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Concise synthesis of 2,3-disubstituted quinoline
derivatives via ruthenium-catalyzed three-
component deaminative coupling reaction of
anilines, aldehydes and amines†

Aldiyar Shakenov, Krishna Prasad Gnyawali and Chae S. Yi *

The Ru–H complex (PCy3)2(CO)RuHCl (1) was found to be a highly effective catalyst for the three-com-

ponent deaminative coupling reaction of anilines with aldehydes and allylamines to form 2,3-disubstituted

quinoline products. The analogous coupling reaction of anilines with aldehydes and cyclic enamines led

to the selective formation of the tricyclic quinoline derivatives. The reaction profile study showed that the

imine is initially formed from the dehydrative coupling of aniline and aldehyde, and it undergoes the de-

aminative coupling and annulation reaction with amine substrate to form the quinoline product. The cata-

lytic coupling method provides a step-efficient synthesis of 2,3-disubstituted quinoline derivatives

without employing any reactive reagents or forming wasteful byproducts.

Introduction

Catalytic deaminative coupling methods using simple amines
and amino group containing compounds as reagents have
attracted considerable attention in recent years in part because
these amino substrates are readily obtained from biomass-
derived feedstocks and the coupling methods would be driven
by the formation of ammonia and amine byproducts.1 Most
notably, Katritzky salts, which are readily prepared from the
condensation reaction of pyrylium salts with simple amines,
have been found to be versatile electrophilic reagents for a
variety of deaminative C–C cross coupling reactions under
both thermal and photocatalytic conditions.2 Suzuki–Miyaura
type of deaminative cross coupling methods of arylamines via
direct arene C(sp2)–N bond cleavage have also been success-
fully employed for the synthesis of a variety of elaborated
arene products.3 Garg4 and Szostak5 groups independently
developed Ni-catalyzed coupling methods via amide C–N bond
cleavage to synthesize a variety of amides and related nitrogen
containing products. Martin group also reported site-selective
Ni-catalyzed deaminative alkylation of unactivated olefins by
using pyridinium salts,6 and the group subsequently devised a
highly enantioselective version of the alkylation reaction of

unactivated olefins.7 Recently, a number of photocatalytic de-
aminative methods have been successfully developed for
chemoselective alkylation and arylation reactions from using
amines and amides.8 Despite such remarkable advances,
however, catalytic deaminative coupling methods using simple
amines have been seldomly employed in synthesis of complex
organic molecules.

The Povarov reaction, which is a multicomponent coupling
reaction of aniline, benzaldehyde and an electron-rich alkene,
has been found to be a particularly efficient synthetic method
for quinoline products.9 In recent years, a variety of Povarov-
type of coupling methods of imines with olefins and their sur-
rogate substrates have been developed by using Lewis acid and
transition metal catalysts as well as photocatalysts for the syn-
thesis of substituted quinoline derivatives.10 A number of
asymmetric version of the Povarov reaction have been devel-
oped for enantioselective synthesis of tetrahydroquinoline and
related chiral nitrogen heterocyclic products.11 A one-pot
Povarov-type of coupling reaction has also been successfully
employed to synthesize quinoline-linked covalent organic
framework materials.12

We recently discovered that the cationic Ru–H complex
[(C6H6)(PCy3)(CO)RuH]+BF4

− with a redox active catechol/
benzoquinone ligand is an effective catalyst system for a
number of deaminative coupling reactions of simple amines to
form oxygen and nitrogen heterocyclic products.13 We also
used the same catalytic system to promote the deaminative
coupling reactions of 2-aminophenyl ketones and 2-aminobenz-
amides with amines to form flavanone and quinazolinone
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derivatives, respectively.14 As part of on-going efforts to extend
synthetic applicability of the deaminative coupling methods,
we have been exploring the feasibility of multi-component de-
aminative coupling reactions of arenes and carbonyl com-
pounds with simple amines. Herein, we report a Ru-catalyzed
three-component deaminative coupling method of anilines
and aldehydes with allylamines, which leads to an efficient for-
mation of substituted quinoline derivatives without employing
any reactive reagents or forming toxic byproducts.

