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Organofluorine compounds have found widespread applications in the pharmaceutical and

agrochemical industries. Efficient construction of organofluorine molecules is highly desirable. Catalytic
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transformation of C(sp®)-H bonds into C(sp®)-F bonds provides the simplest and most straightforward

way to organofluorine compounds. This Highlight discusses the most recent findings in the field.
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Organofluorine compounds possess unique physical and
chemical properties because of fluorine’s small size and high
electronegativity, thus efficient construction of C—F bonds has
been the subject of intensive research in the fields of synthetic
and medicinal chemistry.? In this context, direct fluorination of
sp® hybridized carbon-hydrogen [C(sp®)-H] sites offers
significant opportunities for the incorporation of fluorine into a
broad range of hydrocarbon compounds. The traditional
methods have focused on the use of the active C(sp®)-H bond-
containing compounds such as carbonyl derivatives, phosphate
esters, and sulfones (Figure 1).2 However, the challenge entails
achieving site selectivity in direct fluorination of structurally
complex molecules that bear many unactivated C(sp®)—H bonds
of comparable strengths and reactivity.

Early methods for the direct transformation of unactivated
C(sp)-H bonds into C(sp®)—F bonds with a fluorine source has
been restricted to molecular F,, hypofluorites, and XeF.,.
Although these fluorinating reagents are commercially
available, they are hazardous and exhibit uncontrollable
reactivities. Recently, transition metal and organic small
molecule-catalyzed C(sp®)-H bond fluorination employing
stoichiometric amounts of fluorinating agents have been
reported. In 2006, Sanford and co-workers described a
palladium-catalyzed nucleophilic fluorination of benzylic
C(sp®)—H bonds (Scheme 1).> By employing a quinoline
directing group, the formation of benzylic C—F bonds was
achieved using an electrophilic fluorinating reagent. Notably,
this fluorinating reagent was believed to play twofold roles:
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Figure 1. Fluorination of activated C(spa)—H bonds.
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Scheme 1. Pd-catalyzed benzylic C(spa)—H fluorination.
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serving as an oxidation to generate high-valent palladium (1V)
fluoride complexes from Pd'" catalysts and providing a source
of fluorine that ended up in the final products. Later on, the
same group demonstrated that the palladium-catalyzed
quinoline-directed  benzylic C-H fluorination of 8-
methylquinolines was also achievable when using fluoride salts
and hypervalent iodine oxidants Arl(OPiv), (Scheme 1).*
Although the primary active fluorinating species could not be
established, a *°F NMR analysis of the crude reaction mixture
provided preliminary evidence that an ArlF, intermediate was
formed under the reaction conditions.

Lectka et al developed a mild iron(ll) complex-catalyzed
fluorination of benzylic C(sp®)-H by using commercially
available Selectfluor [1-chloromethyl-4-fluorodiazoniabicyclo
[2.2.2]-octane bis(tetrafluoroborate)] as the fluorine transfer
reagent,® whereas Groves and co-workers presented a (R,R)-
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(salen)MnCl-catalyzed oxidative benzylic C(sp®)-H
fluorination reaction with Et;N-3HF or a combination of
Et;N-3HF and AgF.® These two systems could produce an array
of benzylic fluorinated products in good yields and selectivity.
As an example, a nonsteroidal anti-inflammatory drug
(ibuprofen methyl ester) was selectively fluorinated at a single
position (Scheme 2). Clearly, transition-metal complexes are
crucial in reaction selectivity favoring the benzylic position
over chemistry at the more acidic-carbon.
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Scheme 2. Metal-catalyzed fluorination of benzylic C(sps)—H.

Inoue and co-workers disclosed a metal-free fluorination of
benzylic C(sp®)-H under thermal conditions, employing a
simple reagent system composed of N,N-
dihydroxypyromellitimide (NDHPI) and Selectfluor (Scheme 3:
top).” This radical-based reaction is initiated by hydrogen
abstraction at the electron-rich position, and the carbon radical
is intermolecularly trapped by Selectfluor, resulting in
installation of a fluorine atom. Furthermore, this transformation
is predictable toward the formation of benzylic C(sp®)—F bonds
of aromatic compounds and tertiary C(sp®)—F bonds of aliphatic
compounds. An alternative metal-free photolytic fluorination of
benzylic C(sp®)~H bonds was developed by the Chen group
(Scheme 3: bottom).® It was found that visible light activated
diarylketones to abstract a benzylic hydrogen atom selectively,
and a fluorine radical donor delivered the benzylic fluoride. 9-
Fluorenone catalyzes benzylic C(sp®)~H monofluorination,
while xanthone catalyzes benzylic C(sp*)—H difluorination.

