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ABSTRACT

The synthesis of a variety of substituted quinolines from N-alkyl anilines by a one-pot dehydrogenative Povarov/oxidation tandem reaction with
mono- and 1,2-disubstituted aryl and alkyl olefins was developed. A simple protocol using cheap and benign iron(III)chloride as the Lewis acid
catalyst and a TEMPO oxoammonium salt as a nontoxic, mild, efficient oxidant is reported.

In the past few years, Cross Dehydrogenative Coupling
reactions (CDCs)1 have been established as powerful
synthetic tools, allowing the direct generation of a new
C�C bond from two C�H bonds. This approach has
started to revolutionize the way of tackling organic syn-
thesis, since prefunctionalization in the reaction partners is
not required and C�H bonds are ubiquitous in organic
molecules. Consequently, the use of simpler starting ma-
terials, as well as the development of more atom-economic
processes and the less waste generation constitute its major
advance. However, one of the main issues in CDC is still
the limited substrate scope, being basically restricted to
more or less activated diarylmethanes or benzylic C�H
bonds alpha to a heteroatom such as in tetrahydroisoqui-
nolines or isochromanes. Recently, it has been shown that
glycine derivatives2 and N-alkyl anilines3 are also good
substrates in CDC reactions with malonates, ketones,

heteroaromatic compounds, and alkynes as typical nucleo-
philes. However, it would be of added synthetic value to
extend their use to the synthesis of more interesting
N-containing compounds, such as bioactive heterocycles
by employing less usual nucleophiles inCDCsuch as simple
olefins.4 Although the use of olefins is still scarce in this
chemistry, they are widely available reagents, making them
very interesting for developing general CDC reactions.
On the other hand, substituted quinolines are important

scaffolds present in many biologically active compounds,
including natural products and synthetic drugs.5 As a
consequence of their proven interesting bioactivity, many
different strategies for the preparation of quinolines have
been developed.6 Among them, the Povarov reaction
followed by oxidation is widely recognized.6a,b,7 Never-
theless, the last oxidation step, which involves a formal
removal of four hydrogens from the tetrahydroquinoline
intermediate, is still challenging. Typically, harsh condi-
tions or large amounts (e.g., MnO2), expensive (e.g., Pd-
based), or toxic oxidants (e.g., DDQ, nitrobenzene, etc.)
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are employed. Therefore, the identification of more effi-
cient and environmentally benign oxidants for this trans-
formation is highly desirable.
We herein report on an alternative one-pot method for

the synthesis of quinolines from N-alkyl anilines and
olefins by a one-pot dehydrogenative coupling�aromatic
substitution�oxidation sequence reaction using a TEMPO
salt (TþBF4

�)8,9 as a highly efficient, mild and nontoxic
oxidant. This oxidant will be then involved in two dehy-
drogenative processes (Scheme 1): (i) the formation of an
iminium ion intermediate 4, which will undergo the CDC
reaction in thepresenceof anolefin 2 asnucleophile and (ii)
the final aromatization step of the intermediate 5 to form
the quinoline unit 3.

Initially, the reactionbetweenglycine 1aand styrene (2a)
was chosen as a model reaction and several Lewis acid
metal catalysts and oxidants were tested (Table 1). Under
slightly modified conditions of our recently reported CDC
reaction with R,β-unsaturated aldehydes:9b 1a (1 equiv), 2
equivalents of 2a, 10 mol % of metal catalyst and 2
equivalents of TþBF4

� as oxidant in DCM at 60 �C, the
clean formation of quinoline 3a was observed.
The use of Cu(OTf)2 as catalyst provided the desired

quinoline 3a in a promising 64% yield (entry 1). Consider-
ing that the more environmentally friendly iron species are
well-known to promote electrophilic aromatic substitution
reactionswe next explored the correspondingFe(II)triflate

and Fe(III)chloride salts as catalysts.10 Although both
complexes were active, we were pleased to find out that
cheap and commercially available FeCl3 was the most
active catalyst, leading to quinoline 3a in an excellent
93% yield (entry 4).11

