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2,5-bis(amino-alcohol) mediated
asymmetric Aldol reaction and Domino
Knoevenagel Michael cyclization: a new highly
efficient Lewis acid catalyst†

Abdullah Mohammed Al-Majid,*a Abdullah Saleh Alammari,a Saeed Alshahrani, a

Matti Haukka, b Mohammad Shahidul Islam *a and Assem Barakat a

The highly efficient Lewis acid-catalytic system Cu(II)-thiophene-2,5-bis(amino-alcohol) has been

developed for enantioselective Aldol reaction of isatin derivatives with ketones. The new catalytic system

also proved to be highly enantioselective for the one pot three-component Domino Knoevenagel

Michael cyclization reaction of substituted isatin with malononitrile and ethylacetoacetate. The chiral

ligand (2S,20S)-2,20-((thiophene-2,5-diylbis(methylene))bis(azanediyl))bis(3-phenylpropan-1-ol) (L1) in

combination with Cu(OAc)2$H2O employed as a new Lewis acid catalyst, furnished 3-substituted-3-

hydroxyindolin-2-ones derivatives (3a–s) in good to excellent yields (81–99%) with high

enantioselectivities (up to 96% ee) and spiro[4H-pyran-3,3-oxindole] derivatives (6a–l) in excellent yields

(89–99%) with high ee (up to 95%). These aldol products and spiro-oxindoles constitute a core structural

motif in a large number of pharmaceutically active molecules and natural products.
Introduction

The chiral ligand–Lewis acid–metal catalysed carbon–carbon
bond construction process has become increasingly interesting
to synthetic chemists as well as pharmacists, for carrying out
various crucial organic transformations. In particular, chiral
versions of these catalytic processes are one of the prominent
strategies to access several enantiopure bioactive molecules.1–5

Among them, the asymmetric Aldol reaction and Domino
Knoevenagel Michael cyclization reaction are the most powerful
and efficient approaches for accessing various enantiomerically
enriched biomolecules.6,7

The core framework ‘3-alkyl-3-hydroxyindolin-2-ones’ is
present in a large number of natural products8–14 and drug
molecules15–19 such as maremycins,17 arundaphine,20 donaxar-
idine,21 paratunamide,22, (R)-convolutamydines A, B and E,23–27

ustraminol,28 diazonamides,29–33 leptosin D,34 30-
e, King Saud University, P. O. Box 2455,
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äskylä, P. O. Box 35, FI-40014 Jyväskylä,

ESI) available. CCDC 2143162. For ESI
other electronic format see DOI:

the Royal Society of Chemistry
hydroxyglucoisatisin,35 CPC-1,36 3-hydroxy welwitindolinones
C,37 TMC-95 (A–D),38–40 celogentin K,41 dioxibrassinin42 (Fig. 1).

Therefore, the development of efficient and practical
methods to synthesize this kind of building block is of great
importance and is currently an open area of research in asym-
metric catalysis.43–45 A representative example has been devel-
oped recently for asymmetric Aldol reaction of ketones with
Fig. 1 Prominent bioactive compounds based 3-substituted-3-
hydroxy-2-oxindoles and spiro[4H-pyran-3,30-oxindole] motifs.
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Fig. 2 C2-symmetric chiral thiophene-2,5-bis(amino-alcohol) ligands
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various isatins which is one of the most straightforward and
powerful methods in order to achieve highly enantiopure bio-
logically active core framework ‘3-alkyl-3-hydroxyindolin-2-
ones’ with new chiral stereocenters.46–52 Ever since, proline
catalysed cross-Aldol reaction of aldehydes and ketones rst
reported by List and Barbas in 2000,53 since then, lot of chiral
amine ligands have been used as organo-catalyst for the cross-
Aldol asymmetric reaction.47,54 In 2005, for the rst time asym-
metric Aldol reaction of isatin with acetone was rst developed
by Tomasini et al. employing dipeptide-based ligand as orga-
nocatalyst.55–59 However, signicant efforts have been made for
developing efficient asymmetric Aldol reactions of isatins with
ketones mostly using organocatalysts such as proline,60–62 pro-
linamides,63–69 sulphonamides,70–72 amines,73,74 quinidine-thio-
ureas,75–77 vicinal amino-alcohol,78 enzymes,79 4-
hydroxydiarylprolinol80 and amino acid salts.81

The spiro-heterocyclic oxindoles are the eye-catching targets
to the synthetic chemist and biologist because of their biolog-
ical signicance to a wide-range of synthetic utility such as
alkaloids intermediates, drug candidates and clinical pharma-
ceuticals agents.82–89 In particular, ‘spiro[4H-pyran-3,30-oxin-
dole]’ moiety is the most important heterocyclic skeleton that
could be found in spirooxindoles framework complex mole-
cules of several alkaloids and drug agents.82,83 Over the couple
years, sizable number of investigation have been carried out
successfully for the construction of spiro[4H-pyran-3,30-oxin-
dole] framework as a core skeleton of spirooxindole struc-
tures.90–92 Domino Knoevenagel Michael cyclization is one of the
highly successful procedures for the stereoselective synthesis of
spirooxindole derivatives derived spiro[4H-pyran-3,30-oxindole]
moiety.93,94 To construct this interesting scaffold, Yuan and co-
workers in 2010 for the rst time, utilized cupreine-(60-
hydroxycinchonidine) as organocatalyst for accessing chiral
spiro[4H-pyran-3,30-oxindole] derivatives from multi compo-
nent reactions of N-alkylated isatins.95 Recently, Nakano et al.
reported hybrid squaramide amino alcohol organo-catalyzed
asymmetric Domino Michael cyclization reactions of oxoindo-
lines with cyclic 1,3-diketones, affording chiral spiro-
conjugated oxindoles tethering 2-aminopyrans heterocyclic
ring systems with excellent yield and enantioselectivity.96 In
2019, Swapna Konda and co-workers synthesized chiral spiro
[4H-pyran-3,30-oxindole] derivatives with good chemical yield
(up to 92%) and enantioselectivity (up to 87% ee) using
cinchona alkaloid thioureas as an organocatalysts.97 However,
till date very limited efforts have beenmade for the construction
of stereoselective spiro-heterocyclic oxindole, engraing 2-
amino-4H-pyran-3-carbonitrile ring at the C3 position of oxin-
dole via asymmetric Domino Michael cyclization reaction.

However, very limited ndings have been reported for the
application of Lewis acid catalyzed asymmetric Aldol reaction98

of ketones with isatin in order to excess derivative of ‘3-alkyl-3-
hydroxyindolin-2-ones’ and asymmetric Domino Michael cycli-
zation reaction99–101 of isatin with malononitrile and ethyl-
acetoacetate to furnish enantiopure spiro[4H-pyran-3,30-
oxindole] derivatives. Therefore, further investigations are
required to produce bioactive motif like ‘3-alkyl-3-
6150 | RSC Adv., 2022, 12, 6149–6165
hydroxyindolin-2-ones’ and spiro[4H-pyran-3,30-oxindole] using
Lewis acid catalyst, that remains a great challenge.

