
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/2
6/

20
25

 7
:0

7:
02

 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
Facile synthesis o
aSchool of Chemistry and Chemical En

Technology, Guangzhou 510640, China. E

edu.cn
bInstitute of Chemistry Co. Ltd, Henan Ac

China. E-mail: 15936281283@163.com
cSchool of Pharmacy, Guangdong Medical U

† Electronic supplementary information (
and 2142641. For ESI and crystallographic
see DOI: https://doi.org/10.1039/d2ra0609

‡ These authors contributed equally to th

Cite this: RSC Adv., 2022, 12, 30248

Received 27th September 2022
Accepted 3rd October 2022

DOI: 10.1039/d2ra06097c

rsc.li/rsc-advances

30248 | RSC Adv., 2022, 12, 30248–
f isoquinolines and isoquinoline
N-oxides via a copper-catalyzed intramolecular
cyclization in water†
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Yujian Yu,b Xu Li,b Meng Chen,b Wanqing Wu, a Jianxiao Li, *a Jinliang Wang*b

and Huanfeng Jiang *a

A highly efficient method for the facile access of isoquinolines and isoquinoline N-oxides via a Cu(I)-

catalyzed intramolecular cyclization of (E)-2-alkynylaryl oxime derivatives in water has been developed.

This protocol was performed under simple and mild conditions without organic solvent, additives or

ligands. By switching on/off a hydroxyl protecting group of oximes, the selective N–O/O–H cleavage

could be triggered, delivering a series of isoquinolines and isoquinoline N-oxides, respectively, in

moderate to high yields with good functional group tolerance and high atom economy. Moreover, the

practicality of this method was further demonstrated by the total synthesis of moxaverine in five steps.
With the pressing need for the sustainability of human society,
more environmentally acceptable processes have been playing
an increasingly important role in the chemical industry, espe-
cially in the manufacture of ne chemicals and pharmaceuti-
cals.1 In 1998, the twelve principles of green chemistry were put
forward by Anastas and Warner. Among the twelve principles,
safer and green solvents have been recognized as one of the
most important and indispensable elements in the current
chemical society.2,3 Compared with the commonly toxic and
highly volatile solvents, some green and sustainable solvents
such as supercritical uids,4 ionic liquids,5 and water,6 have
been intensively studied from the beginning of the 21st century.
It is noteworthy that water as a green and sustainable reaction
medium has received increasing attention from the synthetic
community.7 However, the study of organic chemical reactions
in water is still in its infancy, and most organic synthesis still
needs to be achieved in strictly dry organic solvents, especially
when these systems involve transition metal catalysis.8 There-
fore, the development of diverse and practical approaches by
the use of water as a reaction medium in organic synthetic
chemistry is more desirable.
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Isoquinolines and their derivatives, one of the most impor-
tant nitrogen-containing heterocycles, have attracted tremen-
dous attention in recent years owing to their widespread
occurrence in many natural products,9 pharmaceuticals,10

organic materials,11 and chiral ligands.12 Due to their versatile
applications, a plethora of synthetic strategies have been
developed to construct these functionalized heterocyclic
compounds under different transition-metal-catalyzed
systems,13 especially the simplest and most direct intra-
molecular cyclization. In 2009, Zhang and co-workers reported
an interesting work involving the product selectivity control
reactions to afford isoquinolines and isoquinolin-1(2H)-ones by
simple subtle structure modication of ortho-alkynylaryl alde-
hyde oxime derivatives.14 Subsequently, Li,15 Harrity,16 Shi17 and
others18 disclosed a rhodium(III), platinum(0), silver(I) and
gold(I)-catalyzed intramolecular cyclization reaction using the
same or analogous starting materials for the synthesis of iso-
quinolines and their derivatives, respectively. However, despite
these signicant advances made in accessibility of isoquino-
lines and their derivatives, some challenging issues still remain
in terms of the use of toxic organic solvents, precious metal
catalysts, harsh reaction conditions, which lead to poor atom
economy and are inconsistent with the principles of green
chemistry. Therefore, the development of more efficient and
environment-friendly methods for the assemble of functional-
ized isoquinolines and their derivatives is of great signicance
but extremely challenging. As part of our continuing studies on
green chemistry,19 combined with our interest in the develop-
ment of new synthetic methods for the construction of nitrogen-
containing heterocycles based on oxime compounds,20 we
herein present an unprecedented strategy for the synthesis of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of isoquinolines and isoquinoline N-oxides.

