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The substitution of hydrogen for fluorine can have a profound
effect on the biological activity, metabolism, solubility, hydropho-
bicity, and bulk properties of organic substantess a result,
molecules containing carbetfluorine bonds are extremely impor-
tant as pharmaceuticals,
materialst However, despite the great utility of this functional
group, relatively few synthetic approaches for the formation-eFC
bonds are currently available, and transition metal catalyzed
methods for C-F bond construction are particularly rdre.

Previous efforts in this area have aimed to develop palladium-
based catalysts for-€F bond formatiof since Pd catalysts have
found widespread application in a variety of related carbon
heteroatom cross-coupling reactidn$his prior work has pre-
dominantly focused on potential P4 catalytic cycles, involving
oxidative addition of an aryl or alkyl halide (RX) to Pd,
metathesis of X with F~ at the resultingr-alkyl/aryl Pd' complex,
and, finally, C-F bond-forming reductive elimination to release
the fluorinated product. While the first two reactions in this
sequence are well-precedentatie final C-F coupling step (G=
aryl, alkyl) has not yet been achieved at'Rdr, to our knowledge,
at any other transition metal center) in either a stoichiometric or a
catalytic reaction manifol&8

Reductive Oxidative
Fluorination Fluorination
= =
[LPd + N [LJPAIR oo - + [LJPd" (1)
R = aryl or alkyl

We reasoned that an alternative approach to this keyr C
coupling step would be to react a'Palkyl/aryl intermediate with
an electrophilic fluorinating reagent {Fsource) to effect the
oxidative transformation of the PdC bond to a G-F bond (eq 1).
Carbon-fluorine bond formation in these systems could proceed
by direct electrophilic attack of Fon the P4—C bond or via
oxidation to P# followed by C-F bond-forming reductive

imaging agents, fine chemicals, and

Table 1. Palladium-Catalyzed Fluorination of 8-Methylquinoline
7 10 mol % PA(OAC); _
NS
N 1.5 equiv " T iBequivF*
() H CeHg (1a) > F (1b) (16) NOAc
e yield of 1a+1b+1c  yield of 1a+1b+1c
entry F*+" source (vield 1a) (vield 1a)
Thermal? uwave?
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25% (0%)

24 % (22%) 19% (16%)

25% (12%) 8% (3%)
PhOS,
5 N—F
PhO,S
aConditions: 110°C, 18 h.? Conditions: 11C°C, 1 h, 200 W; yields
of 1g, 1b, and1c were determined by GC using naphthalene as an internal
standard.

19% (9%) 15% (9%)

associated with the thermal conditions led us to examine microwave
irradiation as a potentially faster way to assay a variety of catalysts,
solvents, and fluorinating oxidant$. Gratifyingly, microwave
heating greatly accelerated the Pd-catalyzed fluorinatidh ahd
the reactions generally proceeded withih at 11C°C. Interestingly,
p-MeCsH,l(F), afforded only traces of the fluorinated produet
under both thermal and microwave conditions (Table 1, entry 4),
in contrast to the success of analogous iodine(lll) oxidants in related
C—H bond acetoxylatiof¢->dand arylation reactions.However,
we were pleased to discover tifluoro-2,4,6-trimethylpyridinium

elimination. Importantly, we have recently demonstrated that related tetrafluoroborate ) served as a highly effective*Fsource upon

oxidizing conditions promote other challenging Pd-catalyzeXC
coupling reactions (e.g., formation of<Cl and C-Br bondg2and
coupling between weakly nucleophilic acetate and electron-rich
arene$9 that are not typically possible via conventional®®d
catalytic cycles:® We describe herein the application of this new
approach to the development of the first Pd-catalyzedHC
activation/C-F bond-forming reaction.

Initial investigations focused on the Pd(OAchtalyzed benzylic
fluorination of 8-methylquinolineX). This substrate was selected
because it undergoes facile quinoline-directedHCactivation at

Pd' to generate a-benzyl Pd species and, as such, has been shown

to serve as an excellent substrate for related Pd-catalyzed C
activation/oxidative functionalization reactioffs¢ As summarized

in Table 1, column 3, an initial screen of Feagents under thermal
reaction conditions (10 mol % of Pd(OA¢)110°C, 13 h, benzene)
revealed that several effected the desired benzykeHCbond
fluorination reaction, providingain modest 9-36% yields along
with several other products (vide infra). The long reaction times

