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-coumarinyl)-1-(b-indolyl)
trifluoroethanols through regioselective Friedel–
Crafts alkylation of indoles with b-(trifluoroacetyl)
coumarins catalyzed by Sc(OTf)3†

Lijun Shi, ‡a Ying Liu,‡a Caixia Wang,a Xinxin Yuan, b Xiaobiao Liu,a Lulu Wu,a

Zhenliang Pan,a Qicheng Yu,c Cuilian Xu*a and Guoyu Yang*a

A highly efficient Friedel–Crafts alkylation of indole derivatives with b-(trifluoroacetyl)coumarins using

Sc(OTf)3 as a catalyst has been developed, which gives regioselective 1,2-adducts to afford 1-(b-

coumarinyl)-1-(b-indolyl)trifluoroethanols. A series of tertiary trifluoroethanols containing different indole

and coumarin groups were synthesized in moderate to excellent yields (up to 95%) in the presence of

5 mol% catalyst in a short time (only 2 minutes at least). A mechanism of the reaction, in which the trace

amount of water plays the role of proton transfer in catalyzing circulation was proposed and confirmed.
Introduction

In comparison with their non-uorinated parent compounds,
uorinated organic compounds oen show unique and
important physical, chemical, and biological properties due to
the strong electron-withdrawing properties, low polarizability
and small size of the uorine atom, and the strength of the C–F
bond. Over the last decades, such compounds have been used to
great effect in the pharmaceutical and agrochemical indus-
tries.1 Currently, about 20–30% of agrochemicals and pharma-
ceuticals owe their effectiveness to the presence of one or more
uorine atoms in their structures.2 In 2018, the U.S. Food and
Drug Administration (FDA) approved 38 small molecule drugs
and 18 of them contained uorine.3 Among the uorinated
groups, the triuoromethyl motif is of particular interest and
this unit is widely used in the quest for new bioactive molecules,
as illustrated by the recent marketed molecules.2a,b Conse-
quently, a lot of effort has been made to develop an efficient
reaction for the synthesis of CF3-containing compounds over
the last decades.4 For example, a,b-unsaturated triuoromethyl
ketones, possessing a directly linking electron-withdrawing
triuoromethyl group with a highly reactive p-system, have
versity, Zhengzhou 450002, P. R. China.
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f Chemistry 2020
been used in numerous transformations, including hydroge-
nation,5 aldol,6 epoxidation,7 Michael-type8 and Diels–Alder
reactions9 to construct triuoromethylated organic compounds.

On the other hand, the Friedel–Cras (F–C) alkylation of
indoles is of interest because the indole nucleus is widely present
in numerous natural products in biological and pharmaceutically
compounds.10 Among them, the conjugate addition of indoles as
nucleophiles to a,b-unsaturated carbonyl compounds is very effi-
cient and convenient. In most cases, the addition of indole to a,b-
unsaturated ketones yields the corresponding b-indolylketones,
including protic acid or Lewis acid-mediated reactions.11 Until
now, most of the available Friedel–Cras reactions of indoles with
a,b-unsaturated carbonyl compounds were limited to 1,4-addition,
which can also be considered as a Michael addition of a,b-unsat-
urated carbonyl compounds with indoles. These a,b-unsaturated
carbonyl compounds contains methyl vinyl ketone, acrylic acid, 2-
cyclohexen-1-one, ethyl propiolate,12 a,b-unsaturated alde-
hydes,12,13 chalcones,12,14 a,b-unsaturated triuoromethyl keto-
nes,8b b-triuoromethyl-a,b-enones,15 b,g-unsaturated a-keto
esters,16 a,b-unsaturated 2-acyl imidazoles,17 methyl 2-acet-
amidoacrylate,18 intramolecular a,b-unsaturated carbonyl
compounds19 and so on. To the best of our knowledge, the Friedel–
Cras 1,2-addition of indole with a,b-unsaturated carbonyl
compounds to afford an a,b-unsaturated alcohol has not been
reported yet, although a Friedel–Cras alkylation of pyrrole with
b,g-unsaturated a-keto esters was developed to afford the b,g-
unsaturated a-hydroxy esters.20