Table 2 Substrate scope for the synthesis of 1,3-disubstituted
isoquinolinesa,b

a Reaction condition: 1 (0.5 mmol), CuI (10 mol%), and H2O (2 mL), at
80–120 �C for 15 h in a sealed tube. b Isolated yield.
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isoquinoline and their derivatives in water via a copper-
catalyzed cyclization reaction of (E)-2-alkynylaryl oxime deriva-
tives. Interestingly, the reaction could be performed in the
absence of organic solvent, additives or ligands, and enabled
the formation of isoquinolines and isoquinoline derivatives
respectively by the selective N–O/O–H cleavage of oximes in the
same reaction system (Scheme 1).

Initially, (E)-1-(2-(phenylethynyl)phenyl)ethanone O-methyl
oxime 1a was selected as model substrate for the optimization
of reaction conditions (Table 1). When 1a was reacted in the
presence of 10 mol% CuI in water at 80 �C under an air atmo-
sphere, 1-methyl-3-phenylisoquinoline 2a was obtained in 92%
yield (entry 1). Prolonging the reaction time led to a slightly
higher yield (95%) (entry 2). In the absence of a copper catalyst,
no product was observed (entry 3), which indicating that copper
catalyst played an important role for the transformation.
Subsequently, screening of other copper salts, including CuBr,
CuCl, CuBr2 and Cu(OAc)2, showed that CuI was the best cata-
lyst for the reaction (entries 4–7). Moreover, we observed the
reaction temperature had great impact on the reaction.
Decreasing the temperature to 70 �C led to lower yield (entry 8).
Further optimization of solvents revealed that water was more
efficient than other solvents, such as 1,4-dioxane, toluene, EtOH
and AcOH (entries 9–12). Based on these results, the optimal
reaction conditions were established as follows: 1a (0.5 mmol),
CuI (10 mol%), H2O (2 mL) at 80 �C for 15 h in air.
Table 1 Optimization of the reaction conditionsa

Entry [Cu] Solvent Time (h) Yieldb (%)

1 CuI H2O 12 91
2 CuI H2O 15 95
3 — H2O 15 NR
4 CuBr H2O 15 73
5 CuCl H2O 15 46
6 CuBr2 H2O 15 43
7 Cu(OAc)2 H2O 15 NR
8c CuI H2O 15 48
9 CuI 1,4-Dioxane 12 87
10 CuI Toluene 12 28
11 CuI EtOH 12 65
12 CuI AcOH 12 Trace

a Reaction condition: 1a (0.5 mmol), [Cu] (10 mol%), and solvent (2 mL)
at 80 �C in a sealed tube, and reaction time as specied. b Isolated
yields. c 70 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
With the optimized conditions in hand, we further studied
the substrate scope of this Cu(I) catalyzed intramolecular
cyclization reaction, and the experimental results were dis-
played as follows (Table 2). First, the (E)-2-alkynylaryl ketone O-
methyl oximes 1 bearing electron-donating substituents (p-Me,
p-tBu, p-OMe, and p-Ph) proceeded well in this reaction,
affording the corresponding products (2b–2e) in good to excel-
lent yields. The structure of 2e was conrmed by X-ray crystal-
lography analysis (CCDC 2095902, see the ESI† for details).
While substrates possessing electron-withdrawing groups (1f–
1i) showed lower reactivity than those with electron-rich groups,
delivering the desired isoquinolines in 62–89% yields. Other
functional groups, such as TMS (1j) and NH2 (1k) groups, were
also tolerated under standard conditions, allowing for efficient
synthesis of isoquinolines. In particular, the isoquinoline
product 2k could be utilized as a bidentate ligand.21 1-Ethyl-3-
phenylisoquinoline 2l and 1-benzyl-3-phenylisoquinoline 2m
were obtained in 28% and 63% yield, respectively. Substrates
1n–1t bearing thienyl, naphthyl, n-pentyl, cycloprophyl, cyclo-
pentyl and pyridyl groups were also applicable to this trans-
formation, producing the corresponding products 2n–2t in
moderate to good yields. Especially, this strategy was demon-
strated to be efficient for the construction of polycyclic iso-
quinoline 2u. And, N-acetoxyl imine 1v was successfully
converted to isoquinolines 2v in acceptable yield, which
expanded the diversity of this method. In addition, the 3-phe-
nylisoquinolines 2aa–2ah were also obtained in 73–96% yields.

