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ABSTRACT: A highly selective copper-catalyzed concise
synthesis of 3,5-diarylpyridine and 2-(1H)-pyridone has been
achieved through cascade Chichibabin-type cyclization, C-
(sp3)−C(sp3) cleavage, and aerobic oxidation. Azide, ceric
ammonium nitrate (CAN), and 2-aminopyridine are disclosed
as efficient nitrogen donors in this Cu-catalysis using O2 as the
oxidant. Water and molecular oxygen were employed as the
oxygen source in the case of oxygenation.

Pyridine is one of the most prevalent and significant six-
membered heterocyclic moieties which have broad

applications in medicinal chemistry, natural products, organic
synthesis, and functional materials.1 Among them, 3,5-diaryl
derivatives of pyridine and 2-(1H)-pyridone have been widely
found in many biologically active molecules.2 Although much
effort has been spent on the development of the preparation of
pyridine derivatives in recent years,3 the synthesis of 3,5-
diarylpyridine or 2-(1H)-pyridone is still generally dependent on
the transition-metal catalyzed cross-coupling reactions of
pyridine/pyridone substrates with other aryl partners.2,4,5

Therefore, it is very attractive and highly desirable to develop
more direct and concise approaches to construct 3,5-diary-
lpyridines and 2-(1H)-pyridones from simple and readily
available starting materials.
Alternatively, 3,5-diarylpyridine or 2-(1H)-pyridone was

constructed through double or multiple component cyclization
of small building blocks.6−17 Despite the significances of these
methods for the pyridines and pyridones synthesis, these
reactions usually suffer from multiple steps, unreadily available
substrates, expensive noble metal catalysts, or limited substrate
scopes. The low efficiencies in most cases also limit their
applications. Through an abnormal Chichibabin pyridine syn-
thesis process,18,19 Eliel et al.20 successfully achieved the synthesis
of 3,5-diarylpyridines from phenyl acetaldehyde and aqueous
ammonia (Scheme 1a). A debenzylation of the dihydropyridine
intermediate A via C(sp3)−C(sp3) bond cleavage is involved in
this transformation to afford the 3,5-diarylpyridine products.
However, the reaction is limited to phenyl acetaldehyde and
homoveratric aldehyde with low efficiencies (10−14% yields).
Although a similar strategy has also been applied on the
preparation of 2-substituted pyridinium,21 the efficient 3,5-
diarylpyridines synthesis is still desirable. Recently, Baran et al.22

reported the first synthesis of 3,5-diphenylpyridinium 3 from
phenyl acetaldehydes and amine hydrochlorides through an

abnormal Chichibabin reaction and subsequent debenzylation
process (Scheme 1b).
Inspired by the key dihydropyridine intermediate A in the

above transformations, we envisioned that 3,5-diaryl 2-
ketopyridines (4) could be afforded from intermediate A under
oxidative conditions. Meanwhile, 3,5-diarylpyridines (2) and 2-
(1H)-pyridones (5) also could be produced under oxidative
conditions from species A after a debenzylation process (Scheme
1c). However, it is very challenging because the appropriate
oxidative system and N-source should be carefully selected to
control the oxidation of intermediate A before or after the
debenzylation process. To the best of our knowledge, the efficient
construction of 3,5-diarylpyridines (2), 3,5-diaryl-2-ketopyri-
dines (4), or 2-(1H)-pyridones (5) through this cyclization
strategy has not been achieved yet (Scheme 1c).
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Scheme 1. Construction of 3,5-Diaryl Pyridine/Pyridium/
Pyridone Using Simple and Readily Available Building Blocks
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Herein, we describe a novel Cu-catalyzed highly chemo-
selective constructions of 3,5-diarylpyridines (2), 3,5-diaryl 2-
ketopyridines (4), and 2-(1H)-pyridones (5) (Scheme 2), which

are important structural motifs in many biologically active
molecules.2 These approaches benefit from the simple aryl
acetaldehydes and nitrogen donors, as well as the efficient
pathways through cyclization, C−C bond cleavage, and aerobic
oxidation. In addition, simple and environmentlly friendly water
and molecular oxygen provide an O atom for the oxygenation
process.
As a continuation of previous works on copper-catalyzed