Results and discussion

We initially discovered that both the cationic and neutral
Ru–H complexes [(C6H6)(PCy3)(CO)RuH]+BF4

− and (PCy3)2(CO)
RuHCl (1) are effective catalysts for the three-component coup-
ling reaction of 3,5-dimethoxyaniline, 4-methoxybenzaldehyde
and triallylamine to form the 2,3-disubstituted quinoline
product 2a (eqn (1)). The subsequent catalyst screening and
optimization efforts established that the neutral Ru–H
complex 1 exhibited the highest activity among screened Ru
catalysts in yielding the quinoline product 2a (Table 1). The
screening of a variety of acid, base or benzoquinone additives
did not significantly improve the product yields (entries 2–4),
and the cationic Ru–H complexes generally exhibited lower
catalytic activity than the neutral ones (entries 5–9).

ð1Þ

We surveyed substrate scope for the three-component coup-
ling reaction by using the standard conditions as established
in Table 1. In general, electron-rich anilines were found to be

suitable substrates for the coupling reaction with aryl-substi-
tuted aldehydes and triallylamine in yielding the 2,3-di-
substituted quinoline products 2a–j (Table 2). In contrast, no
quinoline product was formed with electron-deficient anilines,
even though the formation of imine was detected in the reac-
tion mixture (vide infra). In most cases, aryl-substituted alde-
hydes were found to give the quinoline products from the
coupling reaction with 3,5-dimethoxyaniline and triethyl-
amine, but the coupling reaction with cyclohexanecarbalde-
hyde also gave the quinoline product 2f in a modest yield.
para-Substituted benzaldehydes with both electron-donating
and electron-withdrawing group were found to be suitable sub-
strates for the coupling reaction with 3,5-dimethoxyaniline
and triallylamine to form the quinoline products 2a–e. A scale-
up reaction of 3,5-dimethoxyaniline (3.0 mmol), 4-(trifluoro-
methyl)benzaldehyde (3.0 mmol) and triallylamine (3.0 mmol)
led to the isolation of the product 2e in 56% yield (0.58 g). It
should also be emphasized that the analogous reaction with
either allylic alcohol or allyl acetate instead of allylamine did
not give any quinoline products under otherwise similar
conditions.

Table 1 Catalyst screening for the coupling reaction of 3,5-dimethoxy-
aniline, 4 methoxybenzaldehyde and triallylaminea

Entry Catalyst Additive (mol%)
2ab

(%)

1 1 78
2 1 BQ (10 mol%)c 20
3 1 HBF4·OEt2 (10 mol%) <5
4 1 AgOAc (30 mol%) <5
5 [(PCy3)2(CO)(CH3CN)2RuH]+BF4

− 33
6 [(C6H6)(PCy3)(CO)RuH]+BF4

− 30
7 [(PCy3)(CO)RuH]4(O)(OH)2 26
8 [(p-Cymene)RuCl2]2 40
9 (PPh3)3RuCl2 43
10 Ru3(CO)12 27
11 [(COD)RuCl2]x 0
12 (PPh3)3(CO)RuH2 0
13 AlCl3 0
14 PCy3 <5

a Reaction conditions: 3,5-dimethoxyaniline (0.3 mmol), catalyst
(5 mol%), 4-methoxybenzaldehyde (0.3 mmol), triallylamine
(0.3 mmol), 1,2-dichloroethane (1.5 mL), 120 °C, 20 h. b The product
yield was determined by GC-MS using hexamethylbenzene as an
internal standard. c BQ = 3,4,5,6-tetrachloro-1,2-benzoquinone.

