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ABSTRACT: A class of 2-aminopyridine 1-oxides are discovered to be effective ligands for the Cu-catalyzed amination of less
reactive (hetero)aryl chlorides. A wide range of functionalized (hetero)aryl chlorides reacted with various aliphatic amines to afford
the desired products in good to excellent yields under the catalyst of CuI/2-aminopyridine 1-oxides. Furthermore, the catalyst
system worked well for the coupling of cyclic secondary amines and N-methyl benzylamine with (hetero)aryl chlorides.

Cross-coupling of aryl halides with amines has been
demonstrated to be a highly useful transformation for the

preparation of important N-aryl amine moieties found in
numerous natural products, pharmaceuticals, agrochemicals,
and materials sectors.1 The wide applications of this coupling
reaction and advances in this area are largely due to the
identification of improved supporting ligands.1d,2 For example,
the efficient palladium- and Ni-catalyzed aminations of aryl
halides and sulfonates with amines have been accomplished by
the use of sterically hindered phosphine, N-heterocyclic
carbene ancillary ligands, or through the merger of photo-
redox/electrochemistry-nickel catalysis;3,4 the classic copper-
mediated aminations of aryl iodides/bromines with amines
(Ullmann-type reaction) proceed smoothly under milder
conditions when several classes of bidentate ligands are
employed.5−9 Despite all these achievements, further break-
throughs are still required to make the aminations more
attractive. For example, a prominent limitation for years on
Cu/ligand-catalyzed aryl amination reaction, in comparison
with expensive Pd/ligand-catalyzed process, is that aminations
of less expensive and less reactive aryl chlorides are still
challenging.10 Recently, one such highly active ligand, oxalic
diamides discovered by Ma’s group, has successfully enabled
the Cu-catalyzed coupling of amines with aryl and heteroaryl
chlorides.11 Subsequently, Singer’s group reported three
examples of aryl chlorides reacted with amines efficiently
with the use of 6-hydroxypicolinamide as supporting ligands in
2019.11e But the coupling reactions of steric hindrance primary
amines and secondary amines with aryl chlorides are still
rare.11a,e Herein, we wish to report the rational development of
2-aminopyridine N-oxide as powerful ligands to facilitate the
CuI-catalyzed amination of (hetero)aryl chlorides. With these

ligands, the N-arylation of cyclic secondary amines and N-
methyl benzylamine also take place with good yields.
In 2014, we reported a ligand-free CuI-catalyzed coupling

reaction between 2-aminopyridine with aryl halide even at low
catalytic loadings and using the most hindered aryl iodides as
substrates.12 The excellent reactivity of 2-aminopyridine might
be due to the chelating interaction of 2-aminopyridine with
copper ion to form a transitional 4-membered ring, which may
efficiently facilitate the coupling reaction. With the goal of
discovering effective ligands for Cu-catalyzed aminations of
aryl chlorides, we realized that 2-aminopyridine may be
suitable as ligand for the C−N coupling reaction.13 We then
set up the coupling reaction of 4-chloroanisole and n-
hexylamine with the use of 2-aminopyridine as ligand, but no
desired product was detected. This might be ascribed to the
transitional 4-membered ring of 2-aminopyridine with copper
ion is not stable enough to promote the amination of aryl
chlorides. Keeping in mind Jiang’s previous report that 8-
hydroxyquinolin-N-oxide was proved to be a highly efficient
ligand for Ullmann coupling reaction,14 we therefore hoped to
attain our goal of finding 2-aminopyridine N-oxides ligands
(Figure 1), in which the N and O atoms might provide ideal
bidentate chelating centers for Cu ion to form a much more
stable 5-membered ring.
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Then, 2-aminopyridine 1-oxide, a commercially available
compound, was selected as the ligand for CuI-catalyzed C−N
bond formation in the reaction between 4-chloroanisole and n-
hexylamine. The reaction occurred with a low yield of 36% at
120 °C in DMSO using K2CO3 as base (Scheme 1, L1). This

