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oxidative dimerizations of 2-
methylquinolines to 2-alkenyl bisquinolines with
molecular oxygen†

Zhen Wang,‡b Jinjin Zhang,‡a Jianxue Shia and Huiqiao Wang *a

KOtBu-promoted oxidative dimerizations of 2-methylquinolines with molecular oxygen as the oxidant have

been developed for the first time. The mild reaction conditions allow the homo- and cross-dimerizations of

2-methylquinolines to give functionalized 2-alkenyl bisquinolines in highly trans-selective manners.
Introduction

2-Alkenylquinolines are widely present in many medicinally
active compounds and natural products of biological signi-
cance, such as VUF 5017 (CysLT1 antagonist),1 Chimanine B
(antileishmanial activity),2 and Montelukast (drug for asthma).3

As such, the construction of 2-alkenylquinolines remains
a signicant research area in organic synthesis.4 In particular, 2-
alkenyl bisquinolines exhibit signicant activity against the
replication of HIV-1, and also against intracellular amastigote
forms of L. amazonensis and L. infantum.5 However, in
comparison with the well-established synthetic methodologies
for 2-alkenylquinolines syntheses, the construction of 2-alkenyl
bisquinolines is still less explored. The classical synthetic
approach to 2-alkenyl bisquinolines relies on the Perkin reac-
tion of 2-methylquinoline with quinoline-2-carboxaldehyde in
the presence of excess amount of Ac2O (Scheme 1a).6 Despite
the synthetic utility to obtain 2-alkenyl bisquinolines, this
methodology suffers from the harsh conditions for condensa-
tion. More problematic is that quinoline-2-carboxaldehydes
should be synthesized rst, mainly based on the oxidation of
2-methylquinolines by using large amounts of toxic SeO2.7 From
an economic and synthetic point of view, the development of
new strategies to obtain 2-alkenyl bisquinolines in a green
manner is highly desirable.

Retrosynthetic analysis showed that 2-alkenyl bisquino-
lines arise via the condensation reactions of 2-methylquino-
lines with quinoline-2-carboxaldehydes would be
a straightforward, and efficient way.8 In this context, the
development of an efficient method for the in situ generation
of quinoline-2-carboxaldehydes would solve the problems
ngineering, Nanyang Normal University,

uiqiaowang@163.com

l College, Nanyang, 473061, China

tion (ESI) available. See DOI:

o this work.

hemistry 2019
associated with 2-alkenyl bisquinolines syntheses. Even
though many methodologies for quinoline-2-carboxaldehydes
syntheses from 2-methylquinolines have been developed,9 the
compatibility of two distinct reaction conditions between
quinoline-2-carboxaldehyde synthesis and the following
condensation reaction with 2-methylquinoline remains an
unsolved problem. Our group recently reported a KOtBu-
promoted (hetero)benzylic C–H oxidation with molecular
oxygen as the oxidant (Scheme 1b).10 A variety of (hetero)aryl
ketones were obtained in good to excellent yields under basic
reaction conditions. We envisioned that 2-methylquinolines
could also undergo this KOtBu-promoted oxidation reaction
to give quinoline-2-carboxaldehydes in an effective
manner.11,12 The subsequent condensation reaction under
basic reaction conditions could realize one-pot synthesis of 2-
alkenyl bisquinolines (Scheme 1c). Herein, we report that
symmetric and unsymmetric 2-alkenyl bisquinolines could be
obtained in one-pot via a KOtBu-promoted oxidative dimer-
ization of 2-methylquinolines with molecular oxygen as the
oxidant.
Scheme 1 The classical synthetic approach to 2-alkenyl bisquinolines
and the present reaction proposal.
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Results and discussions

Initially, the oxidative dimerization of 2-methylquinoline (1a)
was chosen as the model reaction to optimize the reaction
conditions (Table 1). When the reaction was carried out in N,N-
dimethylformamide (DMF) with KOtBu as the base and 18-
crown-6 (18-C-6) as the additive under oxygen balloon at 50 �C
for 20 h, the desired 2-alkenyl bisquinoline (2a) was obtained in
72% yield (entry 1). Replacement of KOtBu with NaOtBu, LiOtBu,
or KOH led to lower yields (entries 2, 3 and 5). GC-MS analysis of
the reaction mixtures showed that quinoline-2-carboxaldehyde
was existed. However, when Cs2CO3 was employed as the
base, no desired product was detected, and the conversion of 1a
was less than 5% (entry 4). Next, tetramethylethylenediamine
(TMEDA), or 1,10-phenanthroline (1,10-phen) as the additive
were examined, and lower yields were observed (entries 6 and
7). The solvent optimizations showed that no desired product
was obtained when using DMSO, toluene, or CH3CN as the
solvent (entries 8–10). Then, a series of chemical oxidants such
as TBHP, K2S2O8, and m-CPBA were screened, however, no
desired product was observed (entries 11–13). When the reac-
tion was carried out under air atmosphere, only trace amount of
desired product was observed (entry 14); while no desired
product was observed in the absence of KOtBu (entry 15). These
two control experiments demonstrated that KOtBu and oxygen
atmosphere are essential for this dimerization reaction.
Table 1 Optimization studiesa