Recently, a series of new chiral bis(amino-alcohol)thiophene
ligands-Cu(OAc)2$H2O as a Lewis acid catalytic system have
been developed by our group and their catalytic application was
successfully applied for enantioselective Henry reaction to
afford the corresponding chiral Henry product with satisfactory
yield and enantioselectivity.5 On observing their good catalytic
enantioselective induction in the Henry reaction, we decided to
explore the utility of those chiral ligands for different applica-
tions such as enantioselective Aldol reaction as well as Domino
Michael cyclization reaction.

As per the best of our knowledge, we are reporting for the
rst time chiral bis(amino-alcohol)thiophene ligand–Lewis acid
catalysed enantioselective Aldol reaction of isatins with
substituted acetone to produce enantiopure 3-substituted-3-
hydroxy-2-oxindoles derivatives as well as Domino Michael
cyclization reaction of isatins with malononitrile and ethyl-
acetoacetate to afford the chiral oxindoles spiro[4H-pyran-3,30-
oxindole] fused with 2-aminopyrans heterocyclic ring systems.
Results and discussion
Catalytic asymmetric studies of Aldol reaction

The following ligands as shown in Fig. 2 reported recently by
our research group as an examples of C2-symmetric chiral
thiophene-2,5-bis(amino-alcohol) ligands (L1–L5) and success-
fully applied them in catalytic asymmetric Henry reaction of
nitromethane with substituted aldehydes in excellent yield and
enantioselectivity (yield up to 99% and ee up to 95%).5 (Fig. 2).
We further decided to examine their asymmetric catalytic effi-
ciency and therefore enantioselective Aldol reaction of isatin
with substituted acetone as well as three-component chiral
Domino Michael cyclization reaction of isatin with malononi-
trile and ethylacetoacetate have been explored successfully.

Initially, Aldol reaction of 5-bromoisatin (1a) with acetone
(2a) as model substrate were carried out for accessing 3-
substituted-3-hydroxy-2-oxindoles derivatives, using 20 mol%
chiral thiophene-2,5-bis(amino-alcohol) ligands (L1–L5) as
organocatalysts in ethanol (2 mL) at room temperature (rt)
under inert atmosphere for 24–48 h and we observe that, all the
ligands were found to be efficient to furnish aldol product 3a
(89–99% yield) in excellent yield but unfortunately failed to
induce enantioselectivity (16–21% ee) effectively (Table 1).

Then the catalytic efficacy of these ligands were examined in
combination with metal salt like copper acetate monohydrate
(Cu(OAc)2$H2O) generated a metal complex in situ as a Lewis
(L1–L5) used for Aldol reaction and Domino Michael addition reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Enantioselectivity Aldol reaction of 5-bromoisatin (1a) with
acetone (2a) catalyzed by organocatalysts L1–L5

Entriesa Ligands Time (h) Yieldb (%) eec (%)

1 L1 24 99 21
2 L2 24 99 16
3 L3 24 99 19
4 L4 24 99 20
5 L5 48 89 20

a Reactions were performed on 0.2 mmol of isatin and 10.0 mmol of
acetone. b Isolated yields aer column purication. c Enantiomeric
excess (ee) was determined by chiral HPLC using a Daicel Chiralpak
AD-H (25 cm � 4.6 mm � 5 mm).

Table 3 Enantioselectivity Aldol reaction of 5-bromoisatin (1a) with

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

10
:0

8:
20

 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
acid catalytic system for asymmetric Aldol reaction of 5-bro-
moisatin (1a) with acetone (2a, 50 eq.). Subsequently, the reac-
tion was performed in ethanol (2 mL) at 25 �C under inert
atmosphere, using 10 mol% of ligands L1–L5 with 20 mol% of
Cu(OAc)2$H2O for 24 h and the corresponding ndings were
documented in Table 2. Fortunately, all the ligands (L1–L5)
were found to be capable of producing aldol product 3a with
signicantly enhanced enantioselectivity (44–58% ee) (Table 2,
entries 1–5) but the chemical yields were signicantly dropped
(44–60%). Interestingly, ligand L1 and L4 bearing benzyl and t-
butyl group respectively were found to be the most effective
ligand in combination with Cu(OAc)2$H2O, furnishing highest
yield (60% and 58%) accordingly. However, higher enantiose-
lectivity (58% ee) was observed in presence of L1 as compared to
L4 (48% ee) (Table 2, entries 1 and 4) and therefore L1 has been
chosen for further optimization.
Table 2 Enantioselectivity Aldol reaction of 5-bromoisatin (1a) with
acetone (2a) catalyzed by ligand (L1–L5) in presence of Cu(OAc)2$H2O

Entriesa Ligands Time (h) Yieldb (%) eec (%)

1 L1 24 60 58
2 L2 24 44 47
3 L3 24 48 45
4 L4 24 58 48
5 L5 24 45 44

a Reactions were performed on 0.2 mmol of isatin and 10.0 mmol of
acetone. b Isolated yields aer column purication. c Enantiomeric
excess (ee) was determined by chiral HPLC using a Daicel Chiralpak
AD-H (25 cm � 4.6 mm � 5 mm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
In order to improve the yield and enantioselectivity, asym-
metric Aldol reaction of 5-bromoisatin (1a) with acetone (2a, 50
eq.) was further investigated. The effect of different metal salts
such as Cu(OAc)2$H2O, Zn(OAc)2$2H2O, Zn(OTf)2, Mg(OTf)2,
Er(OTf)3 and Yb(OTf)3 as a Lewis acid as well as various solvents
system like EtOH, CH2Cl2, dioxane and THF were explored,
using 10 mol% of ligand L1 with 20 mol% metal salts at rt over
the period of 24–72 h and the summery of the results were
shown in Table 3. It is evident from the results that, the catalytic
system of L1-Cu(OAc)2$H2O in solvents like CH2Cl2 and
dioxane, improved enantiomeric excess (ee) (74% & 76%)
respectively as compared to ethanol (yield 60%, ee 58%) but the
chemical yields were still low (58% and 45%) (Table 3, entries 1–
3). However, in case of catalytic system L1-Cu(OAc)2$H2O
(10 : 20mol%) in THF as solvent was found to be the best choice
as Lewis acid catalyst for the asymmetric Aldol reaction of 5-
bromoisatin (1a) with acetone (2a, 50 eq.), furnishing the best
yield and enantioselectivity (65% yield, 82% ee) (Table 3, entry
4). Nevertheless, L1-Zn(OAc)2$2H2O in THF produce 50% yield
with very poor enantioselectivity (17% ee) in 72 h (Table 3, entry
4). Moreover, ligand L1 in combination with metal salts like
Zn(OTf)2, Mg(OTf)2, Er(OTf)3 and Yb(OTf)3 in THF were found to
be completely ineffective for the asymmetric Aldol reaction
(Table 3, entries 6–9). The poor efficiency of Zn+2 complex as
compared to Cu+2 complex could be attributed to the higher
electronegativity [EN of (Cu2+) ¼ 1.90 > EN of (Zn2+) ¼ 1.65] and
greater charge to radius ratio of Cu+2 than Zn+2 ion, those are
two factors perhaps help Cu2+ to form covalent bond with O
and N atoms of ligand stronger than Zn2+ during the complex
formation.