Coumarin-based derivatives also show a wide range of valuable
biological activities in medicinal and pharmaceutical areas,21 such
as antimicrobial,22 anti-inammatory,23 antitubercular,24 anti-oste-
oporotic,25 antidiabetic,26 enzyme inhibitory,27 anticancer,28 and
antioxidant23b,29 properties.
RSC Adv., 2020, 10, 13929–13935 | 13929
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Table 1 Optimization of reaction conditionsa

Entry Catalyst X Solvent T/
�
C Timeb/min Yieldc/%

1 None — CH2Cl2 25 120 N. R.
2 AlCl3 5 CH2Cl2 25 120 15
3 Fe(OTf)3 5 CH2Cl2 25 120 25
4 Y(OTf)3 5 CH2Cl2 25 120 45
5 TfOH 5 CH2Cl2 25 120 8
6 Sc(OTf)3 5 CH2Cl2 25 120 93
7 Sc(OTf)3 5 CHCl3 25 120 90
8 Sc(OTf)3 5 CCl4 25 120 87
9 Sc(OTf)3 5 DCE 25 120 82
10 Sc(OTf)3 5 Toluene 25 120 75
11 Sc(OTf)3 5 CH3CN 25 120 38
12 Sc(OTf)3 5 EtOH 25 120 72
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Various uoro-substituted coumarins have been recently
reported.30 We recently developed an efficient method to
prepare b-(triuoromethyl)coumarins (1), being a particular
a,b-unsaturated carbonyl system and containing diverse func-
tionality, by direct transformation of ethyl 2-hydroxy-2-tri-
uoromethyl-2H-chromene-3-carboxylates under microwave
assisted solvent-free conditions.31 Various triuoromethyl
coumarin thiosemicarbazones and hydrozones were synthe-
sized from ketones 1 and showed excellent antifungal activi-
ties.32 Considering the above reports, and as part of our
program aimed at developing new methodologies for the
preparation of coumarin derivatives with biological activities,
we planned to explore the reaction of compound 1 with indoles
to prepare novel coumarin derivatives with triuoromethyl
group and indole scaffold.

Here, we report the rst synthesis of 1-(b-coumarinyl)-1-(b-
indolyl)triuoroethanols through an addition of b-(tri-
uoroacetyl) coumarin 1 using Sc(OTf)3 as a catalyst. Different
from our previous work,32 which was a 1,4-addition, this work is
a regioselective synthesis through 1,2- addition (Scheme 1).
13 Sc(OTf)3 5 HOAc 25 120 65
14 Sc(OTf)3 5 CH2Cl2 Reux 20 95
15 Sc(OTf)3 5 CH2Cl2 Reux 30 92
16 Sc(OTf)3 5 CH2Cl2 Reux 90 88
17 Sc(OTf)3 7.5 CH2Cl2 Reux 30 91
18 Sc(OTf)3 10 CH2Cl2 Reux 30 90
19d Sc(OTf)3 5 CH2Cl2 Reux 60 61
20e Sc(OTf)3 5 CH2Cl2 Reux 20 92

a The reactions were performed on a 0.2mmol scale using 1a (1.0 equiv.) and
2a (1.0 equiv. in entries 1–19; 1.1 equiv. in entry 20) in 2.0mLof solvent under
air atmosphere. The reactants, catalysts and solvents were used without
further treatment (except entries 19). b The reactions were monitored by
HPLC analysis using a 18C chromatographic column. Mobile phase was
MeOH : H2O ¼ 75% : 25% and ow velocity was 1.0 mL min�1. c Isolated
yield. d The ratio of 1a : 2a ¼ 1 : 1.1. e The reactants and catalyst (1a, 2a
and Sc(OTf)3) were dried under vacuum at room temperature in
a desiccator for 2 hours to remove moisture. The solvent (CH2Cl2) was
distilled over phosphorus pentoxide.
Results and discussion

To examine this proposed addition, we started to explore the
practicability of this transformation, and chose the reaction of
b-(triuoroacetyl)coumarin 1a with indole 2a as the model
(Table 1. For more details, see Table S1 in ESI†).