Entry Base Oxidant Additive Solvent Yieldb,c (%)

1 KOtBu O2 balloon 18-C-6 DMF 72 (94)
2 NaOtBu O2 balloon 18-C-6 DMF 61 (88)
3 LiOtBu O2 balloon 18-C-6 DMF 55 (71)
4 Cs2CO3 O2 balloon 18-C-6 DMF 0 (<5)
5 KOH O2 balloon 18-C-6 DMF 41 (70)
6 KOtBu O2 balloon TMEDA DMF 57 (74)
7 KOtBu O2 balloon 1,10-Phen DMF 55 (79)
8 KOtBu O2 balloon 18-C-6 DMSO 0 (<5)
9 KOtBu O2 balloon 18-C-6 Tol 0 (<5)
10 KOtBu O2 balloon 18-C-6 CH3CN 0 (<5)
11d KOtBu TBHP 18-C-6 DMF 0 (15)
12d KOtBu K2S2O8 18-C-6 DMF 0 (11)
13d KOtBu m-CPBA 18-C-6 DMF 0 (<5)
14 KOtBu Air 18-C-6 DMF Trace (16)
15 none O2 balloon 18-C-6 DMF 0 (0)
16e KOtBu O2 balloon 18-C-6 DMF 62 (95)
17f KOtBu O2 balloon 18-C-6 DMF 29 (57)

a Reaction conditions: 1a (0.2 mmol), base (0.22 mmol), oxidant,
additive (0.22 mol), and solvent (1.5 mL) were stirred at 50 �C for
20 h. b Isolated yield. c The conversion of 1a determined by GC-MS
was shown in the parentheses. d 0.2 mmol of oxidant was used.
e 80 �C. f 30 �C.

30140 | RSC Adv., 2019, 9, 30139–30143
Increasing or decreasing the reaction temperature failed to
improve the isolated yield of 2a (entries 16 and 17).

With the optimized reaction conditions in hand, the
substrate scope of the homo-dimerization reaction was inves-
tigated (Scheme 2). It was found that the electronic nature of the
substituents on the aromatic ring had a signicant effect on the
yield. When the substrates bearing electron-donating groups,
such as 2,6-dimethylquinoline, 6-methoxyquinaldine, and 8-
methoxyquinaldine, were employed as the substrates under the
optimized conditions, the dimerization reactions proceeded
smoothly to afford the corresponding products 2b–2d in 64–
71% yields. However, when 6-nitroquinaldine or 6-chlor-
oquinaldine were examined under the optimized conditions,
the reaction mixtures were complex. Some uncharacterized
byproducts were obtained, however, no desired 2-alkenyl bis-
quinolines (2k–2l) were observed by GC-MS. 2-Methylbenzo[h]
quinoline was also a suitable substrate to give the desired
product 2e in 49% yield. Then, pyridine derivatives were tested
under the optimized conditions. However, pyridine derivatives
showed low reactivity. By increasing the reaction temperature to
100 �C, the desired products 2f–2h were obtained in good yields.
It is noteworthy that 4-methylpyrimidine and 2-methylpyrazine
were also well tolerated under this reaction conditions, giving
the desired products 2i and 2j in 53% and 52% yields,
respectively.
Scheme 2 The substrate scope of homo-dimerization reactionsa.
a Reaction conditions: substrates (0.2 mmol), KOtBu (0.22 mmol), and
18-Crown-6 (0.22 mmol) were stirred in 1.5 mL DMF at 50 �C for 20 h
under O2 balloon.

b 100 �C, 24 h. c 36 h.

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Control experiments.
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To make this methodology more appealing, the substrate
scope of cross-dimerization reactions was also examined. As
shown in Scheme 3, with a minor modication of the optimized
reaction conditions, the cross-dimerization reactions were
realized. Even though the unexpected self-dimerizations of 2-
methylquinoline and substituted 2-methylquinolines make the
reaction mixture difficult for purication, the desired unsym-
metrical 2-alkenyl bisquinolines 3–7 were obtained in accept-
able yields.

To get a mechanistic insight into the oxidative dimerization
reactions, the condensation reaction of 2-methylquinoline (1a)
with 2-quinolinecarboxaldehyde (8) was carried out. As shown
in Scheme 4a, 2-alkenyl bisquinoline (2a) was obtained in 79%
yield under N2 atmosphere. This result suggests that 2-qui-
nolinecarboxaldehyde (8) is a key intermediate for this reac-
tion. Besides, the successful transformation of this
condensation reaction under N2 atmosphere also indicates
that O2 atmosphere is essential for the oxidation of 2-methyl-
quionline (1a) into 2-quinolinecarboxaldehyde (8), not for the
condensation reaction sequence. Besides, the adding of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) to the standard
conditions led to the decrease of the yield of 2a to 37%
(Scheme 4b), which indicates that this oxidative dimerization
involved the radical intermediate, however, reaction pathway
involving anion species could not be ruled out. The competi-
tion reactions suggest that the electronic nature of substitu-
ents on the aromatic rings has much inuence on the reaction
of methylquinolines with 2-quinolinecarboxaldehyde (8)
(Scheme 4c and d), and the electron-donating group slowed the
reaction rate.

