
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 7
:0

8:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A domino reactio
aJiangsu Key Laboratory for Chemistry of

Chemistry and Chemical Engineering, Hua

P. R. China. E-mail: HuayouHu@HYTC.EDU
bSchool of Material Science and Engineeri

Technology, Mianyang 621010, P. R. China
cKey Laboratory of Unconventional Oil &

Petroleum (East China), Qingdao 266580, P
dShandong Key Laboratory of Oileld Chem

China University of Petroleum (East China),

† Electronic supplementary information
2299583. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d3ra07653a

Cite this: RSC Adv., 2023, 13, 35617

Received 9th November 2023
Accepted 30th November 2023

DOI: 10.1039/d3ra07653a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
n for the synthesis of pyrrolo[2,1-
a]isoquinolines from 2-aryl-pyrrolidines and
alkynes promoted by a four-component catalytic
system under aerobic conditions†

Zheng Luo,ab Huayou Hu, *a Chao Wang,b Zhen Yang cd and Yefei Wangcd

Pyrrolo[2,1-a]isoquinoline derivatives were synthesized from 2-aryl-pyrrolidines and alkynes via an oxidative

dehydrogenation/cyclization coupling/dehydrogenative aromatization domino process. This reaction was

promoted by a four-component catalytic system which included [RuCl2(p-cymene)]2, CuCl, copper

acetate monohydrate and TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) under aerobic conditions.
In recent decades, domino reactions have received widespread
attention and have been applied in the construction of complex
organic molecules, such as materials, drugs, and other mole-
cules.1 The advantages of domino reactions include the ability
to construct complex molecules from easily available raw
materials without the need to separate intermediates, which
saves time and cost greatly. Recently, a large number of review
articles on domino reactions have been published.2 However,
developing more efficient and green domino reactions remains
one of the challenges currently faced by organic chemists.

Pyrrolo[2,1-a]isoquinoline is a skeleton of diverse natural
alkaloids whose biological activities were discovered by
Mikhailovskii and Shklyaev in 1997.3 These biological activities
include antitumor, antiviral, anticancer, anti-HIV, antibacterial,
antidepressant etc.3,4 Furthermore, their excellent optoelec-
tronic performance has also attracted the attention of material
scientists in recent years (Fig. 1).5

Therefore, the development of new synthetic methods for
pyrrolo[2,1-a]isoquinoline is still a hot topic in organic chem-
istry.6 In most cases, 2-aryl-indoles were used as the starting
materials to synthesize pyrrolo[2,1-a]isoquinolines. However, 2-
aryl-pyrroles were rarely reported as a starting material due to
lack of availability.7 As we known, pyrroles could be synthesized
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from pyrrolines through oxidative dehydrogenative aromatiza-
tion reaction.8 Therefore, the development of a domino reaction
which using the easily available 2-aryl-pyrrolidines9 as starting
materials instead of 2-aryl-pyrroles to synthesize pyrrolo[2,1-a]
isoquinolines would be very attractive.

Herein, a domino reaction for the synthesis of pyrrolo[2,1-a]
isoquinolines from 2-aryl-pyrrolidines and alkynes under
aerobic oxidation conditions was reported (Scheme 1).

In order to optimize the reaction conditions, we chose 5-
phenylpyrrolidine-2,3,4-tricarboxylate (1a) and diphenylacety-
lene (2a) as the starting materials. The best isolated yield (86%)
was achieved under the standard reaction conditions: 1a (0.20
mmol), 2a (0.26 mmol), CuCl (10 mol%), TEMPO (30 mol%),
copper acetate monohydrate (10 mol%), [RuCl2(p-cymene)]2
(5 mol%) and 1,4-dioxane (1.0 mL) as the solvent under O2

atmosphere (balloon) at 100 °C for 18 h (Table 1, entry 8). Using
other solvent instead of 1,4-dioxane signicantly reduce the
Fig. 1 Natural alkaloids, drugs and materials with pyrrolo[2,1-a]iso-
quinoline skeleton.
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Scheme 1 The difference of this work with previous work.

Table 1 Evaluation of reaction conditions

Entry Variation from the standard condition Yielda (%)

1 Other solvent instead of 1,4-dioxane 59–68
2 With 20 mol% Cu(OAc)2$H2O without CuCl 74
3 With 20 mol% CuCl without Cu(OAc)2$H2O (54b)
4 Without [RuCl2(p-cymene)]2 (90b)
5 Without TEMPO 8 + (33b)
6 With 20 mol% TEMPO 24c

7 Replace O2 with air 22 + (24b)
8 No 86

a Isolated yield of 3a. b Isolated yield of 4. c 36 h.

Scheme 2 The substrate scopes of pyrrolidines.

