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Summary: Attempted preparation of N,N- and S,S-chelate-
stabilized arylpalladium fluorides has led to the finding of aryne-
mediated fluorination of nonactivated haloarenes with Me,;NF
in DMSO under mild conditions.

Fluoroaromatic compounds often exhibit biological activity and
have been extensively used as building blocks and monomers in
the synthesis of pharmaceuticals, agrochemicals, dyes, specialty
polymers, and various advanced materials.'* Despite the widely
recognized usefulness of fluoroarenes, selective monofluorination
of aromatic compounds still represents one of the most significant
practical and intellectual challenges of modern synthetic methodol-
ogy. The Balz—Schiemann reaction® dealing with costly, toxic, and
often explosive diazonium compounds still remains the main
method for the synthesis of monofluorinated aromatics.

New routes to aromatic C—F bond formation have been highly
sought. For a number of years, we have been working on one such
route, the Pd-catalyzed fluorination of nonactivated haloarenes.*
The problematic step for the proposed catalytic loop (Scheme 1)
is Ar—F reductive elimination from Pd.’> An overview of this
problem has been recently reported,™ emphasizing the preference
of tertiary phosphine stabilized arylpalladium(II) fluorides to take
the undesired reaction path leading to P—F rather than Ar—F bond
formation.*>>*®7 Such P—F bond forming reactions appear to be
general and have also been observed for complexes of Ru,® Rh,’
Ir,'” and Pt."" This prompted us to seek Ar—F reductive elimination
from Pd aryls that either were phosphine-free or were stabilized
by phosphines that could be more reluctant to P—F bond formation.
Herein we describe some of these attempts and how they have led
to the finding of aromatic fluorination proceeding via aryne
intermediates under mild conditions.

A series of iodo aryl Pd N,N-chelates, 1—4,'% and the two S,S-
chelates 5'° and 6 were synthesized by reacting Pda(dba); with
PhlI in the presence of the corresponding ligand.
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The newly isolated 5 and 6 were fully characterized, including
X-ray analysis (see the Supporting Information). Interestingly,
working up the reaction with PhSCH,CH,SPh without delay
produced yellow 5, whereas after the reaction solution had been
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left for several hours at room temperature prior to workup, a different,
brown crystalline material 7 was isolated and identified as a product
of dba insertion into the Pd—Ph bond of 5 (Scheme 2). This type of
migratory insertion of dba into a Pd—Ar bond has been previously
proposed on the basis of the observed formation of arylated dba
products."* Apparently, 5 is remarkably capable of undergoing
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migratory insertion with olefins, likely due to the labile Pd—S
bonds. Upon Pd—S dissociation a vacant coordination site is created
on Pd, which is occupied by dba prior to its insertion into the
Pd—Ph bond. Note that 6, bearing a more electron-donating t-Bu
group on the sulfur, did not undergo dba insertion under similar
conditions.

Complexes 1—6 were treated with AgF in benzene under
sonication, using our original method'” for the synthesis of R3P-
stabilized arylpalladium fluorides.***” While the virtually in-
soluble 1 remained intact, all other iodopalladium phenyls readily
reacted. The reactions produced either dark precipitates (2 and 3)
or microcrystalline off-white solids which were not amenable to
study due to insolubility (4—6). In all cases, neither were isolable
palladium fluorides produced nor was C—F bond formation
observed (\°F NMR).

The outcome of the reactions of 2—6 with AgF indicated that
N and S ligands are not as capable of stabilizing the Pd—F bond
as tertiary phosphines.'® Hence, we turned our attention back to
RsP ligands, in search of ones that would be resistant to the
undesired P—F bond formation. The latter likely occurs via
intramolecular attack of the fluoride on the phosphorus to produce
a metallophosphorane intermediate,'” a process that requires
significant geometry changes around the P atom. This mechanistic
consideration pointed to 1,3,5-triaza-7-phosphaadamantane (PTA)'®
as a viable candidate, a cage phosphine which, upon coordination
to a metal, was expected to be less prone to metallophosphorane
formation due to its rigidity.

The complexes [(PTA),Pd(Ph)X], where X =1(8), Br (9), were
prepared in >90% yield by reacting [(PhsP),Pd(Ph)X] with PTA
and found to be trans in solution and in the solid state (Figure 1).
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Figure 1. ORTEP drawings of 8 (left) and PPNF (right) with
thermal ellipsoids drawn to the 50% probability level and all H
atoms omitted for clarity.