From these several attempts to achieve acceptable yield and
high enantioselectivity, it can be concluded that, L1-Cu(OAc)2-
$H2O (10 : 20 mol%) as Lewis acid catalyst, in THF at rt for 24 h
acetone (2a); solvents and metal salt screening

Entriesa Solvents Metal salts Time (h) Yieldb (%) eec (%)

1 EtOH Cu(OAc)2$H2O 24 60 58
2 CH2Cl2 Cu(OAc)2$H2O 24 58 74
3 Dioxane Cu(OAc)2$H2O 24 45 76
4 THF Cu(OAc)2$H2O 24 65 82
5 THF Zn(OTf)2 72 Trace —
6 THF Zn(OAc)2$2H2O 72 50 17
7 THF Mg(OTf)2 72 — —
8 THF Yb(OTf)3 72 — —
9 THF Er(OTf)3 72 — —

a Reactions were performed on 0.2 mmol of isatin and 10.0 mmol of
acetone. b Isolated yields aer column purication. c Enantiomeric
excess (ee) was determined by chiral HPLC using a Daicel Chiralpak
AD-H (25 cm � 4.6 mm � 5 mm).
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able to afford better yield and enantioselectivity for the asym-
metric Aldol reaction of 5-bromoisatin (1a) with acetone (2a, 50
eq.). However, further optimizations are required as the results
were not up to the marks as far as yields and enantioselectios
are concerned. Therefore, other crucial parameters such as
loading of catalyst, equivalent of acetone, time variation and
temperature control were further screened to obtain the best
optimized condition for the asymmetric Aldol reaction.

To nd out the best optimized parameters, initially Aldol
reaction were performed using 5 mol% and 15 mol% of ligand
L1 with 20 mol% of Cu(OAc)2$H2O in THF at rt for 24 h and it
can be seen from the results that neither the yields (52% & 68%)
nor enantioselectivities (74% & 70% ee) were improved (Table 4,
entries 1 & 2). Then the loading of Cu(OAc)2$H2O as metal salt
were increased from 20 to 30 and 40 mol%, keeping the other
parameters unchanged (10 mol% of ligand L1 in THF at rt for 24
h). We observed that, both the corresponding yields (88% and
88%) as well as enantiomeric excess (96% & 86% ee) were
improved signicantly (Table 4, entries 3 & 4), although
10 : 30 mol% ratio of L1-Cu(OAc)2$H2O was found to be the best
choice for the asymmetric Aldol reaction as it has furnished the
nal product 3a in excellent yield and enantioselectivity (88%
yield, 96% ee) (Table 4, entry 3). Next, may be the temperature
has an impact on catalytic efficiency of this new catalytic
system. Therefore, the reaction was further performed, using
10 : 30 mol% of L1-Cu(OAc)2$H2O in THF at rt for 24 h at lower
temperature 10 �C as well as 0 �C, but unfortunately results
indicated that, the yields (69% & 53%) and enantioselectivities
(73%, 71% ee) both were signicantly dropped (Table 4, entries
5 & 6) although prolong reaction time (48 h) was given. We
further investigated the reaction with different molar ratio of
acetone (10, 20, 40, 60 eq.) under the best optimum parameters
and the ndings are reported in Table 4 entries 7–10, still 50 eq.
of acetone is the best choice to get better yield and
Table 4 Enantioselective Aldol reaction of 5-bromoisatin (1a) with acet

#a
L1/Cu(OAc)2$H2O
(mol%) Acetone (eq.) Tim

1 05/20 50 24
2 15/20 50 24
3 10/30 50 24
4 10/40 50 24
5 10/30 50 48
6 10/30 50 48
7 10/30 10 24
8 10/30 20 24
9 10/30 40 24
10 10/30 60 24

a Reactions were performed on a 0.2 mmol of isatin and 10–60 eq. of aceto
was determined by chiral HPLC using a Daicel Chiralpak AD-H (25 cm �

6152 | RSC Adv., 2022, 12, 6149–6165
enantioselectivity. From the overall investigation, we came to
conclusion that, 10 mol% of ligand L1 with 30 mol% of
Cu(OAc)2$H2O in THF at rt for 24 h produced best result as we
obtained aldol product in high yield (88%) and enantiose-
lectivity (96%).

Aer establishing standard reaction parameters, we
extended the substrate scope for the asymmetric Aldol reaction
under the optimized reaction condition, using Lewis acid
catalyst L1-Cu(OAc)2$H2O (10 : 30 mol%) in THF at rt for 24 h. A
variety of substituted isatin (1a–l) with several acetone deriva-
tives (2a–h) were screened for the asymmetric Aldol reaction
using optimized reaction parameter and the corresponding
aldol chiral derivatives of 3-hydroxyindolin-2-one (3a–s) were
obtained in good to excellent yields (81–99%) with moderate to
high enantiomeric excess (35–96% ee) and the results are
summarized in Table 5. Our optimized catalytic system worked
efficiently in case of isatin derivatives bearing electron-donating
groups (5-Me and N-Me) which afforded aldol products 3h (99%
yield, 93% ee) and 3j (91% yield, 89% ee) respectively (Table 5,
entries 8 & 10). Exceptionally, 5-bromoisatin afforded best
enantioselectivity (96% ee) and good yield (88%) (Table 5, entry
1). While, in case of isatin derivatives containing electron-
withdrawing groups such as 5-Cl, N-benzyl and N-ethyl-
bromide, this catalytic system also worked remarkable well and
afforded respective aldol products (3c, 3k and 3l) with excellent
yields (99%, 91% and 98%) and very good enantiomeric excess
(76%, 78% and 71% ee) (Table 5, entries 3, 11 & 12). However,
this catalytic system furnished aldol products 3b, 3e, 3f and 3i
with very good yields (99%, 99%, 88% and 97%) and moderate
enantioselectivities (62%, 55%, 44% and 53% ee) when isatin, 5-
methoxy, 5-nitro and 5-uoro isatin were used as nucleophilic
centre for Aldol reaction (Table 5, entries 2, 5, 6 & 9). Noteworthy
to mention that, while using 6-chloro and 5,7-dibromo isatin for
the Aldol reaction, our catalytic system performed under
one (2a); loading of catalyst and temperature control

e (h) Temp (oC) Yieldb (%) eec (%)