Table 2 Three-component deaminative coupling reaction of anilines,
aldehydes and aminesa

a Reaction conditions: aniline (0.3 mmol), aldehyde (0.3 mmol),
enamine (0.3 mmol), 1 (5 mol%), 1,2-dichloroethane (1.5 mL), 120 °C,
20 h.
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In an effort to extend the amine substrate scope, we
explored the reactivity of both saturated and unsaturated
amines and found that triethylamine is a suitable substate
for the deaminative coupling reaction. Thus, the coupling
reaction of electron-rich anilines such as 3,5-dimethoxyani-
line and 3,4,5-trimethoxyaniline with benzaldehydes and tri-
ethylamine under the standard conditions led to the selective
formation of 2-substituted quinoline products 2k–x.
Unfortunately, the analogous reaction with tertiary amines
bearing a longer aliphatic group such as tri(n-propyl)amine
and tri(n-hexyl)amine gave a low quinoline product yield
(<10%), which suggests that the generation of enamine inter-
mediate might be less favored for these tertiary amines. We
believe that triethylamine first undergoes dehydrogenation
and isomerization to form an enamine, which is the actual
substrate for coupling reaction. In support of this notion,
Szostak and co-workers recently reported the formation of
similar enamine (imine) in deaminative coupling reactions of
triethylamine.15

The quinoline products are readily isolated by silica gel
column chromatography and their structures were completely
established by spectroscopic method. The solid-state structure
of 2n and 2r was also determined by X-ray crystallography, and
the molecular structure of 2r showed a strong hydrogen
bonding interaction between the quinoline nitrogen and phe-
nolic hydrogen atoms. The reaction of highly functionalized
aldehydes 9-ethyl-9H-carbazole-3-carbaldehyde and myrtenal
with 3,5-dimethoxyaniline and triallylamine predictively
formed the corresponding quinoline products 2y and 2z,
respectively, which further illustrates synthetic utility of the
coupling method.

The fact that both triallylamine and triethylamine are suit-
able reagents for the deaminative coupling reaction suggested
that the reaction might proceed via the formation of enamines.
We next explored the deaminative coupling reaction by using
pre-synthesized enamines to further extend the amine sub-
strate scope. Thus, the coupling reaction of 3,5-dimethoxyani-
line with aryl-substituted aldehydes and 4-(cyclohex-1-en-1-yl)
morpholine afforded the tricyclic quinoline derivatives 3a–i, l
(Table 3). The analogous coupling reaction with 4-(cyclopent-1-
en-1-yl)morpholine formed the 5-membered tricyclic quinoline
products 3j, k. Enamine substrates are readily synthesized
from the reaction of cyclic ketone and morpholine by following
the literature procedure,16 and the structure of these quinoline
products was completely established by using spectroscopic
methods.

To gain mechanistic insights, we monitored the coupling
reaction of 3,5-dimethoxyaniline, 4-methoxybenzaldehyde and
triallylamine by using NMR spectroscopic method. The reac-
tion mixture containing complex 1 (0.10 mmol), 3,5-dimethoxy-
aniline (0.10 mmol), 4-methoxybenzaldehyde (0.1 mmol) and
triallylamine (0.10 mmol) in CD2Cl2 (0.5 mL) in an NMR tube
was heated in an oil bath set at 120 °C. The tube was taken out
of the oil bath at 20 min intervals and was analyzed by 1H
NMR. As shown in Fig. 1, 3,5-dimethoxy-N-(4-methoxybenzyli-
dene)aniline (4a) was rapidly formed within 20 min of the reac-

tion time, which was gradually consumed as the product 2a
was formed in 3 h of the reaction time.

ð2Þ

In a separate experiment, the reaction of 2-(((3,5-dimethoxy-
phenyl)imino)methyl)phenol (4b) (0.3 mmol), which was inde-
pendently synthesized from the reaction of 3,5-dimethoxyani-
line and salicylaldehyde, with triallylamine (0.3 mmol) under
the standard conditions formed the quinoline derivative 2i in
60% yield (eqn (2)). These results clearly showed that the
initially formed imine 4 is the actual substrate for the deami-
native coupling reaction in forming the quinoline product 2.

We considered two possible reaction sequences between
the imine 4 and triallylamine in forming the quinoline
product 2 (Scheme 1). One possibility is that the imine 4 could
first undergo ortho-arene deaminative allylation reaction with
triallylamine (or an enamine) to form the 2-vinylated imine 5,

Table 3 Three-component coupling reaction of anilines with alde-
hydes and cyclic enaminesa

a Reaction conditions: aniline (0.3 mmol), aldehyde (0.3 mmol), amine
(0.3 mmol), 1 (5 mol%), 1,2-dichloroethane (1.5 mL), 120 °C, 20 h.

