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Abstract Arene activation via transition-metal (TM) η6-coordination
has merged as a powerful method to diversify the aromatic C–F bond,
which is relatively less reactive due to its high bond energy. However,
this strategy in general requires to use largely excess arenes or TM η6-
complexes as the substrates. Herein, we highlight our recent work on
the catalytic SNAr amination of electron-rich and electron-neutral aryl
fluorides that are inert in classical SNAr reactions. This protocol enabled
by a Ru/hemilabile ligand catalyst covers a broad scope of substrates
without wasting arenes. Mechanistic studies revealed that the nucleo-
philic substitution proceeded on a Ru η6-arene complex, and the hemila-
bile ligand significant promoted the arene dissociation.

Key words η6-complex, hemilabile ligand, amination, C–F bond acti-
vation, SNAr, ruthenium

Anilines are frequently found as structural components
of pharmaceutically relevant compounds, polymers, and
natural products. Hitherto, transition-metal-catalyzed ami-
nations of aryl halides, such as Hartwig–Buchwald1 reac-
tion and Ullmann reaction2, are among the most important
accesses to anilines and their derivatives (Scheme 1, a). The
reactivity trend of substrates is inversely proportional to
dissociation energy of their carbon–halogen bonds. Com-
pared with other halides, aryl fluorides are uncommon
coupling partners because of the low reactivity for oxida-
tive addition attributed to the strength of C–F bond, which
is the strongest C–heteroatom bonds in nature. In 1973,
Kumada and co-workers discovered that a Ni(0) species
served as an efficient catalyst for C–C bond formations
through cleaving inert C–F bonds.3 Prompted by this semi-
nal work, in 2013, Wang disclosed a Ni-catalyzed amination
of aryl fluorides by using a bulky N-heterocyclic carbene li-
gand (Scheme 1, b).4 Various N-dialkyl or N-alkylaryl sec-
ondary amines are compatible under the reaction condi-

tions. In 2018, Sawamura reported a Ni-catalyzed amina-
tion with primary amines enabled by a bidentate
phosphine ligand, which features a rigid backbone (Scheme
1, c).5 Except nickel, silver carbonate was recently addressed
as an effective catalyst in the amination of electron-defi-
cient aryl fluorides by Fang (Scheme 1, d).6

In addition to the TM redox catalysis, amination of aryl
fluorides can also be achieved through a nucleophile addi-
tion–elimination process (nucleophilic aromatic substitu-
tion, SNAr, see Scheme 2, a).7 Classical SNAr reactions are
limited to electron-deficient aromatics that bear a strong
electron-withdrawing group (EWG). Alternatively, instead
of a permanent EWG, transition metals such as Cr, Fe, and
Mn could also facilitate SNAr reactions via η6-coordination
that enhances the electrophilicity of the ligated aromatic
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rings (Scheme 2, b).8 Although such reactivity has been ex-
plored for more than 60 years after the first chromium η6-
arene complex reported by Fischer and Hafner9, catalytic
SNAr aminations enabled by TM coordination are still rare
(Scheme 2, c).10 In 2010, Shibata and co-workers reported
two Ru-catalyzed aminations of aryl fluorides by using ei-
ther a tridentate PCP ligand or a monodentate phosphine li-
gand (Scheme 2, d).10d,e In both protocols, excess aryl fluo-
rides were required to facilitate arene exchange of η6-com-
plexes. The catalytic SNAr reaction of aryl fluorides as
limiting reagents remains to be demonstrated.

For catalytic arene activations via TM η6-coordination,
the reaction efficiency was markedly affected by substrate
association and product dissociation, which referred to as
arene exchange. When the metal center maintains the same
charge, a typical obstacle in arene exchange is the detach-
ment of one double bond from a relatively stable η6-com-
plex, generating the corresponding η4-intermediate
(Scheme 3, a). In 1970s, Mahaffy and Pauson found that do-
nor molecules such as THF and cyclohexanone could bene-
fit arene exchange.11 Following this observation, several li-
gands bearing a coordinating side chain were addressed to
accelerate the exchange rate.10g,12 However, examples for
the ligand-promoted SNAr reaction by the strategy outlined
above are absent. To overcome the obstacle, we envisioned
to utilize hemilabile, bidentate ligands, which could benefit
catalytic SNAr reactions in two ways (Scheme 3, b): a side-
chain group L′ that coordinates to TM temporarily may pro-
mote product dissociation through a steric repulsion; the li-