Attempted preparation of [(PTA),Pd(Ph)F] from 8 and AgF under
sonication'” failed, due to the insufficient solubility of 8 in benzene
and toluene. The ultrasound-free reaction of 8 with AgF in CH,Cl,
produced a complex reaction mixture of decomposition products.'
Hence, we explored the fluorination of bromobenzene with 8 or 9
as catalysts. With anhydrous CsF or KF in the presence or in the
absence of 18-crown-6 in MeCN, glyme, diglyme, dioxane, or
DMSO at 80—130 °C, no PhF formation was observed. To promote
the in situ Pd—F bond formation, we then considered sources of
most active fluoride,2’2? often referred to as “naked” fluoride,
including anhydrous [MesN]F?° and [Ph;P=N=PPh;]F (PPNF).*>**
Although the latter did form on treatment of [PPN]JCN with CgF¢>*
(Figure 1), its isolation in pure, colorless form in bulk appeared
problematic. Therefore, [MesN]F was chosen.

We were excited to observe the formation of fluorobenzene (‘°F
NMR) from PhBr upon treatment with [MesN]F in DMSO in the
presence of 5—10% of 8 or 9 at 80—120 °C. The yield of Ph—F
was modest, corresponding to only 3—5 equiv per Pd complex
used. Attempted optimization was not successful but led to a critical
observation: when 2-bromonaphthalene was used as the substrate
in the presence of 9 at 105 °C, a ca. 3:2 mixture of 2-fluoronaph-
thalene and 1-fluoronaphthalene was obtained, immediately sug-
gesting aryne intermediacy. The same result was obtained when
the experiment was repeated in the absence of 9 or any other source
of palladium (eq 1). Furthermore, the yield of PhF from PhBr was
higher when the Pd complex was omitted from the reaction. It
became clear that the fluorination occurred via arynes and was not
catalyzed by the Pd species.

F

)
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DMSO g DMSO ¥ F
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While the century-old chemistry of arynes is widely used for
aryl—carbon and aryl—heteroatom bond formation,® information
on aryne-mediated fluorination is scarce and lacking in detail. We
believe that carbon—fluorine bond formation via arynes was
previously observed by Schwesinger’s group. However, in their
otherwise meticulous and highly detailed recent account of “naked”
fluoride basicity and nucleophilicity, Schwesinger et al.>'® mention
this type of fluorination only in one brief sentence in the Con-
clusion, without providing any specifics or references to conven-
tionally accessible literature sources,”’ except for one patent.”®
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While an aryne mechanism might intuitively be most plausible for
the patented fluorinations,?® it does not seem to be consistent with
some of the results claimed, such as the exclusive formation of
1-chloro-2-fluorobenzene from 1,2-dichlorobenzene?® (see below).

Our results are summarized in Table 1. All reactions were run
in glass vessels with agitation. The reaction mixtures were analyzed
by GC-MS and '""F NMR with an internal standard, and the
isomeric structures of the fluoroarene products were unambiguously
assigned on the basis of their distinct and characteristic '’F NMR
chemical shifts.*’Bromoarenes gave rise to the fluorinated products
in higher yields than analogous chloroarenes. In full accord with
this, the reaction of 1-chloro-3-bromobenzene led to the formation
of 1-chloro-3-fluorobenzene and 1-bromo-3-fluorobenzene in a ca.
100:1 ratio (Table 1, entry 2), along with traces of the ortho isomers.
This indicated that, after deprotonation of the most acidic C—H
bond between the Cl and Br atoms, the next step involves
preferential elimination of the Br—, a better leaving group than
chloride in anhydrous DMSO. Similarly, the reaction of 1-bromo-
3-iodobenzene with [Me4N]F produced 1-bromo-3-fluorobenzene
as the main fluoroarene product. The isomer distribution patterns
for the bromotoluene and bromoanisole series (Table 1, entries
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Table 1. Aromatic Fluorination of Nonactivated Haloarenes (3
Equiv) with [MesN]F (1 Equiv) in DMSO at Initial [F ] ~ 10%
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3—8) are remarkably similar to those reported in the classical papers
by Roberts and co-workers* for haloarene aminations via arynes.

Absolute yields of the ArF products (Table 1) can be calculated
only if the stoichiometry of the reaction is known. Mechanistic
considerations suggest that 3 equiv of MesNF might be needed
for the introduction of one fluorine atom into the aromatic ring
via the aryne mechanism (Scheme 3). In the first step of the
reaction, a CH bond ortho to the halogen is deprotonated by the
first equivalent of fluoride that is highly basic,?*>* despite its high
solvation energy in DMSO.*! As a result, HF is formed that
instantly consumes the second equivalent of F~ to form stable
bifluoride, FHF . Indeed, large quantities of bifluoride are always
produced in the reaction ("’F NMR). The third equivalent of
fluoride is needed for nucleophilic addition to the aryne in the C—F
bond forming step.*> Thus, the fluoride likely plays a triple role in
the reaction, namely C—H deprotonation, neutralization of the HF
produced, and nucleophilic addition across the formally triple bond
of the aryne electrophile. One might argue that the reaction is
stoichiometric in the fluoride as the nucleophile but only catalytic
in the F~ as the base. If the FHF™ produced in the first step
(Scheme 3) added to the aryne and/or if the fluoroaryl anion
deprotonated the bifluoride, then the F~ that originally acted as
the base would be regenerated. It is unlikely, however, that
bifluoride can successfully compete with much more nucleophilic
fluoride for addition to the aryne electrophile. Furthermore, as has
been observed in this work and reported by others,* anhydrous