Based on the previous reports and control experiments,
a plausible reaction mechanism for the formation of 2-alkenyl
bisquinoline 2a and 7 was shown in Scheme 5. First, t-BuO�

abstracts a proton from DMF to give carbamoyl anion 9.13 The
intermolecular interaction between DMF and the complex of 18-
C-6 with KOtBu was demonstrated in our previous report.10

Subsequently, intermediate 9 has an electron transfer with DMF
Scheme 3 The substrate scope of cross-dimerization reactionsa.
a Reaction conditions: 2-methylquinoline (0.6 mmol), substituted 2-
methylquinoline (0.2 mmol), KOtBu (0.4 mmol), and 18-Crown-6 (0.4
mmol) were stirred in 3.0 mL DMF at 50 �C for 20 h under O2 balloon.

This journal is © The Royal Society of Chemistry 2019
to give carbamoyl radical 11.14 Intermediate 11 then abstracts
a hydrogen from 1a to generate benzylic type radical 12, which is
quenched by molecular oxygen to give the hydroperoxide inter-
mediate 14. Finally, intermediate 14 eliminated one molecule of
water to generate 2-quinolinecarboxaldehyde 8, which has
a Knoevenagel-type condensation reaction with another
Scheme 5 Plausible mechanism for the formation of 2a and 7.
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molecule of methylquionline to give symmetric 2-alkenyl bis-
quinoline 2a or unsymmetric 2-alkenyl bisquinoline 7.

Conclusions

We have developed the rst example of oxidative dimerization
of 2-methylquinolines for the highly trans-selective synthesis of
2-alkenyl bisquinolines with molecular oxygen as the oxidant.
The current method is superior to the previously reported 2-
alkenyl bisquinoline synthetic strategies because mild reaction
conditions and readily accessible starting materials are used,
and toxic reagents are avoided.

Experimental

All reactions were performed in oven-dried reaction tubes under
oxygen atmosphere unless otherwise mentioned. Commercial
reagents were purchased from Energy chemical, and TCI. Flash
column chromatographic purication of products was accom-
plished using forced-ow chromatography on Silica Gel (100–
200 mesh). 1H-NMR, and 13C-NMR spectra were recorded on
a Bruker Avance 300 or 400 spectrometer at ambient tempera-
ture. The chemical shis (d) and coupling constants (J) were
expressed in ppm and Hz respectively. The abbreviations used
for explaining the multiplicities were as follows: s¼ singlet, d¼
doublet, t ¼ triplet, q ¼ quartet, m ¼ multiplet, br ¼ broad.
High resolution mass spectra (HRMS) were measured using EI-
TOF Mass spectrometer. Melting points were uncorrected and
measured with a micro melting point apparatus.

General procedure for the synthesis of symmetric 2-alkenyl
bisquinolines 2a–2l

To a reaction tube (10 mL) was added 2-methylquinolines (0.2
mmol), KOtBu (25 mg, 0.22 mmol), and dry 18-Crown-6 (58 mg,
0.22 mmol). The tube was then evacuated and back-lled with
oxygen three times. Anhydrous DMF (1.5 mL) was added
subsequently. The reaction mixture was stirred at 50 �C for 20 h
under oxygen balloon. Aer the reaction, DMF was removed by
vacuum distillation. The resulting crude was directly puried by
column chromatography on silica gel (elute: petroleum : ethyl
acetate¼ 15 : 1–8 : 1) to give the desired 2-alkenyl bisquinolines
as white or yellow solids.

General procedure for the synthesis of unsymmetric 2-alkenyl
bisquinolines 3–7

To a reaction tube (10 mL) was added 2-methylquinoline
(86 mg, 0.6 mmol), substituted 2-methylquinoline (0.2 mmol),
KOtBu (45 mg, 0.4 mmol), and 18-Crown-6 (106 mg, 0.4 mmol).
The tube was then evacuated and back-lled with oxygen three
times. Anhydrous DMF (3.0 mL) was added subsequently. The
reaction mixture was stirred at 50 �C for 20 h under oxygen
balloon. Aer the reaction, DMF was removed by vacuum
distillation. The resulting crude was directly puried by column
chromatography on silica gel (elute: petroleum : ethyl acetate ¼
15 : 1–8 : 1) to give the desired 2-alkenyl bisquinolines as white
or pale yellow solids.
30142 | RSC Adv., 2019, 9, 30139–30143
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