F 2k: R2 = OBz (60%, 3 h)

2I: R? = NPhth (86%, 4 h)
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2n: R? = COMe (28%, 10 h)
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2w: R® = OH (60%, 5 h)
2x: R® = NHAG (46%, 5 h)
2y: R®=CO,H (57%, 5 h)

2v
(45%, 5 h) (39%, 5h)

“Conditions: starting material 1, NDHPI (2.5 mol %), Selectfluor
(2 equiv), MeCN (0.1 M), at 50 °C for the indicated time under an Ar
atmosphere.

and the amino radical cation B. When B abstracts a
hydrogen from NDHPI, it regenerates the N-oxyl radical
species and forms protonated amine C, thus closing the
catalytic cycle.

In conclusion, this paper describes the metal-free fluo-
rination of C(sp*)—H bonds under mild conditions, em-
ploying a simple reagent system composed of NDHPI
and Selectfluor. This radical-based reaction is initiated

Org. Lett,, Vol. 15, No. 9, 2013

Scheme 3. Proposed Mechanism for Transformation of
C(sp*)—H Bonds to C(sp®)—F Bonds
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2

by hydrogen abstraction at the electron-rich position,
and the carbon radical is intermolecularly trapped by
Selectfluor, resulting in installation of a fluorine atom.
The most important features of this synthetic procedure
are: (1) predictable chemoselectivity toward the benzylic
C(sp’)—H bonds of aromatic compounds and the tertiary
C(sp*)—H bonds of aliphatic compounds and (2) high
compatibility with various functionalities, including benzoyl-
and methanesulfonyl-protected alcohols and phthaloyl-
protected amines, as well as carboxylic acids, tertiary
alcohols, cyanides, and bromides. As the result of these
advantages, the present one-step methodology should
serve as a unique tool for the efficient synthesis of various
fluorinated compounds with pharmaceutical and agro-
chemical applications.
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