heteroarene constructions,23 we commenced our investigation
with screening of the nitrogen donors. It is interesting to find that
when simple ammoniumwas used under Cu-catalysis, the desired
3,5-diarylpyridine product 2awas obtained in 77% yield (entry 1,
Table 1). Amazingly, the ceric ammonium nitrate (CAN) which
was previously employed as an oxidant can donate a N atom to
selectively afford 2a in 93% yield (entry 2). In addition, the yield
of 2a slightly decreased in the absence of water (entry 4). We
reasoned that water may facilitate the solubility of the copper
catalyst and ammonium salt. Control experiments using

potassium nitrate instead of CAN did not work (see Supporting
Information), which ruled out the possibility that the nitrate
anion in CAN serves as the nitrogen donor. Interestingly, when
trimethylsilyl azide (TMSN3) was investigated as a N-donor, 3,5-
diaryl 2-ketopyridine 4a was selectively prepared in 41% yield
under Cu-catalysis withmolecular oxygen (entry 7, Table 1). The
yield of 4a was further promoted to 63% when NHPI (0.2 equiv)
and acetic acid (1 equiv) were used as additives (entry 8). Control
experiments in argon (entry 9) or in the absence of a copper
catalyst (entry 10) did not work. When 2-aminopyridine was
employed as theN-source, construction of the significant 2-(1H)-
pyridone 5 was achieved (75%, entry 11). In contrast to Baran’s
work,22 3,5-diphenylpyridinium 3 was not detected. The copper
catalyst and molecular oxygen are essential for this trans-
formation (entries 12−13).
With the optimized conditions established, various aryl

acetaldehydes were investigated for the construction of 3,5-
diarylpyridine (Scheme 3). Electron-rich and -defficient aryl

acetaldehydes performed well to generate the corresponding
products with high efficiencies. Even the more sterically hindered
naphth-1-yl acetaldehyde also worked well, affording 2n in 69%
yield.
2-Ketopyridine products were easily constructed from various

aryl acetaldehydes by using TMSN3 as the N-donor (Scheme 4).

Scheme 2. Cu-Catalyzed Highly Chemoselective
Constructions of 3,5-Diaryl Pyridines, 3,5-Diaryl-2-
ketopyridines, and 2-(1H)-Pyridones

Table 1. Optimization of the Reaction Conditionsa

entry N source
H2O

(equiv)
temp
(°C)

gas
(1 atm)

yield (%)b

2a/4a/5a

1 (NH4)2CO3 30 80 argon 77/0/0
2 CAN 30 80 argon 93/0/0
3c CAN 30 80 argon 62/0/0
4 CAN 0 80 argon 83/0/0
5 CAN 30 80 air 82/0/0
6 TMSN3 0 80 O2 0/trace/0
7d TMSN3 30 80 O2 0/41/0
8e TMSN3 30 80 O2 0/63/0
9e,f TMSN3 30 80 argon 0/0/0
10c TMSN3 30 80 O2 0/0/0
11 Py-2-NH2 20 120 O2 0/0 /75
12f Py-2-NH2 20 120 argon 0/0/0
13c Py-2-NH2 20 120 O2 0/0/0

aReaction conditions: 1a (1 mmol), nitrogen donor (0.25 mmol, 1
equiv), and Cu-catalyst (0.05 mmol) in DMF (3 mL), 12 h. bIsolated
yields. cThe reaction was carried out without the copper catalyst. d15
mol % of Cu(TFA)2 was employed.

eThe reaction was carried out with
Cu(TFA)2 (15 mol %), NHPI (0.05 mmol), and AcOH (0.25 mmol).
fThe reactions did not work under Ar with catalytic amount or even
1.0 equiv of Cu-catalyst.

Scheme 3. Substrate Scope for the Construction of 3,5-Diaryl
Pyridinea

aReaction conditions: see entry 2, Table 1. Isolated yields.