Based on similar previous studies, which showed that Lewis
acid or protic acid could promote the conjugation addition of
indole to a,b-unsaturated ketones, the reaction was initially
carried out in the presence of different Lewis acids or protic
acids in CH2Cl2 (dichloromethane) at 25 �C for 2 hours. Lewis
acids, containing AlCl3, FeCl3, Pb(OAc)2, Cu(OTf)2, Fe(OTf)3,
Y(OTf)3, and protic acids, containing p-toluenesulfonic acid (p-
TSA), triuoromethanesulfonyl acid (TfOH) were previously
studied as catalysts. However, only a trace or a small amount of
adduct 3aa was obtained (entries 2–5, Table 1 or entries 2–9,
Table S1 in ESI†). To our delight, Sc(OTf)3 could catalyze the
carbonyl addition quite effectively and gave 3aa in 93% yield
(entry 6, Table 1). The yield increased to 95% when the reaction
time was extended to 5 hours, and only decreased a little when
the reaction time was reduced to 30 min. By screening solvents,
we found that moderate polar solvents such as CH2Cl2 and
Scheme 1 1,4-Addition and 1,2-addition of b-(trifluoroacetyl)
coumarins.

13930 | RSC Adv., 2020, 10, 13929–13935
CHCl3, weak and nonpolar solvents like toluene, 1,2-dichloro-
ethane and CCl4, worked better than polar solvents (CH3CN,
EtOH andHOAc) for the reaction, and CH2Cl2 produced the best
satisfactory results (entries 6–13, Table 1). Apart from the above-
mentioned factors, the effects of reaction temperature, the
amount of catalyst, the ratio of the reactants and the moisture
were also investigated (entries 14–20, Table 1). The optimal
reaction conditions were determined to be under reux (45 �C)
for 20 min in air atmosphere, with addition of 5% Sc(OTf)3 as
catalyst, CH2Cl2 as solvent and 1 : 1 of the ratio 1a : 2a (entry 14,
Table 1).

With the promising results obtained in the model reaction,
we subsequently examined the substrate scope of the trans-
formation. The results of 27 examples are summarized in Table
2. The reactions were monitored by HPLC. The reaction time
and corresponding isolated yields were shown in the Table 2.

All tested substituted indoles 2a–h reacted with b-(tri-
uoromethyl) coumarins 1a–f and gave the 1-(b-coumarinyl)-1-
(b-indolyl)-triuoroethanols 3aa–3fa in high to excellent
This journal is © The Royal Society of Chemistry 2020
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Table 2 Sc(OTf)3-catalyzed addition of indoles 2a–h with 1a–fa

a The reactions were carried out with 1a–f and 2a–f on a 0.2 mmol scale
in 2.0 mL CH2Cl2 under reux (45 �C) in air atmosphere, and monitored
by HPLC analysis using a 18C chromatographic column. Mobile phase
was MeOH : H2O ¼ 75% : 25% and ow velocity was 1.0 mL min�1.
The yield was given as isolated yield.
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isolated yields (72% to 95%, Table 2). Of note, all the reactions
proceeded smoothly and completed in less than 2 hours, and
the conditions were tolerant to different substituents. The
electronic nature of aromatic ring of coumarins has little
inuence on the yield of the reactions (3ba, 3ca, 3da, 3ea and
3fa).

