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a b s t r a c t

An iodine-catalyzed aerobic oxidative formal [4þ2] annulation for the construction of polyfunctionalized
pyridines in one step has been developed through the green reaction system of catalytic amounts of
molecular iodine and amine in combination with oxygen. Various ketones and aldehydes were able to
react with different chalcones and b, g-unsaturated a-ketoesters through this reaction strategy. Syn-
thetically, this iodine catalytic system could be scaled up with good efficiency.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The direct construction of substituted pyridines has continued
to capture the attention of the synthetic community due to their
major applications in coordination chemistry,1 material sciences,2

super-molecular chemistry,3 catalysis,4 organo-catalysis,5 medici-
nal chemistry6 and natural product synthesis.7 Of all the in-
vestigations into the synthesis of pyridines,8 most of the efforts have
been devoted to multicomponent reactions (MCRs), which usually
involves the condensation of carbonyl compounds with ammonia
under harsh conditions like high temperature and microwave irra-
diation.9 Given the increasing demand for more environmentally
acceptable processes, synthetic methods for polysubstituted pyri-
dines employing mild and cheap conditions are still desirable.

Recently iodine-mediated organic transformations have un-
dergone rapid advances,10 because iodine is inexpensive, low tox-
icity, and readily available. Moreover, iodine catalysis has evident
advantages over acid catalysis and transition-metal catalysis, such
as less health and safety problems; greater atom economy; and
greener, milder reaction conditions. While understanding of the
exact role of iodine species in those types of transformations has
not been fully established, iodine can serve as both an alternative
catalyst for Lewis acid, and a mediator for oxidation simulta-
neously, thus making it possible to promote an oxidative coupling/
annulation. For example, Wang group has developed an iodine-
catalyzed oxidative amination of N-alkylamides, ethers, and alco-
hols with orthocarbonyl-substituted anilines for the synthesis of

quinazolines.11 Wang and Ji et al. described an efficient I2/TBPB
mediated oxidative formal [4þ1] cycloaddition of N-tosylhy-
drazones with anilines for the construction of 1,2,3-triazoles under
metal-free and azide-free conditions.12 Lei group reported an
iodine-catalyzed oxidative annulation of b-keto esters or 2-
pyridinyl-b-esters with alkenes providing a simple and selective
way for the synthesis of dihydrofurans and indolizines in one
step.13 These emblematic examples have proved iodine-catalyzed
oxidative annulation to be an effective approach for the synthesis
of heterocycles, but the same strategy has rarely been applied in the
synthesis of pyridines from simple starting materials.

With continuous interest in the mild synthesis of heterocycles,14

we proposed an iodine -catalyzed aerobic oxidative formal [4þ2]
annulation of NH4OAc, a, b-unsaturated carbonyls, and ketones/
aldehydes to form polyfunctionalized pyridines. Iodine was ex-
pected to catalyze the formal [4þ2] annulation of in situ generated
1-azadiene with a ketone/aldehyde, as well as the aromatization of
dihydropyridines through aerobic oxidation to furnish the poly-
functionalized pyridines (Scheme 1).

Scheme 1. Proposed aerobic oxidative formal [4þ2] annulation.* Corresponding author. E-mail address: zhucycn@gmail.com (C. Zhu).
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2. Results and discussion

To test the idea, we commenced our study by the reaction of
chalcone 1a, cyclohexanone and ammonium acetate with 20 mol %
I2 under oxygen atmosphere (balloon). The reaction resulted in
desired pyridine 3a with 14% yield after stirring for 12 h at 30 �C,
and the pyridine structure was confirmed by single-crystal X-ray
diffraction analysis (entry 1, Table 1). We envisaged that the inferior
yield could be caused by the poor activity of enol serving as the
dienophile in the [4þ2] annulation. Given that enaminewas proven
to be better dienophile in similar transformation,15 various amines
were tested to enhance the enamine formation. As a result, sig-
nificant improvement in yields were observed for most of the re-
actions with 20 mol % amines added (entries 2e6, Table 1), and
pyrrolidine was found to be the best among all amines examined
(entry 6, Table 1). Subsequently, the evaluation of solvents reveals
that alcoholic solvents were superior to DCM, THF andMeCN, while
DMSO and DMF were found to be ineffective.