The reaction was not sensitive to moisture or aerobic
conditions, permitting the use of FeCl3 3 6H2O or nondry
solvents (91% yield, entry 3) and conducting the reaction
under air atmosphere (86% yield, entry 5) maintaining the
same level of efficiency. Moreover, the reaction also pro-
ceeded in the absence of iron catalyst, probably by an acid-
mediated reaction. Nevertheless, 3a was obtained in a
significantly lower 51% yield (entry 6). For that reason,
we decided to continue the study using FeCl3 as a catalyst.
Subsequently, other typical oxidants for CDC reactions
were tested; however, the TEMPO oxoamonium salt
TþBF4

� turned out to be the most efficient. Thus, DDQ,
peroxides such as (t-BuO)2, and air were not competent
oxidants for this reaction, leading to quinoline 3a in only 7,
30 and 3%, respectively (entries 7�9). On the other hand,
the use of oxygen (1�3 atm) permitted the formation of 3a
in a decent 41% yield (entry 10).12

Scheme 1. One-pot Dehydrogenative Approach

Table 1. Optimization of the Reaction of 1a with Styrenea

entry catalyst oxidant (equiv) time (h) yield of 3 (%)b

1 Cu(OTf)2 TþBF4
� (2) 24 64

2 Fe(OTf)2 TþBF4
� (2) 24 55

3 FeCl3 3 6H2O TþBF4
� (2) 24 91

4 FeCl3 TþBF4
- (2) 16 (20) 93 (93)c

5 FeCl3 TþBF4
� (2)/aird 18 86

6 TþBF4
� (2) 16 51e

7 FeCl3 DDQ (2) 24 7

8 FeCl3 (t-BuO)2 (2) 24 30

9 FeCl3 aird 24 3

10 FeCl3 O2 (1 atm) 16 41e,f

a 1a (0.1 mmol), catalyst (10 mol %), 2a (0.2 mmol) and oxidant in
DCM (1 mL). b Isolated yield. c 0.5 mmol scale reaction in brackets.
dReaction under air atmosphere. eReaction stopped after 16 h. fHigher
temperatures (e110 �C) or O2 pressure (3 atm) gave no improvements.
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Having identified theoptimal reaction conditions (FeCl3
as catalyst and 2 equivalents of TþBF4

� at 60 �C), the
substitution of the N-alkyl group at the aniline was next

investigated (Figure 1). The ester function was then chan-
ged to another electron withdrawing group such as ketone
(72%,6) andphosphonate (42%,7) or to anaryl (Ph, 40%,
8) or alkyl group (Me, traces, 9).13 In general, lower yields
or no desired reactivity was observed, indicating the ester
substitution is optimal.
The scope of the reaction with ethyl glycine 1 was then

explored (Table 2). The substitution at the aniline ring was
studied first (entries 1�8). Para (93%), ortho (38%) and
meta (42%, 1.6:1 regioisomers) substituents were tolerated
(entries 1�3, respectively), although the para substitution
gave the best results in terms of reactivity and selectivity.
Both electron donating (entries 4�5) and electron with-
drawing groups (entries 6�8) were compatible, providing
the corresponding quinolines 3 in good yields (73�84%).
Interestingly, functionalmoieties such as chloro, bromo or
an acetyl group behave well under these oxidative condi-
tions. Next, a variety of substituted olefins 2 were applied

Figure 1. Effect of the substitution at the N-alkyl group.

Table 2. Scope of the Reaction of Glycines 1 with Olefins 2a

a 1 (1 equiv), olefin 2 (2 equiv), FeCl3 (10 mol %), and TþBF4
� (2 equiv) in DCM (0.1 M) at 60 �C. b Isolated yield. c 4 equiv of olefin were used.