The chemistry of allylic fluorides has been intensively
studied in recent years.® Although many examples about
transition-metal catalyzed allylic fluorination of pre-
functionalized allyl precursors have emerged,'® yet only two
reports by Lectka and Doyle groups has addressed the direct
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Scheme 3. Organocatalytic fluorination of benzylic C(sps)—H. Selectfluor II: 1-
fluoro-4-methyl-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate).
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Scheme 4. Metal-catalyzed allylic C(sp®)—H fluorination.

fluorination of allylic C(sp®)—H bonds. Lectka employed a
multicomponent system of Cul-bis(imine) complex, N-
hydroxyphthalimide (NHPI), and KB(CgFs), in the allylic
C(sp®—H fluorination. Two of a-fluoromethylstyrenes were
obtained in moderate yields (Scheme 4: top).!! In Doyle’s
method, the combination of Pd(l1)-sulfoxide, (R,R)-(salen)CrCl,
and benzoquinone (BQ) was shown to enable the branched-
selective synthesis of allylic fluorides from simple olefin sub-

This journal is © The Royal Society of Chemistry 2012
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Scheme 5. Metal- or/and photocatalyzed fluorination of unactivated aliphatic
C(spa)—H bonds.
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strates using Et;N-3HF.*? This allylic C(sp®)—H fluorination
was further applied to the direct functionalization of bioactive
steroid, and the fluorinated product was isolated in 59% yield
with high branched/linear ratio (Scheme 4: bottom).

Although direct fluorination of aliphatic unactivated C(sp®)—
H bonds with elemental fluorine and electrophilic fluorinating
agents, as developed by Rozen, Sandford, and Chambers,*® are
viable and very useful methods, recent advancement has been
also made in the development of catalytic procedures. Lectka et
al. demonstrated their multicomponent system to be effective
for aliphatic C(sp®)-H fluorination as well.’* The optimized
reaction conditions include Cul-bis(imine), KB(CgFs),4, Kl, and
NHPI (Scheme 5: top). In this procedure, a radical mechanism
was proposed with NHPI, known to form the phthalimide N-
oxygen radical in situ in the presence of redox active metals,
serving as a radical initiator. More recently, the same group
disclosed another approach for direct fluorination of aliphatic
unactivated C(sp®)-H bonds by using a photocatalytic system
including ultraviolet light and a photosensitizer (1,2,4,5-
tetracyanobenzene: TCB).!* A series of substrates, from simple
hydrocarbons to complex natural products, could be readily
fluorinated by employing a simple UV lamp, a water bath, and
a culture tube containing the reagents under an inert atmosphere
of N,.

Simultaneously, Groves and co-workers described the direct
fluorination of aliphatic unreactive C(sp®)-H bonds with a
combination of manganese porphyrin complex [Mn(TMP)CI],
AgF, PhlO and a catalytic amount of TBAF.'® The unique
reactivity of this multicomponent system was employed in the
fluorination of a number of polycyclic natural/unnatural
compounds. Noteworthy, among the 26 aliphatic C(sp®)-H
bonds of sclareolide, only those at C2 and C3 methylene
reacted to give methylene-fluorinated products in 58% yield
(Scheme 5: middle). The reaction mechanism could involve H-
abstraction by the in situ formed oxomanganese intermediate
[MnY(O) (TMP)] and the radical-trapping with fluorine by a
trans-Mn'(TMP)F, species.

During our revision of this manuscript, Britton and co-
workers presented an alternative approach to direct
photocatalytic fluorination of unactivated C(sp®)-H bonds.
Under the irradiation of two 15-watt black light bulbs, the
reaction was carried out by wusing a readily prepared
decatungstate TBADT as the photocatalyst and NFSI as the
fluorine transfer agent, producing a variety of fluorinated
organics, including natural products, acyl fluorides, and
fluorinated amino acid derivatives in good vyields. The
TBADT/NFSI system was also highly efficient for fluorination
of sclareolide, similarly delivering C2-fluorinated sclareolide as
the major product (Scheme 5: bottom).

Conclusions and outlook

In conclusion, catalytic fluorination of benzylic, allylic, and
aliphatic unactivated C(sp®)-H bonds has emerged as a
particularly promising approach for accessing organofluorines.
Organic chemists have succeeded in designing and developing
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several novel catalytic systems for direct transformation of
unactivated C(sp®)-H bonds into C(sp®)-F bonds. Of course,
there are still important gaps to be filled by future studies, such
as high-yielding, site-selective fluorination of C(sp®)-H bonds,
and industrial application.
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