25 52 74
25 68 70
25 88 96
25 88 86
10 69 73
0 53 71
25 65 82
25 72 85
25 79 86
25 74 85

ne. b Isolated yields aer column purication. c Enantiomeric excess (ee)
4.6 mm � 5 mm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 L1-Cu(OAc)2$H2O catalyzed asymmetric Aldol reaction of substituted isatin (1a–l) with ketone (2a–h) under optimized reaction
parameters. Proposed transition states for the final compound

Entriesa R1 R2 R3 (2a–g) 3a–s Time [h] Yieldb [%] eec [%] Abs. conf.d

1 5-Br H CH3 3a 24 88 96 (S)d67

2 H H CH3 3b 30 99 62 (S)d67

3 5-Cl H CH3 3c 30 99 76 (S)d67

4 6-Cl H CH3 3d 30 99 35 (S)d

5 5-OMe H CH3 3e 30 99 55 (S)d67

6 5-NO2 H CH3 3f 30 88 44 (S)d67

7 5,7-Br H CH3 3g 30 90 36 (S)d67,78

8 5-CH3 H CH3 3h 35 99 93 (S)d67

9 5-F H CH3 3i 35 97 53 (S)d67

10 H CH3 CH3 3j 38 91 89 (S)d67,78

11 H Bn CH3 3k 38 98 78 (S)d67

12 H C2H4–Br CH3 3l 35 99 71 (S)d

13 5-Br H Ph 3m 15 93 77 (S)d

14 5-Br H 2-NO2Ph 3n 15 96 70 (S)d

15 5-Br H 4-FPh 3o 15 93 81 (S)d

16 5-Br H 4-BrPh 3p 15 92 81 (S)d

17 5-Br H 4-NO2Ph 3q 15 88 54 (S)d

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 6149–6165 | 6153
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Table 5 (Contd. )

Entriesa R1 R2 R3 (2a–g) 3a–s Time [h] Yieldb [%] eec [%] Abs. conf.d

18 5-Br H 4-OHPh 3r 15 81 50 (S)d

19 5-Br H Cyclohexanone 3s 35 99 85 (S,R)d72

a Reactions were performed on a 0.2 mmol of isatin and 10.0 mmol of acetone or cyclohexanone in 2 mL of THF. b Isolated yields aer column
purication. c Enantiomeric excess (ee) was determined by chiral HPLC using a Daicel Chiralpak AD-H/OD-H column (25 cm � 4.6 mm � 5
mm). d Absolute congurations were determined by crystal structure and retention time matched with the literature.
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expectation in inducing chirality in the aldol products and
afforded 3d and 3g with poor enantioselectivities (35% & 36%
ee), however quantitative chemical yields were obtained (99% &
90%) (Table 5, entries 4 & 7).

In view of the above ndings, we further investigated the
efficiency of our best catalytic system L1-Cu(II) as a Lewis acid
catalyst under the optimized reaction parameters. Subse-
quently, the asymmetric Aldol reaction of 5-bromo isatin (1a)
with substituted acetone (2b–e, 2h) were carried out and the
6154 | RSC Adv., 2022, 12, 6149–6165
corresponding aldol product 3m–p and 3s were obtained in
excellent yields (93%, 96%, 93%, 92% and 99%) with very good
enantiomeric excess (77%, 70%, 81%, 81% and 85% ee) (Table
5, entries 13–16, 19). However, aldol product 3q and 3r were
furnished in good yields (88% and 81%) with moderate enan-
tiomeric excess (54% and 50% ee) while using p-nitro and p-
hydroxy acetophenone (2f, 2g) as substrate for the Aldol reaction
under optimized reaction conditions for 15 h and the ndings
are reported in Table 5, entries 13–19.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Noteworthy to mention that, the (S)-enantiomer eluted faster
than (R)-enantiomer in the HPLC chromatogram for aldol
product 3a–c, 3e–l, while for the N-substituted aldol product 3j,
3k and 3l, reverse trends were followed, those are reported in
the literature.67,78 For aldol product 3s, retention time of syn-
major/minor and anti-major/minor were well matched with
the data available in the literature.72 Therefore, all the aldol
products are predominantly found to be enriched with (S)-
enantiomer as their retention time and optical rotations were
absolutely in agreement with the literature data.67,78 The abso-
lute conguration of compound 3f was further unambiguously
conrmed by single-crystal X-ray analysis (CCDC number-
2143162, see ESI† S-64). In case of aldol products 3m–r the
absolute congurations were also assigned as (S)-enantiomer,
assuming that the reaction took place by following uniform
mechanistic pathway (Fig. 3).
Fig. 3 Proposed mechanism of Lewis acid catalysis for asymmetric Aldo

© 2022 The Author(s). Published by the Royal Society of Chemistry
Catalytic asymmetric studies of Domino Knoevenagel Michael
cyclization

To illustrate the generality for catalytic asymmetric application
of our Lewis acid catalytic system (10 : 30 mol% of L1-Cu(II) in
THF at room temperature for 5–15 h), we extended the reaction
scope and therefore catalytic asymmetric Domino Knoevenagel
Michael cyclization reactions were performed using the same
optimized parameters and the summary of the ndings are
documented in Table 6. From the results of Domino Knoeve-
nagel Michael reaction, it can be clearly observed that the
substituted isatins (1a–l) reacted very well withmalononitrile (4)
and ethylacetoacetate (5) in order to furnished another set of
biologically important oxindoles derivatives (6a–l) in excellent
yields (89–99%) and moderate to high enantiomeric excess (24–
95% ee), those constitutes of spiro[4H-pyran-3,30-oxindole]
motif fused with 2-aminopyrans heterocyclic ring. It can be
l condensation reaction.

RSC Adv., 2022, 12, 6149–6165 | 6155
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Table 6 L1-Cu(OAc)2$H2O catalyzed asymmetric three components one pot synthesis of spirooxindole using substituted isatin (1a–l), malo-
nonitrile (4) and ethylacetoacetate (5) under optimized reaction parameters