The indole ring, which was connected with an electron-
donating group (such as methyl or methoxyl), was advanta-
geous to reaction rate (3ab, 3ac, 3ae, 3af and 3eb, 3ec, 3ee, 3ef).
The addition was completed in 2 minutes at least. However, in
the case of 4- benzyloxyindole (2d), the reaction time was longer
than 4-methyloxyindole (2c), such as 3ac and 3ad, 3bc and 3bd,
3cc and 3cd, 3dc and 3dd, 3ec and 3ed, which was perhaps due
to the steric effect of benzyloxyl. When an electron-withdrawing
group was attached to the indole ring, such as 5-chloroindole
(2g) or 6-bromoindole (2h), the reaction became slower obvi-
ously (3ag, 3ah and 3eh).

It was similar to coumarins' phenyl ring. Especially, when 8-
methoxyl-3-(triuoroacetyl)coumarin (1e) reacted with 4-benzy-
loxyindole (2d), the reaction time was reduced from 50 to 16
minutes in contrast to the reaction of 1a with 2d. On the
contrary, when coumarins' phenyl ring was connected with an
electron-withdrawing group, such as a chlorine or bromine
atom (1b and 1c), the reactions all slowed down (3ba, 3bc, 3bd
and 3ca, 3cd, 3ce).

When benzo[f]coumarin (1f) was used instead, the reaction
rate became higher than that of 1a, because the larger conjugate
system increased electron cloud density of coumarin.

The structures of compound 3aa–3fa were conrmed by 1H
NMR, 13C NMR and HRMS spectroscopy. All 1H and 13C NMR
spectra used d6-DMSO as a solvent to avoid the interference of
peaks from residual non-deuterium solvent. A 1H–13C COSY
spectrum of 3aa and 1H NMR spectrum of 3aa exchanged by
D2O were also given as additional information to conrm the
ownership of every signal in 1H NMR and 13C NMR. The 1H–13C
COSY spectrum showed that there were only two hydrogens
which did not attach to a carbon. In the 1H NMR spectrum of
3aa, these two signals were observed at d 11.30 ppm and
7.34 ppm which belonged to the indole NH and tertiary alcohol
OH respectively, and the integral areas decreased from 1.00 to
0.69 and 0.18 aer D2O exchanged for 2 hours (See Fig. S3 in
ESI†). Ten aromatic protons appeared in the range of d

6.87–8.69 ppm. In the 13C NMR spectrum of 3aa, the lactone
carbonyl carbon appeared at d 157.46 ppm, while the carbon
atom attached to the oxygen in the coumarin ring was observed
at d 153.55 ppm. The carbon of CF3 and the carbon attached to
the hydroxyl and CF3 with their corresponding coupling
constants J C,F ¼ 287.9 Hz and 30.0 Hz, appeared as a quartet at
d 125.47 and 74.49 ppm, respectively. Compared with spectrum
of 1a and 2a and tted by ChemDraw soware, the ownerships
of other signals of 3aa in 1H NMR and 13C NMR are shown in the
1H–13C COSY spectrum (See Fig. S7 in ESI†). In the 19F NMR
spectrum of 3aa, only a singlet was observed at d �74.21 ppm
which belongs to the three uorine atoms of CF3. Compounds
3ab–3fa showed the similar signals in 1H and 13C NMR.
Compounds 3aa–3fa all showed the molecular-ion peak [M �
This journal is © The Royal Society of Chemistry 2020
H]+ or [M + H]+in the high resolution mass spectrum, matching
with the calculated data.

The structures of coumarin derivatives were further
conrmed by the X-ray diffraction determination of single
crystals of compounds 3aa and 3dd (single crystal X-ray
diffraction data of compounds 3aa and 3dd are deposited
with CCDC No. 1950379 and 1950380, respectively). The
perspective and packing views are shown in Fig. 1 and 2
respectively. The crystal data and renement details are given in
RSC Adv., 2020, 10, 13929–13935 | 13931
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Fig. 1 X-ray structures of products 3aa and 3dd.

Scheme 2 Comparison between additions of chalcone and 1a with
indole 2a.
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Tables S2–S15 in ESI.† It is seen that compounds 3aa and 3dd
are isomorphous, and they crystallize in the monoclinic space
P21/c and C2/c respectively with four molecules in the unit cell.