Fig. 1 Reaction profile of 3,5-dimethoxyaniline with p-OMe-C6H4CHO
and triallylamine. p-OMe-C6H4CHO (●), 2a (▲), 4a (■).
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which would subsequently undergo the annulation to form the
quioline product 2. Alternatively, the imine moiety of 4 could
directly couple with triallylamine (or an enamine) to form an
elaborated allylaniline 6, from which the deaminative annula-
tion would proceed to form the product 2. To distinguish
between these two possible reaction pathways, we indepen-
dently synthesized both N-(4-methoxybenzylidene)-2-((E)-
prop-1-en-1-yl)aniline (5a) and 3-((dimethylamino)-1-phenyl-
propylidene)-3,5-dimethoxyaniline (6a) by following reported
procedures.16,17 When both 5a and 6a were separately sub-
jected to the catalytic conditions, only the reaction from 6a led
to the quinoline product 2k in 50% yield, while 77% of
unreacted 5a was recovered from the reaction mixture (eqn
(3)). These results are consistent with the reaction pathway,
which involves the direct coupling of imine and enamine via
the formation of 6.

ð3Þ

ð4Þ
To discern rate-limiting step of the coupling reaction, we

measured the carbon kinetic isotope effect (KIE) of the coup-
ling reaction by using Singleton’s high precision NMR
method.18 The high conversion sample of 2e was obtained
from three separate reaction mixture of 3,5-dimethoxyaniline
(1.0 mmol), 4-(trifluoromethyl)benzaldehyde (1.0 mmol) and
triallylamine (1.0 mmol) under the standard reaction con-
ditions after 20 h of the reaction time (avg. 88% conversion)
(eqn (4)). The low conversion sample of 2e was similarly
obtained from three separate reactions of 3,5-dimethoxyaniline
(1.0 mmol), 4-(trifluoromethyl)benzaldehyde (1.0 mmol) and
triallylamine (1.0 mmol) in 1,2-dichloroethane (1.5 mL) after
2.5 h of the reaction time under the standard reaction con-
ditions (avg. 16% conversion). The most significant carbon
KIE was observed on the methyl carbon of the product 2e
when the 13C ratio of the product from a high conversion was
compared with the sample obtained from a low conversion

(13C(avg. 88% conversion)/13C(avg. 16% conversion) at C(5) =
1.041(2); average of two runs) (Table S2, ESI†). The observation
of a significant carbon KIE on the methyl carbon indicates the
C–N bond cleavage as the turnover-limiting step for the deami-
native coupling reaction.

To probe electronic influence of the benzaldehyde substrate
on the coupling reaction, we constructed a Hammett plot
from comparing the rates of para-substituted benzaldehyde
substrates. Thus, the treatment of 3,5-dimethoxyaniline
(0.10 mmol), p-X-C6H5CHO (X = OMe, Me, H, Cl, CF3)
(0.10 mmol), triallylamine (0.10 mmol) and complex 1
(5 mol%) in 1,2-dichloroethane-d4 (0.3 mL) in a J-Young NMR
tube was immersed in an oil bath at 120 °C, and the reaction
progress was periodically analyzed by 1H NMR. The kobs of
each reaction was determined from the first-order plot of –ln
[(3,5-dimethoxyaniline)t/(3,5-dimethoxyaniline)0] vs. time. The
Hammett plot constructed from plotting log(kX/kH) vs. σp
exhibited virtually no electronic effects on the rate from these
para-substitutedbenzaldehyde substrates (ρ = + 0.04 ± 0.2)
(Fig. S2, ESI†). The results indicate that the aldehyde-to-allyl-
amine C–C bond formation is not likely the turnover-limiting
step for the coupling reaction.