Entrya R1 R2 6a–l Time [h] Yieldb [%] eec [%] Abs. conf.d

1 5-Br H 6a 15 98 91 (S)97

2 H H 6b 13 99 42 (S)97

3 5-Cl H 6c 8 96 57 (S)97

4 6-Cl H 6d 15 92 47 (S)
5 5-OCH3 H 6e 15 93 87 (S)97

6 5-NO2 H 6f 15 89 80 (S)
7 5,7-Br H 6g 15 96 50 (S)
8 5-CH3 H 6h 15 97 95 (S)97

9 5-F H 6i 15 98 39 (S)97

10 H CH3 6j 15 99 63 (S)97

11 H Bn 6k 15 98 81 (S)95,97

12 H C2H4–Br 6l 5 89 24 (S)

a Reactions wer performed on a 0.2 mmol of isatin in 2 mL of THF. b Isolated yields aer column purication. c Enantiomeric excess (ee) was
determined by chiral HPLC using a Daicel Chiralpak AD-H column (25 cm � 4.6 mm � 5 mm). d Absolute congurations were determined by
crystal structure and retention time matched with the literature.
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noticed that this catalytic system produced best yields (98%,
93% & 97%) and enantiomeric excess (91%, 87% & 95% ee)
when 5-bromo, 5-methoxy and 5-methyl isatins were subse-
quently used as substrate (Table 5, entries 1, 5 & 8); while in case
of 5-nitro and N-benzyl isatins, our catalytic system L1-
Cu(OAc)2$H2O are also found to be quite capable of inducing
pretty good chirality (80% & 81% ee) with high yields (89% &
98%) accordingly (Table 6, entries 6 & 11). In case of isatin and
its derivatives such as 5-Cl, 6-Cl, 5,7-dibromo, 5-F and N-Me
isatins, the catalyst L1-Cu(OAc)2$H2O performed very well in
terms of chemical yields (92–99%) to produce corresponding
spiro[4H-pyran-3,30-oxindole] derivatives 6b–d, 6g, 6i and 6j
with moderate enantioselectivities (41.7%, 57.1%, 47%, 50%,
39%, 63% ee) (Table 6, entries 2–4, 7, 9 & 10). Nevertheless, this
catalytic system performed poorly in prompting chiral induc-
tion when N-ethylbromide isatin was used as substrate perhaps
due to the steric hindrance caused by the two long chain of N-
ethylbromide of substrate (1l) and enol-ester (5) (Fig. 4) and the
rate of reaction is comparatively high as it has taken 5 h only
(89% yield, 24% ee). However chemical conversion is very good
(Table 6, entry 12). All the Domino Knoevenagel Michael prod-
ucts are found to be enriched with (S)-enantiomer
predominantly.

(R)-enantiomer eluted faster than (S)-enantiomer in the
HPLC chromatogram for Domino Knoevenagel Michael cyclized
spiro-oxindole products 6a–c, 6e, 6h and 6i, while for the N-
substituted spiro-oxindole 6j, 6k and 6l, reverse trends were
6156 | RSC Adv., 2022, 12, 6149–6165
followed, those are well reported in the literature.97 All the spiro-
oxindole products are predominantly found to be enriched with
(S)-enantiomer as their retention time and optical rotation were
well in agreement with the literature data.97 The absolute
conguration for spiro-oxindole products 6d, 6f and 6g were
also assigned as (S)-enantiomer as their retention time followed
the similar trends as of compound 6a–c, assuming that the
reaction took place by following uniform mechanistic pathway
(Fig. 4).

Experimental
General

All the chemicals (isatin, derivatives of isatin, acetone, acetone
derivatives, metal salts) and solvents were purchased from
Sigma-Aldrich and used as received. Thiophene-2,5-bis(b-
amino-alcohol) ligands (L1–L5) were freshly synthesized from
commercially available thiophene-2,5-dicarbaldehyde and
chiral b-amino alcohols in a well dried ask under a static
pressure of nitrogen. Standard procedures were followed for
solvents drying before usage. Reactions were monitored by thin
layer chromatography using Merck silica gel 60 Kieselgel F254
TLC (Merck, Kenilworth, NJ, USA) and column chromatography
was performed on silica gel 100–200 (40–63 mm, ASTM) from
Merck using the proper solvents. 1H and 13C-NMR spectra were
recorded in CDCl3 and DMSO-d6 on a Jeol Spectrometer (Jeol,
Tokyo, Japan) (500 MHz). The chemical shis are reported
in ppm. All the racemic products were freshly prepared as per
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Proposed mechanism of Lewis acid catalysis for asymmetric Domino Michael cyclization reaction.
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the method reported in the literature.83 Thermo Scientic
Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientic,
Waltham, MA, USA) has been used for Infrared spectra
recording. Enantiomeric ratios were determined by analytical
chiral HPLC analysis on a Shimadzu LC-20A (Shimadzu, Kyoto,
Japan) Prominence instrument with a chiral stationary phase
using Daicel OD-H columns (Chiral Technologies Europe,
Illkirch-Graffenstaden, France) and 70–75% n-hexane/
isopropanol as eluents (ESI†). PerkinElmer-343 Polarimeter
(PerkinElmer, Waltham, MA, USA) has been used for optical
rotations measurement. Melting points (m.p.) were taken on
a Thomas-Hoover capillary melting point apparatus (Thomas-
Hoover, Texas City, USA) and were not corrected. Agilent
Technologies 6410-triple quad LC/MS instrument (Agilent,
Santa Clara, CA, USA) has been used for mass spectrometric
analysis. PerkinElmer PE-2400 CHN Elemental Analyzer with
autosampler has been used for elemental analysis only in CHN
mode. X-ray diffraction data were collected on a Rigaku Oxford
Diffraction Supernova diffractometer and processed with Cry-
sAlisPro soware v. 1.171.41.93a (Rigaku Oxford Diffraction,
Yarnton, UK, 2020) using Cu K_ radiation”.

Synthesis of racemic aldol product rac.-(3a–s). A solution of
isatin derivatives (0.2 mmol), acetone (10 mmol)/derivative of
acetone (2.0 mmol) or cyclohexanone (2.0 mmol) were taken
into ethanol (2 mL) and two drops of diethylamine (DEA) were
added to it, then the reaction was le stirring for 24 h at
ambient temperature. The completion of the reaction was
monitored by thin-layer chromatography (TLC) and the solvent
was evaporated under reduced pressure to afford crude racemic
© 2022 The Author(s). Published by the Royal Society of Chemistry
aldol product which was puried by column chromatography
on silica gel (100–200mesh) using 40% ethylacetate/n-hexane as
eluent to isolate the pure racemic aldol product rac.-(3a–s) (yield
75–88%).

Synthesis of racemic spiro-oxindole product rac.-(6a–l). A
mixture of isatin derivatives 1a–l (0.2 mmol), malononitrile 4
(0.2 mmol) and ethylacetoacetate 5 (0.2 mmol) were dissolved
into ethanol (2 mL) at room temperature followed by addition of
diethylamine (DEA) (two drops) and the reaction was stirred for
24–48 h. The completion of reaction was monitored by thin-
layer chromatography (TLC). The solvent was removed under
reduced pressure and the crude product was puried by column
chromatography using silica gel (100–200 mesh) stationary
phase and 60% ethylacetate/n-hexane as eluent to afford the
pure racemic spirooxindole product rac.-(6a–l) (yield 85–92%).