In the crystal structure of 3dd, we can see that the C–O bond
between C20 and O5 could not rotate freely because of the steric
effect of coumarin group. In 1H NMR spectrum of 3dd, the two
benzyl hydrogens showed two signals at d 5.04 and 4.93 ppm,
which means they are magnetic nonequivalent. Each hydrogen
shows a doublet with a coupling constant J¼ 12.9 Hz from each
other. Similar signals were found in 1H NMR spectrum of other
products of 2d, such as 3ad, 3bd, 3cd and 3ed.

The reaction was 1,2-addition instead of 1,4-addition which
was conrmed by the crystal structures of the adducts of the
Friedel–Cras alkylation of indoles 2 with b-(triuoroacetyl)
coumarins 1 catalyzed by Sc(OTf)3. We attributed the main
reason to the steric effect in the intermediate. Here, we
compares the addition of chalcone which has a similar phenyl
a,b-unsaturated ketone with 1a (see Scheme 2). In the carbo-
cation formed by 1a in the present of Sc(OTf)3, the carbon next
to the triuoromethyl was more positive than the 4-carbon of
the coumarin ring, which was conrmed by the charge
computation of density functional theory (DFT). However, only
the electronic property was not enough and it still tended to give
the 1,4-adduct through Michael-type addition (see examples for
1,4-addition of a,b-unsaturated triuoromethyl ketones with
indoles in ref. 8b). We supposed that in the 1,4-adduct B formed
by chalcone and indole 2a, the C–C bond between the phenyl
and new tertiary carbon could rotate freely. By contrast, in the
1,4-adduct C from 1a and indole 2a, the C–C bond between the
phenyl and new tertiary carbon could not rotate at all, because
of the rigid structure of coumarin ring. Thus the indolyl and
coumarinyl groups were very crowd in the 1,4-adduct C which
Fig. 2 View of the molecular packings in 3aa and 3dd.

13932 | RSC Adv., 2020, 10, 13929–13935
was aminor adduct. In fact, only 1,2-adduct 3aa was observed in
this reaction.

According to the result of above analysis, a proposed
mechanism of 1,2-addition of 1a and 2a is shown in Scheme
3. It should be noted that a little water in the solution played
the role of transmitting protons, and the reaction could be
completed in a very short time (2–120 minutes). The water
might come from the solvent which was used without any
treatment, and b-(triuoroacetyl)coumarins 1 which has
a very electron-decient carbonyl and can exist as a hydrate
easily (see the crystal structure of hydrate of 1a in ref. 31b or
CCDC 967230). Through the DFT computation, Yu et al.
discovered that a trace amount of water could play a role of
proton transfer in catalyzing circulation.33 By contrast,
a reaction of 1a and 2a with Sc(OTf)3, which were dried under
vacuum at room temperature in a desiccator for 2 hours to
remove moisture, in CH2Cl2 distilled over phosphorus pent-
oxide was carried on (see entries 33–35, Table S1†). With less
water, the reaction slowed down evidently. Aer 10 minutes,
the yield was only 20%. Even aer 1 hour, only 61% of
product was obtained. Without any treatment, the reaction
could be completed in 20 minutes with a 95% yield.
Scheme 3 Proposed mechanism of addition of 1a and 2a.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In conclusion, we have shown that Friedel–Cras alkylation of
indole derivatives with kinds of b-(triuoroacetyl)coumarins
can be effectively catalyzed by Sc(OTf)3. The reaction proceeds
with good yields (up to 95%) in a short time (only 2–120
minutes) and gives 1,2-adducts to afford 1-(b-coumarinyl)-1-(b-
indolyl)triuoroethanols. The conditions are of application to
a large number of substituted indoles and b-(triuoroacetyl)
coumarins.