prompted us to test a variety of substituted 2-aminopyridine N-
oxides. The results showed that changing the ligand with an
electron-deficient group substituted (trifluoromethyl-)2-ami-
nopyridine N-oxides gave poor yields (Scheme 1, L3, L6, L9),
while the ligand with an electron-rich group substituted
(methyl- or methoxy-)2-aminopyridine N-oxides gave a little
better yields (Scheme 1, L2, L4−L5, L7−L8, L10).
Unfortunately, none of substituted 2-aminopyridine 1-oxides
screened showed high efficiency. Interestingly, after careful
analysis of the reaction mixtures, we found that the ligands 2-
aminopyridine N-oxides coupled with 4-chloroanisole during
the reaction process to produce the corresponding 2-((4-
methoxyphenyl)amino)-pyridine 1-oxides. When L13 was

directly used, target product N-hexyl-4-methoxyaniline was
obtained in 43% yield (Scheme 1, L13), indicating that 2-(aryl
amino)pyridine 1-oxide may be a real ligand for this reaction.
We next synthesized a number of N-substituted 2-amino-

pyridine 1-oxides for the exploration of the structure−
efficiency relationship so as to obtain highly effective ligands
for Cu-catalyzed amination of aryl chlorides. Screening of
L11−L16 demonstrated that N-aryl with m-, and p-substituted
derived 2-aminopyridine 1-oxides were less active to afford 3a
in low yields (15−43%), while improved yields (57%) were
acquired by using o-methyl substituted ligands (Scheme 1,
L17), stating that ligands with suitable substituents at the
ortho-position of N-aryl might favor the coupling reaction.
Thus, ligands L18−L21, in which the ortho-position of N-aryl
have two substituents of Me, OMe, Et, and iPr, respectively,
were prepared for the coupling reaction. Consistent with our
supposition, a good yield of 68% was obtained when two
substituents of Me at the ortho-position of L18 was used as
ligand. Interestingly, changing the ortho-position substituents
to OMe, Et, or iPr led to formation of 3a in decreased product
yields (Scheme 1, L19−L21), which implied that larger
substituents at the ortho-position of aromatic ring in ligands
were less active. To our surprise, the best result (77%)
achieved by L23 in comparison with L18 and L22 showed that
the appropriate electronic nature is important for the efficiency
of ligands. In order to fully discover the potential efficiency of
ligands, we tested L24−L30, in which the pyridine ring has
several kinds of substitutes at different positions. The good
results obtained by using L24, L28, and L30 showed again that
the appropriate electronic nature is necessary to explore the
active ligands. Additionally, only 15% yield of desired product
was isolated when utilizing L31 as ligand, indicating that N-
alkyl-substituted 2-aminopyridine 1-oxides were less active for
the C−N coupling reactions. We next examined other bases
using L23 as the ligand. Changing the base to Na2CO3 led to a
lower yield of 58%, while Cs2CO3 and K3PO4 gave much
better yields of 83% and 80%, respectively. Then using Cs2CO3
as the base, DMF, DMAc, NMP, and tBuOH were also
screened as the solvents, among which, DMF gave the best
yield of 86%. To our delight, using Cs2CO3 as the base and
DMF as the solvent, a 91% yield of 3a was achieved when
elevating the reaction temperature to 130 °C (Scheme 1, L23).
In addition, a 90% isolated yield was obtained when increasing
the loading of L23 to 10 mol %, which showed that the
increased relative stoichiometry of the ligand to Cu have little
effect on the reaction. Noteworthy is that no coupling occurred
under similar conditions using N-mesitylpyridin-2-amine as
ligand, which implied again that 2-aminopyridine 1-oxides are
real ligands for this reaction.
With the optimal conditions in hand, we began to explore

the reaction scope. As summarized in Scheme 2, various para-
and meta-substituted aryl chlorides bearing either electron-rich
or electron-deficient groups reacted with n-hexylamine or
benzylamine smoothly to produce the coupling products 3a−
3f, 3h−3l in 81−93% yields. It should be noted that a 10 mmol
scale reaction of 1a with 2a took place smoothly in excellent
yield (Scheme 2, 3a). The coupling reaction of a methoxy
ortho group in the aryl chloride with n-hexylamine occurred in
65% yields, but for o-chlorotoluene, poor yields (19%) were
obtained (3g). The scope of the present method also includes
the aminations of heteroaryl chlorides. Pyridyl (3m),
benzothiophenyl (3n), and quinolyl (3o) chlorides underwent
reaction with benzylamine in good to excellent yields.

Figure 1. Rational design of 2-(N-aryl substituted amino)pyridine 1-
oxide.