General procedure (GP1) for the catalytic asymmetric aldol
condensation reaction (3a–s)

GP1. A small vial (8 mL) under nitrogen atmosphere were
charged with ligand L1 (8.2 mg, 0.02 mmol, 10 mol%),
Cu(OAc)2$H2O (12.0 mg, 0.06 mmol, 30 mol%) and THF (2 mL).
The solution was stirred for 2 h at room temperature and a blue
coloured solution were observed, indicating formation of L1-
Cu(OAc)2$H2O complex. The isatins 1a–l (0.2 mmol) were then
added to solution this solution and stirred for 10 min at room
temperature followed by addition of acetone 2a (10 mmol) or
substituted acetone 2b–g (2.0 mmol) or cyclohexanone 2h (2.0
mmol) and the reactionmixture was le stirring for the 15–38 h.
The solvents were then removed under reduced pressure and
RSC Adv., 2022, 12, 6149–6165 | 6157
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the residues were directly subjected to columns purication
using 100mesh silica gel and 40–70% EtOAc/petroleum ether as
eluents to obtain the corresponding chiral b-hydroxy ketones
3a–s as aldol product.

(S)-5-Bromo-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3a). 5-
Bromoisatin 1a (45.2 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to afford product
3a as pale yellow solid; m.p.: 180–182 �C; isolated yield (47.2 mg,
83%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1.; tmajor ¼ 9.64 min; tminor ¼ 13.91 min; l ¼ 254 nm;
96% ee; [a]20D ¼ �9.57� (c 0.05, CH3OH); [ref. 67 [a]25D ¼ �7.5� (c
0.48, MeOH)]; 1H-NMR (500MHz, DMSO-d6): d (ppm)¼ 10.35 (s,
1H, NH), 7.43 (s, 1H, Ar–H), 7.35 (dd, J ¼ 8.3, 2.1 Hz, 1H, Ar–H),
6.74 (d, J ¼ 8.2 Hz, 1H, Ar–H), 6.09 (s, 1H, OH), 3.39 (d, J ¼
17.3 Hz, 1H, CH2(a)), 3.06 (d, J¼ 17.3 Hz, 1H, CH2(b)), 2.01 (s, 1H,
CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.33, 177.76,
142.02, 134.17, 131.53, 126.67, 112.92, 111.38, 72.58, 49.96,
30.31. All the analytical data are well in agreement with the
reported literature.67

(S)-3-Hydroxy-3-(2-oxopropyl)indolin-2-one (3b). Isatin 1b
(29.4 mg, 0.2 mmol) and acetone 2a (581.0 mg, 10.0 mmol) were
reacted according to the GP1 to yield product 3b as pale yellow
solid; m.p.: 169–171 �C; isolated yield (40.6 mg, 99%). Enan-
tiomeric excess (ee) was determined by chiral HPLC [Daicel
Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 9.88 min; tminor ¼ 13.29 min; l ¼ 254 nm;
62% ee; [a]20D ¼ �12.65� (c 0.04, CH3OH); [ref. 67 [a]25D ¼ �31.6�

(c 1.37, MeOH)]; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.21
(s, 1H, NH), 7.24 (d, J ¼ 7.4 Hz, 1H, Ar–H), 7.17 (td, J ¼ 7.6,
1.3 Hz, 1H, Ar–H), 6.90 (td, J¼ 7.5, 1.0 Hz, 1H, Ar–H), 6.78 (d, J¼
7.6 Hz, 1H, Ar–H), 5.97 (s, 1H, OH), 3.27 (d, J ¼ 16.5 Hz, 1H,
CH2(a)), 3.00 (d, J ¼ 16.5 Hz, 1H, CH2(b)), 2.00 (s, 1H, CH3);

13C-
NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.18, 178.17, 142.55,
131.53, 128.99, 123.70, 121.24, 109.43, 72.66, 50.28, 30.58. All
the analytical data are well in agreement with the reported
literature.67

(S)-5-Chloro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3c). 5-
Chloroisatin 1c (47.9 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3c as pale yellow solid; m.p.: 155–157 �C; isolated yield (47.5 mg,
99%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 8.98 min; tminor ¼ 12.94 min; l ¼ 254 nm;
76% ee; [a]20D ¼ �5.57� (c 0.04, CH3OH); [ref. 67 [a]25D ¼ �9.3� (c
0.9, MeOH)]; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.34 (s,
1H, NH), 7.31 (d, J¼ 2.2 Hz, 1H, Ar–H), 7.23–7.20 (m, 1H, Ar–H),
6.87 (d, J ¼ 8.2 Hz, 1H, Ar–H), 6.09 (s, 1H, OH), 3.38 (d, J ¼
17.3 Hz, 1H, CH2(a)), 3.06 (d, J¼ 17.3 Hz, 1H, CH2(b)), 2.01 (s, 1H,
CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.31, 177.90,
141.60, 133.76, 128.68, 125.21, 123.98, 110.81, 72.62, 49.96,
30.32. All the analytical data are well in agreement with the
reported literature67

(S)-6-Chloro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3d). 6-
Chloroisatin 1d (47.9 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3d as pale yellow solid; m.p.: 170–172 �C; isolated yield
6158 | RSC Adv., 2022, 12, 6149–6165
(47.5 mg, 99%). Enantiomeric excess (ee) was determined by
chiral HPLC [Daicel Chiralpak AD-H column], 80.0% n-hexane/i-
PrOH, 1.0 mL min�1; tmajor ¼ 9.92 min; tminor ¼ 13.48 min; l ¼
254 nm; 35% ee; [a]20D ¼ �9.99� (c 0.05, CH3OH); IR (KBr): 3364,
3242, 2924, 2853, 1712, 1620, 1484, 1448, 1362, 1339, 1227,
1185, 1072, 825, 780, 732, 654, 587, 565, 551 cm�1; 1H-NMR (500
MHz, DMSO-d6): d (ppm)¼ 10.38 (s, 1H, NH), 7.25 (d, J¼ 7.9 Hz,
1H, Ar–H), 6.95 (dd, J ¼ 7.9, 2.0 Hz, 1H, Ar–H), 6.79 (d, J ¼
1.9 Hz, 1H, Ar–H), 6.06 (s, 1H, OH), 3.34 (d, J ¼ 16.8 Hz, 1H,
CH2(a)), 3.06 (d, J ¼ 17.1 Hz, 1H, CH2(b)), 2.00 (s, 1H, CH3);

13C-
NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.30, 178.15, 144.26,
133.18, 130.57, 125.16, 120.89, 109.48, 72.17, 50.06, 30.39; LC/
MS (ESI): found 240.1 [M(35Cl) + H]+; 242.0 [M(37Cl) + H]+,
C11H10ClNO3 requires 239.03; anal. calcd for C11H10ClNO3: C,
55.13; H, 4.21; N, 5.84; found: C, 54.96; H, 4.15; N, 6.06.