With the identification of optimized conditions for aerobic ox-
idative formal [4þ2] annulation, the scope of a, b-unsaturated
carbonyls were evaluated (Scheme 2). It was determined that most
of the tested chalcones provided good to excellent yields. To our
delight, diverse b, g-unsaturated a-ketoesters were also found to be
suitable for the transformation. The generality was investigated
using 21 different enones to reflect differing electronic and steric
factors. Substrates with both electron-donating and -withdrawing
groups on the para-position of the benzene ring reacted smoothly
in good to excellent yields, and strong electron-withdrawing group
�NO2 can be tolerated (3q). The substrates with ameta-substituent
(3e, 3k, 3l, 3o and 3t) also worked very well leading to desired
products in yield comparable to that of para-substitution. Notably,
the reaction was found to be tolerant with steric hindrance, since
ortho-substituted and 2,4-disubstituted substrates (3f, 3m, 3p) can
be transformed to desired products in up to 85% yield. Moreover,
substrates with ortho-, meta- and para-fluorine group on the aro-
matic ring could afford fluorine-contained pyridine derivatives in
good yield, which should be of interest to medical chemistry
(3ce3f). For other substituent, substrate 1u containing a cinnamyl-
group on the aromatic ring could also undergo the reaction and the
corresponding product 3uwas furnished in a 92% yield. Notably the

scalability and preparative utility of the developed methodology
was exemplified by the fact that the desired product 3a was ob-
tained with even a slightly better yield when the reaction was
scaled up to 20 mmol.

The scope of carbonyl compounds was explored for this reaction
and awide range of ketones were chosen to react with chalcones or
b, g-unsaturated a-ketoesters (Scheme 3). As a result, cyclic ketones
of different ring-size (4ae4c), and various substituted cyclohexa-
nones (4de4g) were transformed into the corresponding pyridines
in good yield (65e86%), while acyclic ketones can give 52e85%
yield (4he4m, 4p, and 4q). Notably, for the unsymmetrical ketones,
reactions occurred exclusively to the a-carbons of less steric hin-
drance leading to exclusive regioselectivity (4d, 4e, 4j and 4q).
Moreover, the methodology was also applicable to aldehydes, in-
cluding various simple aldehydes (4ne4o) and citronellal (4r),
a naturally occurred aldehyde, which could also be converted to
corresponding pyridine in moderate yield.

To understand the role of iodine in this aerobic oxidative formal
[4þ2] annulation, we reacted chalcone 1a, cyclohexanone and
ammonium acetate under our standard reaction protocol with
additional TEMPO (2.0 equiv) as a radical scavenger. In this exper-
iment, we observed the formation of 3a in 78% yield and noTEMPO-
bound intermediate was detected (Scheme 4). Therefore, we think
that a radical-based reaction mechanism can be excluded. A plau-
sible mechanism was proposed in Scheme 5. Initially, the reaction
of ketone with amine gives an enamine, which can undergo [4þ2]
annulation with chalcone in the presence of I2. The resulting in-
termediate A generates intermediate B by removing one molecular
amine. Subsequently intermediate B reacts with I2 to form C, which

Table 1
Optimization of reaction Conditionsa

Entry Solvent Additive Time (h) yieldb (%)

1 MeCN None 12 14
2 MeCN Me2NHeHCl 12 45
3 MeCN L-Proline 12 51
4 MeCN Piperidine 12 32
5 MeCN Morpholine 12 15
6 MeCN Pyrrolidine 12 59
7 DCM Pyrrolidine 12 22
8 THF Pyrrolidine 12 35
9 DMSO Pyrrolidine 12 Trace
10 DMF Pyrrolidine 12 Trace
11 EtOH Pyrrolidine 8 78
12 MeOH Pyrrolidine 8 82

a 0.5 mmol of 1a, 0.6 mmol of 2, 0.6 mmol of NH4OAc, 0.1 mmol of I2, 0.1 mmol of
additive, 1.5 mL of MeOH, 30 �C, O2 ballon.

b isolated yield.

a0.5 mmol of 1, 0.6 mmol of 2a, 0.6 mmol of NH4OAc, 0.1 mmol of 
I2, 0.1 mmol of pyrrolidine, 1.5 mL of MeOH, 30 oC, O2 ballon. b20 
mmol of 1.

Scheme 2. Substrate scope of enonesa.
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