7134 m J. AM. CHEM. SOC. 2006, 128, 7134—7135

microwave irradiation, affordingain a dramatically improved 75%
GC (59% isolated) yield. Importantly, control reactions in the
absence of Pd catalyst showed none of the fluorinated prdduct
The moderate 75% GC yield dfis due to incomplete conver-
sion (3% of1 remained at the end of the reaction), as well as the
formation of two minor side productghenylated productb (18%)
and acetoxylated produtt (4%) 1! We initially hypothesized that
phenylated productlb was formed by Pd-catalyzed oxidative
coupling between 8-methylquinoling)(and the benzene solvent
another transformation of significant potential importance and
utility. 12 However, control experiments revealed thhtis actually
generated by reaction of 8-fluoromethylquinolirie) with CgHg
in the presence of oxida® This reaction does not appear to be
Pd-catalyzed, as it proceeds with comparable rates in the presence
and absence of Pd(OAc)While the detailed mechanism for
formation of 1b remains under investigation, preliminary results
suggest that it takes place via an electrophilic pathi¥ay.

10.1021/ja061943k CCC: $33.50 © 2006 American Chemical Society
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10 mol % Pd(OAc),
2.5 equiv3

0.5 mL CH3CN in CF3CgHs
uwave, 150 °C, 1.5 h
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We next aimed to expand the scope of these reactions to the
fluorination of aromatic G-H bonds in substrates, such as phen-
ylpyridine 4 (eq 2). After some experimentation (see Table S1),
we determined thal-fluoropyridinium tetrafluoroborate3j was
the optimal F source for this reaction, and that microwave
irradiation under similar conditions to those described for substrate
1 (20 mol % of Pd(OAc), 150°C, 1.5 h, 0.5 mL of CHCN in
trifluorotoluene) afforded thertho-fluorinated productéain 69%
isolated yield. Notably, neither arylated side products analogous
to 1b nor acetoxylated side products analogousdwere observed
in reactions of substraté!4

Table 2. Substrate Scope of Pd-Catalyzed C—H Bond

Fluorination
entry  oxidant product |s;:ilglt§d entry  oxidant product |s;:ilglt§d
Me
=z
1 2 || 57%2 | 7 3 75%"
N
5a 10a
Ga)
F FsC
=
2 2 || 49%2 | 8 3 (Y 59%
N =N
(6a) 1a)f
F
Br
s 2 (] 53%2 | 9 3 O—@ 50%5
SN
(7a) (12a)
F CO,Et
e o O | 0 Q@
=N
(4a)" (13a)
Me
5 3 7\ 529,P 11 3 529%P
=N
(8a)F 14a
MeO
6 3 ¢ N 33% | 12 3 N 60%0
N F (15a)
(9a)

aConditions: 710 mol % of Pd(OAg), 1.5-2 equiv of 2, CgHs,
microwave (4 h, 100-110°C, 200-250 W).? Conditions: 10 mol %
of Pd(OAc), 2.5-4.5 equiv of3, 0.12-0.5 mL of CHCN, CRCgHs,
microwave (1.5-2 h, 150°C, 300 W).

With these preliminary results in hand, we next surveyed the
substrate scope of quinoline/pyridine-directed benzylic and aromatic
fluorination. As summarized in Table 2, these reactions can be
utilized for the preparation of diverse fluorinated products and are
tolerant of many common functional groups, including aryl halides,

nonenolizable ketones and esters, trifluoromethyl substituents, and (12)

methyl ethers. The compatibility with aryl bromides is both synthet-
ically useful (as these are readily elaborated further) and mecha-
nistically interesting (as these are often not tolerated und&} Pd
catalysis). Benzylic €H bonds that are remote from the pyridine
or quinoline directing group (e.g., in substr&eentry 1) are also
well-tolerated. Furthermore, with substr&ewhich contains both
benzylic and aromatic €H bonds adjacent to the pyridine directing
group, the aromatic fluorination product was obtained exclusively.
Notably, the same selectivity is observed in Pd-catalyzedHC
activation/acetoxylation reactions of related substfaa likely

is derived from a preference for the formation of five-membered
(versus six-membered) palladacyclic intermedidtetwever, it

is interesting to note that arene—@& activation/fluorination via
six-membered palladacycles can be achieved if a five-membered
intermediate is not accessible (substradeentry 11).

In conclusion, this paper describes the first example of a Pd-
catalyzed method for the formation of aromatic and benzytd-C
bonds. In contrast to previous unsuccessful efforts in this area, these
reactions were achieved under oxidizing conditions, using electro-
philic (rather than nucleophilic) fluorinating reagents. The success
of these C-H activation/oxidative fluorination reactions suggests
a potentially general strategy for the fluorination of organometallic
Pd intermediates. Ongoing efforts in our labs seek to expand the
scope and to probe the mechanism of the current transformation,
as well as to exploit this approach for the development of new
metal-catalyzed €F coupling reactions.
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