Experimental
General

All solvents and reagents used are commercially available and
were used without further purication unless noted. All 1H and
13C NMR spectra used d6-DMSO as a solvent to avoid the
interference of peaks from residual non-deuterium solvent. The
NMR data were obtained on a Bruker DPX-400 or 500 Spec-
trometer, respectively. The MestReNova Soware was used to
deal with the NMR spectra. Chemical shis (d) are reported
in ppm and J values are given in hertz. In 1H NMR, the signal of
TMS was set as 0.00 ppm unless noted. In 13C NMR, the middle
signal of d6-DMSO was set as 39.60 ppm. All the signals repre-
sent 1H or 1C except as noted. HPLC analyses for the qualitative
and quantitative analysis of the products were carried out using
an Agilent 1200 pump equipped with an Agilent 1200 detector.
Melting points were determined on an X-5 digital microscopic
melting-point apparatus (Beijing Tech Instruments Co., Beijing,
China) and are uncorrected. High resolution mass spectrometry
were obtained using a Waters Q-Tof MicroTM instrument. X-ray
crystallography parameters for data collection and renement
of the compounds are summarized in Table S1 in ESI.† Inten-
sities were collected on a Rigaku Saturn 724 CCD diffractometer
(Mo-Ka, l ¼ 0.71073 �A) at a temperature of 293 K using the
SMART and SAINT programs. The structures were solved by
direct method and rened on F2 by full-matrix least-squares
methods with SHELXTL-97 crystallographic soware package.
All the non-hydrogen atoms were rened with anisotropic
thermal displacement coefficients. The hydrogen atoms were
assigned with common isotropic displacement factors and
included in the nal renement by using geometrical restrains.

Preparation of b-(triuoroacetyl)coumarins 1a–f

b-(Triuoroacetyl)coumarins 1a–f were prepared according the
microwave assisted solvent-free route via Knoevenagel
condensation of substituted salicylaldehydes with ethyl tri-
uoroacetoacetate in the presence of silica-immobilized L-
proline and subsequently rearrangement (see ref. 31).

Indole 2a and substituted indoles 2b–h were used
commercially.

Preparation of 1-(b-coumarinyl)-1-(b-indolyl)triuoroethan-
ols 3aa–3fa

In a typical experiment of Friedel–Cras alkylation of indoles,
a solution of b-(triuoroacetyl)coumarin 1a (0.2 mmol), indole
This journal is © The Royal Society of Chemistry 2020
2a (0.2 mmol) and Sc(OTf)3 (0.01 mmol, 5% equiv.) in 2 mL
CH2Cl2 was stirred under atmosphere at 45 �C for 20 minutes.
The reaction was monitored by HPLC. When the reaction
completed, the mixture was washed by water (5 mL � 3). Then
the water phase was extracted by CH2Cl2 (5 mL � 3). The
combined solution was evaporated under reduced pressure.
The crude product was recrystallized from ethyl acetate and
petroleum ether (1 : 10), to afford the product 3aa as a light
yellow powder (95% yield).
Characterization data of new compounds

Representative example 3aa is given below; for other
compounds (3ab–3fa), see the ESI.†

1-(Coumarin-3-yl)-1-(1H-indol-3-yl)-2,2,2-triuoroethanol
(3aa). Yield 95%, light yellow powder, mp 244.6–244.9 �C. 1H
NMR (400 MHz) d 11.30 (s, NH), 8.69 (s), 7.99 (d, J¼ 7.4 Hz), 7.64
(t, J¼ 7.6 Hz), 7.48 (s), 7.44–7.34 (m, 5H), 7.07 (t, J¼ 7.5 Hz), 6.89
(t, J¼ 7.5 Hz). 13C NMR (101 MHz) d 157.46(C]O), 153.55(C–O),
143.05, 136.30, 132.73, 129.68, 125.47 (q, J ¼ 287.9 Hz, CF3),
125.39, 125.34, 124.80, 124.37, 121.28, 119.65, 119.12, 118.42,
115.87, 111.91, 110.40, 74.49 (q, J ¼ 30.0 Hz, C–CF3).