(S)-3-Hydroxy-5-methoxy-3-(2-oxopropyl)indolin-2-one (3e). 5-
Methoxyisatin 1e (35.4 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3e as pale yellow solid; m.p.: 165–167 �C; isolated yield (46.6 mg,
99%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 13.04 min; tminor ¼ 18.74 min; l ¼ 254 nm;
55% ee; [a]20D ¼ �3.45� (c 0.06, CH3OH); [ref. 67 [a]25D ¼ �3.9� (c
1.17, MeOH)]; 1H-NMR (500MHz, DMSO-d6): d (ppm)¼ 10.04 (s,
1H, NH), 6.91 (d, J ¼ 2.6 Hz, 1H, Ar–H), 6.74 (dd, J ¼ 8.4, 2.6 Hz,
1H, Ar–H), 6.69 (d, J ¼ 8.4 Hz, 1H, Ar–H), 5.97 (s, 1H, OH), 3.69
(s, 3H, OCH3), 3.27 (d, J ¼ 16.6 Hz, 1H, CH2(a)), 3.00 (d, J ¼
16.6 Hz, 1H, CH2(b)), 2.01 (s, 1H, CH3);

13C-NMR (126 MHz,
DMSO-d6): d (ppm) ¼ 205.17, 178.11, 154.68, 135.74, 132.81,
113.36, 111.01, 109.72, 73.09, 55.44, 50.26, 30.59. All the
analytical data are well in agreement with the reported
literature.67

(S)-3-Hydroxy-5-nitro-3-(2-oxopropyl)indolin-2-one (3f). 5-
Nitroisatin 1f (38.4 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3f as pale yellow solid; m.p.: 178–180 �C; isolated yield (44.1 mg,
88%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 12.11 min; tminor ¼ 15.78 min; l ¼ 254 nm;
44% ee; [a]20D ¼�2.32� (c 0.04, CH3OH); [ref. 67 [a]25D ¼�21.7� (c
1.10, MeOH)]; 1H-NMR (500MHz, DMSO-d6): d (ppm)¼ 10.96 (s,
1H, NH), 8.18–8.16 (m, 2H, Ar–H), 6.99 (d, J¼ 9.2 Hz, 1H, Ar–H),
6.28 (s, 1H, OH), 3.61 (d, J ¼ 17.8 Hz, 1H, CH2(a)), 3.18 (d, J ¼
17.9 Hz, 1H, CH2(b)), 2.02 (s, 1H, CH3);

13C-NMR (126 MHz,
DMSO-d6): d (ppm) ¼ 205.62, 178.59, 149.49, 141.93, 132.79,
126.42, 119.50, 109.54, 72.09, 49.88, 30.04. All the analytical
data are well in agreement with the reported literature.67

(S)-5,7-Dibromo-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3g).
5,7-Dibromoisatin 1g (61.0 mg, 0.2 mmol) and acetone 2a
(581.0 mg, 10.0 mmol) were reacted according to the GP1 to
yield product 3g as pale yellow solid; m.p.: 182–184 �C; isolated
yield (65.3 mg, 90%). Enantiomeric excess (ee) was determined
by chiral HPLC [Daicel Chiralpak AD-H column], 80.0% n-
hexane/i-PrOH, 1.0 mL min�1; tmajor ¼ 8.14 min; tminor ¼
10.02 min; l ¼ 254 nm; 36% ee; [a]20D ¼ �4.41� (c 0.05, CH3OH);
[ref. 67 [a]25D ¼ �9.4� (c 2.14, MeOH)]; 1H-NMR (500 MHz,
DMSO-d6): d (ppm) ¼ 10.70 (s, 1H, NH), 7.61 (d, J ¼ 1.9 Hz, 1H,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ar–H), 7.47 (d, J ¼ 1.9 Hz, 1H, Ar–H), 6.24 (s, 1H, OH), 3.46 (d, J
¼ 17.7 Hz, 1H, CH2(a)), 3.14 (d, J ¼ 17.7 Hz, 1H, CH2(b)), 2.02 (s,
1H, CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.48,
177.65, 141.79, 135.48, 133.40, 125.81, 113.41, 102.53, 73.34,
49.99, 30.10. All the analytical data are well in agreement with
the reported literature.67

(S)-3-Hydroxy-5-methyl-3-(2-oxopropyl)indolin-2-one (3h). 5-
Methylisatin 1h (32.2 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3h as white solid; m.p.: 165–167 �C; isolated yield (43.9 mg,
99%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 90.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 24.88 min; tminor ¼ 31.93 min; l ¼ 254 nm;
93% ee; [a]20D ¼ �5.10� (c 0.05, CH3OH); [ref. 67 [a]25D ¼ �2.8� (c
0.81, MeOH)]; 1H-NMR (500MHz, DMSO-d6): d (ppm)¼ 10.12 (s,
1H, NH), 7.07 (s, 1H, Ar–H), 6.99–6.95 (m, 1H, Ar–H), 6.67 (d, J¼
7.8 Hz, 1H, Ar–H), 5.94 (s, 1H, OH), 3.24 (d, J ¼ 16.6 Hz, 1H,
CH2(a)), 3.00 (d, J ¼ 16.6 Hz, 1H, CH2(b)), 2.23 (s, 1H,CH3), 2.01
(s, 3H, CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.21,
178.23, 140.10, 131.65, 130.03, 129.17, 124.41, 109.21, 72.80,
50.36, 30.60, 20.73. All the analytical data are well in agreement
with the reported literature.67

(S)-5-Fluoro-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3i). 5-Flu-
oroisatin 1i (33.0 mg, 0.2 mmol) and acetone 2a (581.0 mg, 10.0
mmol) were reacted according to the GP1 to yield product 3i as
pale yellow solid; 184–186 �C; isolated yield (43.3 mg, 97%).
Enantiomeric excess (ee) was determined by chiral HPLC [Dai-
cel Chiralpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0
mL min�1; tmajor ¼ 9.21 min; tminor ¼ 12.36 min; l ¼ 254 nm;
53% ee; [a]20D ¼ �11.49� (c 0.06, CH3OH); [a]25D ¼ �19.0� (c 0.97,
MeOH);67 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.25 (s, 1H,
NH), 7.15 (dd, J ¼ 8.2, 2.7 Hz, 1H, Ar–H), 7.02–7.98 (m, 1H, Ar–
H), 6.76 (dd, J¼ 8.5, 4.3 Hz, 1H, Ar–H), 6.10 (s, 1H, OH), 3.34 (d,
J¼ 17.0 Hz, 1H, CH2(a)), 3.06 (d, J¼ 17.0 Hz, 1H, CH2(b)), 2.01 (s,
3H, CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.28,
178.23, 158.83 & 156.95 (C1–F, JC–F ¼ 236.75 Hz), 138.82, 133.45
& 133.39 (C2–F, JC–F ¼ 7.56 Hz), 115.14 & 114.96 (C3–F, JC–F ¼
23.44 Hz), 111.78 & 111.58 (C5–F, JC–F ¼ 24.44 Hz), 110.15 &
110.09 (C6–F, JC–F ¼ 7.81 Hz), 72.92, 50.06, 30.44. All the
analytical data are well in agreement with the reported
literature.67