Interestingly, the reaction of (E)-2-alkynylaryl oximes 3 (Table
3) is quite different under standard reaction conditions,
providing various 3-phenylisoquinoline N-oxide 4 as products.
RSC Adv., 2022, 12, 30248–30252 | 30249
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Table 3 Substrate scope for the synthesis of 3-substituted isoquino-
line N-oxidesa,b

a Reaction condition: 3 (0.5 mmol), CuI (10 mol%), and H2O (2 mL), at
70–120 �C for 15 h in sealed tube. b Isolated yield. c 50 �C.

Scheme 2 Gram-scale reactions (a), further transformations (b) and
synthesis of moxaverine (c).
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The structure of 4a was characterized by X-ray crystallography
analysis (CCDC 2128901, see the ESI† for details). Substrates
possessing either electron-donating (3b–3e, 3p–3q, and 3u) or
electron-withdrawing groups (3f–3i, and 3r–3t) all underwent
well in this system, producing the corresponding products in
moderate to excellent yields. A series of important functional
groups attached on the triple bond, including naphthyl (3j),
thienyl (3k), n-pentyl (3m), cycloprophyl (3n), cyclopentyl (3o)
groups, were also well tolerant, affording the desired products
in 74–90% yields. The terminal alkyne (3l) and internal alkyne
(the TMS substituent) (3y) gave the same product. Hydroxyl
group (3v) was also compatible with the standard reaction
conditions. Arene-fused nitrocycles 4w and 4x could also be
obtained using this method, and the formula of 4w was estab-
lished by X-ray crystal structure analysis (CCDC 2142641, see the
ESI† for details). o-Alkynylaryl ketoxime 3z was also found to be
tolerated in this reaction, and the corresponding product 4z
were also obtained in a 35% yield at 50 �C.

To investigate the practicality of this method, gram-scale
reactions and further transformations were carried out
(Scheme 2). On a 10.0 mmol scale, the desired isoquinoline 2a
and isoquinoline N-oxide 4a were isolated in 94% and 85%
yield, respectively. Subsequently, treating isoquinoline N-oxides
with ammonium chloride solution of zinc, isoquinoline N-
oxides (4a, 4l, and 4p) could be converted into the corre-
sponding isoquinolines 5a, 5l and 5p in excellent yields.
Furthermore, the reaction of 4a, 4l, and 4p with TMSCN took
place at room temperature, providing the desired cyanoisoqui-
nolines 6a, 6l and 6p in 86–98% yields. More importantly, chiral
30250 | RSC Adv., 2022, 12, 30248–30252
ligand 7l could be further successfully prepared in a moderate
yield from cyanoisoquinolines 6l.

On the other hand, this Cu(I)-catalyzed intramolecular cycli-
zation could also be applied to the synthesis of isoquinoline
alkaloid moxaverine 11 (Scheme 2(c)), which is employed as
a famous drug to treat functional gastrointestinal disorders.
Initially, the commercially available 6-bromoveratraldehyde and 2-
pentynoic acid were used to synthesize the internal alkyne 8 with
palladium catalysis. The internal alkyne 8 reacting with benzyl-
magnesium chloride was converted to the product containing
alcohol functionality, which was then oxidized to the intermediate
product 9. Further transformation of ketone to oxime derivative 10
underwent well, albeit the two congurations (E/Z ¼ 3 : 1) could
not be completely puried. Finally, moxaverine 11 was easily
prepared in 62% yield by employing this novel cyclization.

In order to further understand the reaction mechanism,
some control experiments (Scheme 3) were conducted. Firstly,
the reaction of the Z-isomer of oxime ethers 1b (Scheme 3(i)) did
not take place to give product 2a under the standard condition.
Subsequently, we found that the reaction of E-oxime ethers
could be carried out under N2 atmosphere to yield the desired
heterocycle 2a in 96% yield (Scheme 3(ii)), showing that oxygen
might not be involved in the intramolecular cyclization reac-
tion. The addition of TEMPO (Scheme 3(iii)) did not prevent the
reaction, which indicates that the reaction might not proceed
via a radical pathway. Finally, the reaction of (E)-1-(2-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Control experiments (i–iv).
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(phenylethynyl)phenyl)ethanone O-(4-methoxybenzyl) oxime
ether 1w (Scheme 3(iv)) was conducted under the standard
reaction conditions, and we found that the corresponding
product 2a and p-anisaldehyde 12 could be produced in 93%
and 75% yield, respectively, which shows that the methoxy on
the N atom might convert to formaldehyde.