19F NMR
(376 MHz) d �74.21 (s, 3F, CF3). HRMS: m/z calcd for
C19H11F3NO3: 358.0691 [M � H]+; found: 358.0689.
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C. del Pozo, A. E. Sorochinsky, S. Fustero, V. A. Soloshonok
and H. Liu, Chem. Rev., 2014, 114, 2432–2506; (b)
B. C. Wang, L. J. Wang, B. Jiang, S. Y. Wang, N. Wu,
X. Q. Li and D. Y. Shi, Mini-Rev. Med. Chem., 2017, 17, 683–
692; (c) E. P. Gillis, K. J. Eastman, M. D. Hill, D. J. Donnelly
RSC Adv., 2020, 10, 13929–13935 | 13933

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01237h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 9
:2

0:
55

 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
and N. A. Meanwell, J. Med. Chem., 2015, 58, 8315–8359; (d)
N. A. Meanwell, J. Med. Chem., 2018, 61, 5822–5880; (e)
A. Burriss, A. J. F. Edmunds, D. Emery, R. G. Hall, O. Jacob
and J. Schaetzer, Pest Manage. Sci., 2018, 74, 1228–1238; (f)
E. Carbonnel, T. Poisson, P. Jubault, X. Pannecoucke and
T. Besset, Front. Chem., 2019, 7, 111.

3 Y. Pan, ACS Med. Chem. Lett., 2019, 10, 1016–1019.
4 For reviews, see:(a) J. A. Ma and D. Cahard, Chem. Rev., 2004,
104, 6119–6146; (b) J. Nie, H. C. Guo, D. Cahard and J. A. Ma,
Chem. Rev., 2011, 111, 455–529; (c) X. Y. Yang, T. Wu,
R. J. Phipps and F. D. Toste, Chem. Rev., 2015, 115, 826–870.

5 V. G. Nenajdenko, K. I. Smolko and E. S. Balenkova,
Tetrahedron: Asymmetry, 2001, 12, 1259–1266.

6 (a) X.-J. Wang, Y. Zhao and J.-T. Liu, Org. Lett., 2007, 9, 1343–
1345; (b) D. H. Zhang and C. Y. Yuan, Tetrahedron, 2008, 64,
2480–2488; (c) Y.-H. Deng, J.-Q. Chen, L. He, T.-R. Kang,
Q.-Z. Liu, S.-W. Luo and W.-C. Yuan, Chem. - Eur. J., 2013,
19, 7143–7150; (d) J. D. Duan, Y. Y. Cheng, J. Cheng, R. Li
and P. F. Li, Chem. - Eur. J., 2017, 23, 519–523.

7 C. Zheng, Y. Li, Y. Yang, H. Wang, H. Cui, J. Zhang and
G. Zhao, Adv. Synth. Catal., 2009, 351, 1685–1691.

8 (a) X.-J. Wang, Y. Zhao and J.-T. Liu, Synthesis, 2008, 3967–
3973; (b) S. Sasaki, T. Yamauchi and K. Higashiyama,
Tetrahedron Lett., 2010, 51, 2326–2328; (c) Z.-K. Pei,
Y. Zheng, J. Nie and J.-A. Ma, Tetrahedron Lett., 2010, 51,
4658–4661; (d) J. Hernández-Toribio, R. G. Arrayás,
B. Mart́ın-Matute and J. C. Carretero, Org. Lett., 2009, 11,
393–396; (e) P. Li, Z. Chai, S.-L. Zhao, Y.-Q. Yang,
H.-F. Wang, C.-W. Zheng, Y.-P. Cai, G. Zhao and S.-Z. Zhu,
Chem. Commun., 2009, 7369–7371; (f) X.-K. Chen,
C.-W. Zheng, S.-L. Zhao, Z. Chai, Y. Q. Yang, G. Zhao and
W.-G. Cao, Adv. Synth. Catal., 2010, 352, 1648–1652; (g)
A. Sanz-Marco, G. Blay, M. C. Muñoz and J. R. Pedro,
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