10 110 3
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[MesNJF does deprotonate DMSO to produce bifluoride in the
temperature range used for the fluorination reactions (Table 1). For
instance, we found that, at 90 °C, a 10% solution of [MesN]F in
anhydrous DMSO produced bifluoride in ca. 5% and 10% yield
("°F NMR) after 1 and 2.2 h, respectively (for more data, see
below). Furthermore, a phosphazenium fluoride has been demon-
strated to deprotonate such weak acids as dibenzocycloheptane (pK,
in DMSO 32.8) and 4-methylbiphenyl (extrapolated pK, in DMSO
37.6).2"® For comparison, pK, values of DMSO have been reported
at 31.3** and 35.1.%

On the basis of the carefully proposed stoichiometry (Scheme
3), the total fluorination yields in the reactions employing ArX
substrates in excess (Table 1) were in the range of 10—65%, as
calculated on the amount of MesNF used. The NMR yield of PhF
from PhBr after 12 h at 110 °C was calculated at 60%. All
bromoanisoles and bromotoluenes, being less reactive, gave rise to
the corresponding fluoroarenes in only 10—30% yield. The two
isomeric fluoronaphthalenes (Table 1, entry 9) were produced in
65% total yield. The yield of 9-fluorophenanthrene (entry 10) was
55%.

The remarkably high reactivity of “naked” fluoride,”*>* both
as a base and as a nucleophile, is the key for the aryne-mediated
aromatic fluorination, yet is also a yield-lowering factor in this
reaction. As a strong base, MesNF can deprotonate even very
weakly CH-acidic DMSO in the temperature range required for
the aryne generation. As a strong nucleophile, the F~ in MesNF is
known to react with its own counterion to give MeF and Me3N.?°
After a 5% solution of Me4NF in DMSO-dg was kept at 90 °C for
24 h, 'H and '°F NMR analysis indicated that approximately 25%
of the salt had decomposed to produce FDF™ (—142.5 ppm, t, Jp—r
= 18 Hz) and FHF (—142.0 ppm, d, Ju-r = 120 Hz) in a 3.7:1
molar ratio, and all four isotopomers of MeF (Figure 2), pointing
to efficient H/D exchange between the solvent and the MesNT
cation. In the '"H NMR spectrum, the exchange was manifested
by multiplet resonances from the H,D isotopomers of MesN,
MesN", and MeF at 2.1, 3.2, and 4.2 ppm, respectively. Clearly,
both DMSO and Me,N™ undergo deprotonation by the strongly
basic fluoride under these conditions. Note that to deprotonate
DMSO and Me;N* 3 strong bases are employed, such as NaH
and PhLi, respectively. When the PhBr fluorination with MesNF
(Table 1) was repeated in DMSO-dg, a significant incorporation
of deuterium into the fluorobenzene product was observed (‘°F
NMR and GC-MS). This is conceivably due to H/D exchange at
the first deprotonation step that is probably reversible, as well as

(31) Dillow, G. W.; Kebarle, P. J. Am. Chem. Soc. 1988, 110, 4877.
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Figure 2. F NMR signals from CH3F, CH,DF, CHD,F, and CDsF
(Ju—r = 46 Hz; Jp—r = 7 Hz) formed upon heating of MesNF in
DMSO-dg at 90 °C for 24 h.

to the DMSO solvent being the primary proton (deuteron) donor
in the final step of the fluoroarene formation.

As follows from the above, it would be desirable to identify an
aprotic solvent which, while providing good solubility and stability
to MeyNF, was even less reactive to the active fluoride than DMSO
in the required temperature range. This appears to be nontrivial,
as DMF, NMP, MeCN, and ethereal solvents are considerably less
stable toward strong bases, MesNF included. When the 9-bro-
mophenanthrene reaction (Table 1, entry 10) was repeated in
HMPA, less than 10% conversion was observed and only trace
amounts of 9-fluorophenanthrene were formed, along with com-
parable small quantities of phenanthrene. DMSO seems to be
especially suitable as a medium for the reaction. We carefully
propose that the CH acidity of DMSO is in the right range for the
fluorination reaction, being low enough for the active fluoride to
survive yet sufficient for serving as a proton donor to the carbanion
emerging upon F addition to the aryne electrophile. It is also
noteworthy that MesNF was found to be insoluble in pivalonitrile
even at its boiling point of around 107 °C.

In conclusion, N,N- and S,S-chelate-stabilized palladium iodo
aryls neither form isolable Pd—F species nor produce fluoro-
arenes upon treatment with AgF under sonication. These studies,
however, have led to the finding of aryne-mediated fluorination
of nonactivated haloarenes with MesNF in DMSO under mild
conditions (80—110 °C).
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