Scheme 3 The scope and region-selectivity of alkyne.
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View Article Online
reaction yields (entry 1, see details in ESI†). Using 20% copper
acetate monohydrate as the catalyst without any CuCl added
reduce the yield of 3a to 74% (entry 2). Surprisingly, when using
20% CuCl as the catalyst and without any copper acetate mon-
ohydrate added, 4 was isolated in 54% yield and no any 3a was
formed (entry 3). Also no 3a was formed and 4 was isolated in
90% yield when no any [RuCl2(p-cymene)]2 was added (entry 4).
3a and 4 were isolated in 8% yield and 33% yield without
TEMPO (entry 5). Reducing the amount of TEMPO from 30% to
20% and prolonging the reaction time to 36 h would greatly
reduce the yield of 3a to 24% (entry 6). 3a and 4 were isolated in
22% and 24% yields respectively when the reaction was running
under air instead of oxygen gas (entry 7).

With the optimized conditions in hand, we rstly studied the
scope of pyrrolidines (Scheme 2). When pyrrolidines
substituted with electron-withdrawing groups on the phenyl
ring were used as the starting materials, the corresponding
products (3b–3h) were isolated in moderate to excellent yields
(57–90%). Only a single isomer 3c was isolated in 58% yield due
to steric effect when there was substituent in the meta position
of the phenyl ring. However, when electron donating groups
were bearing in the phenyl ring of pyrrolidines, the
35618 | RSC Adv., 2023, 13, 35617–35620
corresponding products were isolated in extremely low yields
under the optimized conditions. Further optimization of the
reaction conditions revealed that using TEMPO+BF4

− (30%) as
the catalyst to replace the CuCl and TEMPO and increasing the
amount of copper acetate monohydrate to 20 mol%, 3i was
isolated in 60% yield under O2 atmosphere and 3j was isolated
in 55% yield under air. Only one isomer 3k was isolated in
excellent yield (89%) when 2-naphthyl was bearing at the pyr-
rolidine. 3l and 3m also were isolated in 66% and 46% yields
under standard reaction conditions respectively.

We next explored the substrate scopes of alkynes (Scheme 3).
Diphenylacetylene derivatives with electron withdrawing or
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Plausible mechanism.

Scheme 6 The result of gram scale reaction.
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electron donating groups on the phenyl group could produce
designed products (5b–5d) smoothly under standard reaction
conditions. 4-Octyne (2e) also works well and the corresponding
product 5e is isolated in 38% yield. When the amount of 2e is
increased from 1.3 equivalent to 2.0 equivalent, the isolated
yield of 5e also increased to 65%. Asymmetric alkynes show
moderate region-selectivity (around 55% vs. 15%). The more
electron decient side of asymmetric alkyne tends to react with
the nitrogen of pyrrolidine (5g vs. 5g′ and 5h vs. 5h′). The
structure of 5g10 and 5h11 were conrmed by X-ray.

To reveal the reaction mechanism, a series of control
experiments were conducted. When the alkyne was absence,
pyrrolidines 1a was reacted under the standard reaction
conditions and yield the corresponding pyrrole 4 in 71% yield
(Scheme 4b). Which was similar to the yield (75%) in the
absence of copper acetate monohydrate and [RuCl2(p-cymene)]2
(Scheme 4a). To our surprise, when pyrrole 4 reacted with
diphenylacetylene (2a) under standard reaction conditions, 3a
was only isolated in 18% yield and 60% of 4 was remain
untouched (Scheme 4d). The yield of 3a even lower (12%) in the
absence of CuCl and TEMPO (Scheme 4c).

Based on the above results and our previous results, the
mechanism of this domino reaction was proposed (Scheme 5).
Under the catalytic system of Cu(I)/TEMPO/O2, pyrrolidine 1a
was oxidized to the intermediate 6 via oxidative dehydrogena-
tion rstly.12 Then 6 could transformed to the nal product
pyrrolo[2,1-a]isoquinoline 3a through two pathways. The major
pathway is 6 reacted with alkyne 2a to produce intermediate 7
which was catalyzed by Ru and Cu(II). Then 7 was transformed
to 3a through oxidative dehydrogenative aromatization which
was catalyzed by Cu(I) and TEMPO with O2 as the terminal
oxidant (path A).13 The minor pathway is that pyrrole 4 was
formed rstly catalyzed by Cu(I) and TEMPO under oxygen gas.
Then 4 reacted with alkyne 2a to form the nal product 3a via
Ru and Cu(II) catalyzed aerobic oxidative coupling reaction.7

In order to demonstrate the practicality of the reaction, we
successfully increased the reaction scale to gram-scale
(Scheme 6). Under the standard reaction conditions, 1.15
grams of 3a was isolated in reasonable yield (78%) which was
slightly lower than the yield of small scale reaction.
Scheme 4 The results of control experiments (a)–(d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
In summary, we have reported on the rst of a domino
reaction for the synthesis of pyrrolo[2,1-a]isoquinolines from 2-
aryl-pyrrolidines and alkynes. This process was promoted by
a four-component catalytic system which included [RuCl2(p-
cymene)]2, CuCl, copper acetate monohydrate and TEMPO.
Control experiments show all four catalysts were important for
this reaction and pyrrole was not the key intermediate. Using
oxygen gas as a solo oxidant made this transformation green. In
short, this method of synthesizing pyrrolo[2,1-a]isoquinolines
is green, simple, and practical, which may provide assistance
for the application of such compounds in elds of biomedicine
and materials.
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