Scheme 1. CuI-Catalyzed Coupling of 4-Chloroanisole and
n-Hexylamine: Evolution of Ligandsa

aTypical conditions: 1a (1.0 mmol), 2a (1.5 mmol), CuI (0.05
mmol), ligand (0.05 mmol), base (2.0 mmol), solvent (1.0 mL), Ar,
120 °C, 24 h. bIsolated yields. cNa2CO3 as the base.

dCs2CO3 as the
base. eK3PO4 as the base.

fDMF as the solvent. gDMAc as the solvent.
hNMP as the solvent. itBuOH as the solvent. jCs2CO3, DMF, 130 °C.
kL23 (0.1 mmol).
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To expand the utility of this method, the substrate scope of
the amine coupling partners was investigated. Various kinds of
primary aliphatic amines with pyridyl (3q), hydroxyl (3u),
thiophenyl (3v), vinyl (3x), and furanyl (3y) groups were
arylated to give the desired products in good to excellent
yields. It should be noted that the copper-catalyzed coupling of
steric hindered primary amines proved to be difficult with aryl
chlorides;11a we were pleased to find that alpha-branched
primary alkylamines (3r−3t) coupled with (hetero)aryl
chlorides successfully to afford the corresponding products in
satisfactory yields (76−86%).
Given our success in N-arylation of alpha-branched primary

alkylamines with aryl chlorides, we further examined the
arylation of more steric hindrance of cyclic secondary amines
(Scheme 3). To our pleasure, the good yield (80%) of 5a could
be obtained when coupling of 4-chloroanisole with pyrrolidine,
a rather reactive secondary amine, by elevating CuI and ligand
loadings to 10 mol %, although only moderate yield (69%) of
5a was observed when using 5 mol % CuI and 5 mol % ligand.
Under these new reaction conditions, other aryl chlorides

coupled well with five-membered cyclic secondary amines in
good to excellent yields (5b−5f). The results also showed that
electron-poor aryl chlorides were more reactive to couple with
pyrrolidine than electron-rich aryl chlorides (compare 5a, 5b
with 5c−5e).

In terms of cyclic secondary amines coupling partners, the
use of six-membered ring secondary amines, including
piperidine, morpholine, N-(2-hydroxyethyl)piperazine, and
N-methylpiperazine, also provided moderate to good yields
of coupled products (5g−5n). Furthermore, the arylation of
N-methylbenzylamine, a linear secondary amine which has
more steric hindrance than cyclic secondary amines, with 4-
chlorotoluene occurred in an acceptable yield of 53% (5o).
These examples are significant because many biologically
interesting (hetero)aryl amines could be assembled utilizing
the presented method, and, to the best of our knowledge, the
coupling of six-membered ring secondary amines or linear
secondary amine with unactivated aryl chlorides is rare.11a,e,15

In summary, a class of effective ligands, 2-aminopyridine 1-
oxides, are discovered for the Cu-catalyzed amination of less
reactive (hetero)aryl chlorides. A wide range of functionalized
(hetero)aryl chlorides reacted with various amines to afford the
desired products in good to excellent yields under the present
reaction conditions. Furthermore, the catalyst system worked
well for the N-arylation of isopropyl amines and cyclic
secondary amines with (hetero)aryl chlorides. The identi-
fication of 2-aminopyridine 1-oxides as supporting ligands
might bring new opportunities in the development of highly
active ligands for copper-catalyzed arylation reactions. The
exploration of these ligands in other coupling reactions are
currently underway in our laboratory, and the results will be
disclosed in due course.

Scheme 2. CuI/L23 Catalyzed Amination of Aryl/
Heteroaryl Chlorides with Primary Aminesa

aTypical conditions: 1 (1.0 mmol), 2 (1.5 mmol), CuI (0.05 mmol),
L23 (0.05 mmol), Cs2CO3 (2.0 mmol), DMF (1.0 mL), Ar, 130 °C,
24 h. bTen mmol scale. cIncomplete conversion was observed. dO-
Chlorotoluene coupled with n-hexylamine in 19% yield.

Scheme 3. CuI/L23 Catalyzed Amination of Aryl/
Heteroaryl Chlorides with Cyclic Secondary Aminesa

aTypical conditions: 1 (1.0 mmol), 4 (1.5 mmol), CuI (0.10 mmol),
L23 (0.10 mmol), Cs2CO3 (2.0 mmol), DMF (1.0 mL), Ar, 130 °C,
24 h. bCuI (0.05 mmol), L23 (0.05 mmol). cIncomplete conversion
was observed.
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