Scheme 1  Amination of aryl fluorides via -bond activation
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Scheme 2  Amination of aryl fluorides via η6-coordination
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gand’s hemilabile nature may provide flexibility to stabilize
reaction intermediates, as well as reduce steric effects in
the coordination of substrates to the catalyst. Herein, we
highlight our recent work on the catalytic SNAr amination of
electron-rich and electron-neutral aryl fluorides.13

Scheme 3  Arene exchange

We selected fluorobenzene as a limiting reagent to ex-
plore the feasibility of our ligand design (Scheme 4). Several
representative monodentate phosphine ligands were inves-
tigated first, but only a trace amount of desired product was
detected. Following our design, when a weakly coordinat-
ing group, OMe, was installed on a simple phosphine, a dra-
matic improvement of yield was obtained (L1, 42%). We
then examined the influence of the linker between the
binding atoms P and O and found that changing either its
flexibility or the steric environment around oxygen re-

duced the yield or even inhibited the reaction. Next, an ar-
ray of other donating groups such as thioether, amine, and
phosphine were examined and proved ineffective, demon-
strating the importance of matching the two chelating
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groups on the hemilabile ligand. Further optimization of li-
gands by modifying substituted aryl groups and reaction
conditions enhanced the yield to 95%.

With the optimized amination conditions in hand, we
then tested the substrate scope with morpholine (Scheme
5, a). A broad range of electron-neutral arenes were com-
patible by using ligand L2 (2a–f), while ligand L3 bearing an
electron-withdrawing group performed better on electron-
rich substrates than L2 (2g–l). Next, the scope of amine was
examined with 3,4-difluoroaniline (Scheme 5, b). The 4-
membered amine azetidine was not tolerated under the
conditions (2m). In comparison, 5-, 6-, and 7-membered
cyclic amines were proved to be suitable nucleophiles (2n–
p). Linear secondary and primary amines were also com-
patible, affording products in moderate yields (2q–t). Nota-
bly, a C–Cl bond in 1u, which is more reactive than a C–F
bond towards oxidative addition, survived under the condi-
tions (Scheme 5, c). In comparison, such C–Cl bond was ex-
clusively converted into a C–N bond by employing the Ni-
IPr catalyst (2u′).

To gain insights into the reaction, we tested the nucleo-
philic substitution of the proposed intermediator η6-com-
plex 4, which formed on treatment of 3 with silver salt and
ligand L1 in sequence (Scheme 6, a). According to the 1H
NMR and 31P NMR spectra, we propose that the two hemi-
labile ligands on intermediate 5 are asymmetric: one che-
lates the Ru by the phosphine and oxygen simultaneously,
while the other is monocoordinated. The fluorine peak of
complex 4 disappeared immediately after adding morpho-
line, suggesting the amination proceeds fast even at room
temperature. Then, after heating the reaction mixture at 60
°C, the free aniline was observed. The above observations
supported that the SNAr reaction proceeds on the η6-arene
complex. Furthermore, we compared the hemilabile ligand
with diphenylbutylphosphine bearing a noncoordinating
butyl chain in the arene dissociation step, and found that
the weakly coordinating group facilitates arene dissocia-
tion. The hemilabile ligand L1 supported complex 7 re-
leased the aniline completely in a half hour, while complex
8 was much more stable (Scheme 6, b).

We have developed a Ru/hemilabile-ligand-catalyzed
SNAr amination of aryl fluorides as the limiting reagents. A
significant ligand enhancement was demonstrated by uti-
lizing the phosphine ligand bearing a weakly coordinating
side chain. Mechanistic studies revealed that the substitu-
tion proceeds on the TM η6-complex, and the weakly coor-
dinating group of the hemilabile ligand promotes product
dissociation.

Given the mild reaction conditions, as well as the broad
functional group tolerance, this protocol may attract atten-
tions in organic synthesis, including late-stage C–F bond di-
versifications. Further studies into the mechanism and the
extension to other catalytic reactions via η6-coordination
are currently ongoing.
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