Based on the above results and the previous work,14,17,18

a possible reaction pathway is proposed for the formation of
isoquinolines 2 and isoquinoline N-oxides 4 (Scheme 4). Initially,
ortho-alkynylaryl oxime derivatives 1 or 3 were easily converted to
intermediates A by a Cu(I)-catalyzed intramolecular cyclization.
When R1 is a methyl group, the cleavage of the N–O bond could
give the intermediate Cwith the losing of onemolecular of CH2O.
The subsequent protonation of intermediate C would afford the
isoquinolines 2. When R1 is a hydrogen atom, the cleavage of the
Scheme 4 Plausible mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry
O–H bond of intermediate D could afford the isoquinoline N-
oxides 4 with the assistance of one molecule of H2O.

In conclusion, we have developed an environment-friendly
cyclization reaction for the synthesis of isoquinolines and iso-
quinoline N-oxides by selective N–O/O–H cleavage of oximes.
This reaction featured in the use of green solvent, high atom
economy, broad substrate scope and good functional group
tolerance. The diversity of isoquinoline derivatives has been
realized by subtle structure modication under mild reaction
conditions with simple operations. More importantly, Mox-
averine could be efficiently prepared in ve steps employing this
new method. Further investigations of the reaction mechanism
and applications are ongoing in our lab.
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Angew. Chem., Int. Ed., 2003, 42, 3674–3677.

13 (a) R. Lavernhe, R. O. Torres-Ochoa, Q. Wang and J. P. Zhu,
Angew. Chem., Int. Ed., 2021, 60, 24028–24033; (b) Y. M. Zhou
and R. M. Hua, J. Org. Chem., 2021, 86, 8862–8872; (c) W. Lin,
X. X. Hu, C. W. Zhuang and Y. Z. Wang, Tetrahedron, 2019,
75, 3015–3023; (d) Y. X. Tang, Y. J. Yu, X. Y. Wei, J. Yang,
Y. T. Zhu, Y. H. Zhao, Z. L. Tang, Z. H. Zhou, X. F. Li and
X. Y. Yu, Tetrahedron Lett., 2019, 60, 151187; (e) F. Yang,
J. J. Yu, Y. Liu and J. Zhu, Org. Lett., 2017, 19, 2885–2888;
(f) J. Li, M. Y. Tang, L. Zang, X. L. Zhang, Z. Zhang and
L. Ackermann, Org. Lett., 2016, 18, 2742–2745; (g)
H. F. Jiang, J. D. Yang, X. D. Tang and W. Q. Wu, J. Org.
Chem., 2016, 81, 2053–2061; (h) A. B. Pawar, D. Agarwal
and D. M. Lade, J. Org. Chem., 2016, 81, 11409–11415; (i)
J. Li, Z. Zhang, M. Y. Tang, X. L. Zhang and J. Jin, Org.
Lett., 2016, 18, 3898–3901; (j) J. Wang, S. K. Zha,
K. H. Chen and J. Zhu, Org. Chem. Front., 2016, 3, 1281–
1285; (k) X. B. Yang, J. Y. Jie, H. Y. Li and M. H. Piao, RSC
Adv., 2016, 6, 57371–57374; (l) Z. Z. Zhu, X. D. Tang,
X. W. Li, W. Q. Wu, G. H. Deng and H. F. Jiang, J. Org.
Chem., 2016, 81, 1401–1409; (m) Y. J. Liu, M. Gao, Z. Zhao,
J. W. Y. Lam and B. Z. Tang, Polym. Chem., 2016, 7, 5436–
5444; (n) R. J. Chen, J. F. Qi, Z. J. Mao and S. L. Cui, Org.
Biomol. Chem., 2016, 14, 6201–6204; (o) H. Wang,
J. L. Koeller, W. P. Liu and L. Ackermann, Chem.–Eur. J.,
2015, 21, 15525–15528; (p) S. Dhara, R. Singha, Y. Nuree
and J. K. Ray, Tetrahedron Lett., 2014, 55, 795–798; (q)
K. R. Roesch, H. M. Zhang and R. C. Larock, J. Org. Chem.,
2001, 66, 8042–8051.

14 H. Y. Gao and J. L. Zhang, Adv. Synth. Catal., 2009, 351, 85–
88.

15 P. Zhao, F. Wang, K. Han and X. W. Li, Org. Lett., 2012, 14,
3400–3403.
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