dMethylene bis-quinoline 10 was also formed in 23% (see Scheme 2). e 2.5 equiv. of TþBF4
� at 70 �C. f Isolated yields of 3o and 3p in brackets.
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in the reaction with 1a (entries 9�18). The electronic
nature of the substituents at the aromatic ring of different
styrenes did not have a significant impact on the reaction,
leading to the corresponding quinolines in similar good
yields of 76�86% (electron donating: entries 9�10; and
electron withdrawing: entries 17�18).
Olefins with linear aliphatic chains such as n-hexyl

reacted well, providing quinoline 3k in 66% yield (entry
11). Interestingly, 1,2-disubstituted olefins were also sui-
table. Thus, β-ethyl styrene lead to 2,3,4-trisubstituted
quinoline 3l in a remarkable 58% yield (entry 12). On the
other hand, 1,2-aryl alkenyl and 1,2-diaryl substituted
olefins such as 1,4-diphenyl butadiene and stilbene turned
to be less reactive providing 3m and 3n in 44% and 29%
yield, respectively (entries 13�14). Finally, the reaction
with n-butyl and ethyl vinyl ethers was also explored
(entries 15 and 16). Then, C-4 unsubstituted quinolines
were exclusively obtained by elimination of the corre-
sponding alcohol. This was confirmed by the formation
in good overall yield (82%) of amixture of quinolines with
ethyl (3o, 47%) and n-butyl (3p, 35%) esters when using n-
butyl vinyl ether as nucleophile (entry 15).
To get some insights into the mechanism of this one-pot

sequential process, the role of TþBF4
� as oxidant was

studied. As expected, the reaction of 1a with only 1.2
equivanlents of TþBF4

� was notably less efficient (51%)
showing the need of at least 2 equiv of this oxidant for
achieving high performance in both key steps: the iminium
ion formation and the oxidation of the tetrahydroquino-
line intermediate. Additionally, the reaction proceeded
relatively slower at room temperature, making it possible
to isolate after 13 h the tetrahydroquinoline 5a in a 33%
yield along with 48% of 3a. However, 5a could be then
converted to the corresponding quinoline 3a upon treat-
ment with an extra equivalent of oxidant.14 Furthermore,
we could prove the dehydrogenative coupling nature of the
transformation by the formation of diarylmethane deriva-
tive 10 by a double CDC arylation followed by double
dehydrogenativePovarov-type reaction in the reactionwith
2-methyl substituted aniline derivative 1b (Scheme 2, eq 1;
Table 2, entry 2).14 Consequently, a mechanism implying a
multistep sequence is proposed (Scheme 2, eq 2). After the
first in situ generation of an iminium ion 4mediated by the
TEMPO salt, a nucleophilic attack of the olefin to form a
carbocation 11 occurs. This highly reactive intermediate
undergoes an intramolecular electrophilic aromatic substi-
tution reaction to forma tetrahydroquinoline 5, which then
is finally further dehydrogenated to form the corresponding
quinoline3. Interestingly, someoverpressure in the reaction
vessel was observed after the reaction and the conversion
with the time of N-hydroxy TEMPO 12 to amine 13 could

be followed by GC-MS, which might indicate certain

evolution of H2. Further investigations aiming the eluci-

dation of the dehydrogenative nature of this TEMPO

salt-mediated reaction are currently undergoing in our

laboratory.

In summary, we have developed a one-pot dehydro-
genative synthesis of quinolines using a TEMPO oxoam-
monium salt as highly efficient,mild and nontoxic oxidant.
The combination of cheap and available FeCl3 catalyst
with TþBF4

� as formal hydrogen acceptor was success-
fully employed. This approach allows the direct reaction of
simple N-alkyl anilines, such as ethyl glycines, with a
variety of mono- and 1,2-disubstituted aryl and alkyl
olefins. A mechanism implying a multistep sequence in
which the TEMPO oxoammonium salt participates in
both the first and the last stage is proposed. This oxidant
seems to be crucial for both the in situ generation of a
reactive iminium ion and the final dehydrogenation of the
tetrahydroquinoline to form the corresponding heteroaro-
matic compound.
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Scheme 2. Mechanistic Insights

(13) Although the reaction with p-toluidine and ethyl glyoxalate to
form the Schiff base in situ is possible (71%, 3a), the advantage of
starting from 1 is to be able to introduce groups such as phosphonates
(7), etc., which not accessible by the in situ approach.

(14) For more details, see Supporting Information.