Scheme 4. Substrate Scope for the Construction of 3,5-Diaryl
2-Ketopyridinesa

aReaction conditions: see entry 8, Table 1. Isolated yields.
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Electron-rich phenyl acetaldehydes afforded corresponding 2-
ketopyridines in slightly dropped yields (4b−4c, 4e−4g). The
influence of steric hindrance has also been shown, since 2-
ketopyridine 4d could not be acquired from ortho-methyl phenyl
acetaldehyde. The yields of halogen-substituted products were
low (4h−4j).
The approach to 2-(1H)-pyridones 5 showed very good

substrate tolerance (Scheme 5). Phenyl acetaldehydes with

different substituents on the phenyl ring provided corresponding
2-(1H)-pyridone products in good yields. Steric hindrance also
showed an adverse influence on the yield. Furthermore, 2-amino
benzothiazole and 2-amino thiazole were also tolerated in this
transformation yielding the corresponding pyridone products 5o
and 5p.
To gain more insight into the mechanisms, some control

experiments were conducted. The result of the reaction with
deuterium oxide (D2O) suggested that no protonation occurred
in the formation of 3,5-diarylpyridine product 2a (eq 1).

Moreover, 2-ketopyridine 4a or 2-benzylpyridine 9 did not
produce 2a under standard conditions (eq 2), which indicates

that debenzylation probably occurs before the aromatization step
of intermediate A as previously reported.20

In order to investigate the oxygen source of the keto moiety in
products 4 and 5, the labeling experiments using H2

18O and 18O2
have been conducted (eqs 3−6). The 18O-4a and 18O-5a
products can be detected under both theH2

18O (eqs 3 and 5) and
18O2 (eq 4 and 6) conditions. Considering the reaction with 1.0
equiv of the Cu-catalyst under Ar did not work (entries 9 and 12,
Table 1), the above results demonstrate that both H2O and O2
could serve as the oxygen source in the construction of 4 and 5.
Thus, the plausible mechanisms for these approaches are

proposed as shown in Scheme 6. Initially, the Cu-catalyzed

condensation of aldehydes 1 with CAN 6 or amine 8 through an
abnormal Chichibabin pyridine synthesis process18−22 occurs to
generate dihydropyridine intermediate A (Scheme 6a), which
subsequently undergoes oxidative dealkylation19g,20,22 to afford
3,5-diarylpyridine product 2 (R = H) or 3,5-diphenylpyridinium
intermediate B (R ≠ H).22 Under the Cu-catalyzed aerobic
oxidative conditions, species B could be easily oxidized24 to 2-
(1H)-pyridone 5 (Scheme 6a).
Alternatively, under the acidic conditions, the aldehyde and

TMSN3 undergo a Schmidt reaction process to form
intermediate C,25 which could be detected on GC-MS.
Subsequently, intermediate C is attached by species D, which is
generated via Kneovenagel-type self-condensation of acetalde-
hyde, generating intermediate E with the release of N2 gas. Then
the intermediate A′ is produced through the relay of cyclization
and protonation of intermediateE. Subsequently the dehydration
process of intermediate A′ leads to the formation of 2-
benzylpyridine G. Finally G is oxidized by O2 at the active
benzyl position to afford product 4.26

In conclusion, we have developed a highly selective copper-
catalyzed diverse construction of 3,5-diarylpyridines and 2-(1H)-
pyridones through tandem Chichibabin-type cyclization, C-
(sp3)−C(sp3) bond cleavage, and aerobic oxidation. Azide, CAN,
and 2-aminopyridine are disclosed as efficient nitrogen donors in
this Cu-catalysis usingO2 as the oxidant. Different pyridine-based
heterocycles can be selectively constructed according to these
nitrogenation processes from simple, inexpensive, and readily
available N-donors. Further efforts on the applications of these
protocols are ongoing in our group.
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Detailed results of the optimization of reaction conditions,
isotope-labeling experiments, experimental procedures, charac-

Scheme 5. Substrate Scope for the Construction of 2-(1H)-
Pyridonea

aReaction conditions: see entry 11, Table 1. Isolated yields.

Scheme 6. Plausible Mechanism for the Construction of 2, 4,
and 5
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terization, andNMR spectra of products 2, 4, and 5. Thismaterial
is available free of charge via the Internet at http://pubs.acs.org.
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