In an effort to detect catalytically relevant species, we moni-
tored the reaction mixture of 1 (0.1 mmol) with the imine sub-
strate 4a (0.2 mmol) in CD2Cl2 (0.5 mL) by NMR. Upon heating
the reaction mixture at 120 °C for 2 min, the formation of a
new set of the phosphorous peaks at δ 57.9 (s) and 38.9 (s)
ppm was observed by 31P{1H} NMR, at the expense of the peak
due to 1. The singlet peak at δ 57.9 ppm indicates that the Ru
complex contains only one PCy3, and the peak at δ 38.9 ppm
was assigned to Cy3PHCl. When the reaction mixture was ana-
lyzed by LC-MS, a prominent absorption peak with m/z of
666.10 was observed (Fig. S3, ESI†), whose mass-ion corres-
ponds to imine substrate 4a complexed to the Ru(CO)(PCy3)
moiety.

We present a plausible mechanistic sequence for the coup-
ling reaction on the basis of these experimental results
(Scheme 2). As revealed in the reaction profile study, the imine
substrate 4, which is initially formed from the dehydrative
coupling of aniline and an aryl-substituted aldehyde, would
coordinate to the Ru catalyst to form the Ru-arene complex 7.
We propose that the Ru catalyst promotes the nucleophilic

Scheme 1 Two possible mechanistic sequence for the coupling reac-
tion of imine with allylamine.

Scheme 2 Plausible mechanistic sequence for three-component
coupling reaction of aniline, arylaldehyde and allylamine.
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coupling reaction of imine with an enamine substrate to form
the elaborated aniline intermediate 8. Allylamine-enamine iso-
merization reaction has been known to be quite facile,19 and
we previously reported that the complex 1 is a highly efficient
catalyst for olefin isomerization reactions.20 The spectroscopic
detection of imine-bound Ru complex provides direct evidence
for the Ru-mediated catalytic coupling process. The sub-
sequent ortho-arene C–H insertion and annulation steps would
form the hydroquinoline species 9. In support of this notion,
ruthenium catalysts have been well-established to mediate
ortho-arene C–H alkylation and vinylation reactions.21 The sub-
sequent deamination and dehydrogenation/aromatization
steps from 9 should form the quinoline product 2. The carbon
KIE results indicate the deamination (C–N bond cleavage) as
the turnover-limiting step, while an apparent lack of electronic
effects from para-substituted benzaldehydes suggests that the
C–C bond formation is not likely involved in the rate-limiting
step of the coupling reaction. While the proposed pathway
shares similar mechanistic features with the recently pub-
lished Povarov-type of coupling reactions,22 the proposed
pathway illustrates new mechanistic insights on the catalyti-
cally relevant intermediate species as well as the role of Ru
catalyst on mediating the deaminative coupling reaction.

Conclusions

In summary, we have successfully devised a new three-com-
ponent deaminative coupling method to synthesize substi-
tuted quinolines. The catalytic method efficiently assembles
biologically important quinoline core structures from combin-
ing readily available aniline, benzaldehyde and amine sub-
strates. The preliminary experimental data suggest that the
reaction proceeds sequentially via the initial formation of
imine followed by the deaminative coupling and annulation
steps. We are currently focusing our efforts to examine the
detailed mechanism as well as to extend synthetic utility of the
deaminative coupling methods.

Experimental section
General procedure for the coupling reaction of an aniline with
an aldehyde and an amine

In a glove box, complex 1 (11 mg, 5 mol%), an aniline
(0.3 mmol), an aldehyde (0.3 mmol) and an amine (0.3 mmol)
were dissolved in 1,2-dichloroethane (1.5 mL) in a 25 mL
Schlenk tube equipped with a Teflon stopcock and a magnetic
stirring bar. The tube was brought out of the glove box and
was stirred in an oil bath set at 120 °C for 20 h. The reaction
tube was taken out of the oil bath and was cooled to room
temperature. After the tube was open to air, the solution was
filtered through a short silica gel column by eluting with
CH2Cl2 (1 mL), and the filtrate was analyzed by GC-MS. The
analytically pure product 2 was isolated by column chromato-
graphy on silica gel (40–63 μm particle size, hexanes/EtOAc =

100 : 1 to 95 : 5). The product was analyzed by NMR and GC-MS
spectroscopic methods.
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