(S)-3-Hydroxy-1-methyl-3-(2-oxopropyl)indolin-2-one (3j). 1-
Methylisatin 1j (32.2 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3j as pale yellow solid; m.p.: 154–156 �C; isolated yield (43.0 mg,
98%). Enantiomeric excess (ee) was determined by chiral HPLC
[Chiralcel OD-H column], 90.0% n-hexane/i-PrOH, 1.0
mL min�1; tminor ¼ 19.93 min; tmajor ¼ 21.09 min; l ¼ 254 nm;
87% ee; [a]20D ¼ �21.94� (c 0.05, CH3OH); [ref. 67 [a]25D ¼ �22.3�

(c 1.59, MeOH)]; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 7.31–
7.25 (m, 2H, Ar–H), 6.99 (td, J ¼ 7.5, 1.0 Hz, 1H, Ar–H), 6.96 (d, J
¼ 7.7 Hz, 1H, Ar–H), 6.06 (s, 1H, OH), 3.34 (d, J ¼ 16.8 Hz, 1H,
CH2(a)), 3.09 (s, 3H, NCH3), 3.05 (d, J¼ 16.8 Hz, 1H, CH2(b)), 1.98
(s, 1H, CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 205.13,
176.50, 144.05, 130.90, 129.14, 123.25, 121.94, 108.26, 72.33,
50.42, 30.47, 25.89. All the analytical data are well in agreement
with the reported literature.67
© 2022 The Author(s). Published by the Royal Society of Chemistry
(S)-1-Benzyl-3-hydroxy-3-(2-oxopropyl)indolin-2-one (3k). 1-
Benzylisatin 1k (47.5 mg, 0.2 mmol) and acetone 2a (581.0 mg,
10.0 mmol) were reacted according to the GP1 to yield product
3k as pale yellow solid; m.p.: 170–173 �C; isolated yield (57.9 mg,
98%). Enantiomeric excess (ee) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 85.0% n-hexane/i-PrOH, 1.0
mL min�1; tminor ¼ 16.93 min; tmajor ¼ 17.82 min; l ¼ 254 nm;
78% ee; [a]20D ¼ �16.23� (c 0.06, CH3OH); [ref. 67 [a]25D ¼ �17.8�

(c 1.53, MeOH)]; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 7.48–
7.43 (m, 2H, Ar–H(Bn)), 7.38–7.32 (m, 3H, Ar–H(Bn)), 7.29–7.24
(m, 1H, Ar–H), 7.17 (td, J ¼ 7.7, 1.3 Hz, 1H, Ar–H), 6.98 (td, J ¼
7.4, 1.0 Hz, 1H, Ar–H), 6.77–6.73 (m, 1H, Ar–H), 6.26 (s, 1H, OH),
4.93 (d, J ¼ 16.1 Hz, 1H, Ph-CH2(a)), 4.85 (d, J ¼ 16.0 Hz, 1H, Ph-
CH2(b)), 3.47 (d, J¼ 16.9 Hz, 1H, CH2(a)), 3.21 (d, J¼ 16.9 Hz, 1H,
CH2(b)), 2.04 (s, 3H, CH3);

13C-NMR (126 MHz, DMSO-d6):
d (ppm)¼ 205.32, 176.75, 143.18, 136.40, 130.99, 129.03, 128.49,
127.26, 127.23, 123.45, 122.07, 108.99, 72.41, 50.36, 42.73,
30.44. All the analytical data are well in agreement with the
reported literature.67

(S)-1-(2-Bromoethyl)-3-hydroxy-3-(2-oxopropyl)indolin-2-one
(3l). 1-(2-Bromoethyl)isatin 1l (50.8 mg, 0.2 mmol) and acetone
2a (581.0 mg, 10.0 mmol) were reacted according to the GP1 to
yield product 3l as pale yellow solid; m.p.:161–162 �C; isolated
yield (61.8 mg, 99%). Enantiomeric excess (ee) was determined
by chiral HPLC [Daicel Chiralpak AD-H column], 90.0% n-
hexane/i-PrOH, 1.0 mL min�1; tminor ¼ 16.07 min; tmajor ¼
17.39 min; l¼ 254 nm; 71% ee; [a]20D ¼�19.86� (c 0.04, CH3OH);
IR (KBr): 3350, 2925, 2853, 1709, 1610, 1488, 1469, 1454, 1432,
1416, 1375, 1359, 1336, 1183, 1179, 1163, 1132, 1006, 795, 751,
736, 708, 697, 563, 496, 476, 455 cm�1; 1H-NMR (500 MHz,
DMSO-d6): d (ppm) ¼ 7.32 (dt, J ¼ 7.3, 0.9 Hz, 1H, Ar–H), 7.29–
7.26 (m, 1H, Ar–H), 7.11 (dt, J¼ 7.8, 0.8 Hz, 1H, Ar–H), 7.02–6.99
(m, 1H, Ar–H), 6.14 (s, 1H, OH), 4.08–4.05 (m, 2H, NCH2), 3.63
(td, J¼ 7.1, 3.5 Hz, 2H, CH2–Br), 3.36 (d, J¼ 16.9 Hz, 1H, CH2(a)),
3.08 (d, J¼ 16.9 Hz, 1H, CH2(b)), 2.00 (s, 3H, CH3);

13C-NMR (126
MHz, DMSO-d6): d (ppm) ¼ 205.24, 176.69, 142.68, 130.70,
129.17, 123.63, 122.16, 108.70, 72.25, 50.66, 40.97, 30.45, 28.66;
LC/MS (ESI): found 390.01 [M(79Br) + H]+; 391.90 [M(81Br) + H]+,
C13H13Br2NO3 requires 388.93; anal. calcd for C13H13Br2NO3: C,
39.93; H, 3.35; N, 3.58; found: C, 40.14; H, 3.27; N, 3.49.

(S)-5-Bromo-3-hydroxy-3-(2-oxo-2-phenylethyl)indolin-2-one
(3m). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and acetophenone
2b (240.0 mg, 2.0 mmol) were reacted according to the GP1 to
yield product 3m as white solid; m.p.:179–180 �C; isolated yield
(64.4 mg, 93%). Enantiomeric excess (ee) was determined by
chiral HPLC [Daicel Chiralpak AD-H column], 80.0% n-hexane/i-
PrOH, 0.8 mL min�1; tmajor ¼ 14.98 min; tminor ¼ 32.84 min; l¼
254 nm; 77% ee; [a]20D ¼�55.21� (c 0.05, CH3OH); IR (KBr): 3350,
3218, 1731, 1698, 1672, 1617, 1595, 1472, 1448, 1402, 1352,
1278, 1176, 1094, 1065, 991, 880, 824, 764, 686, 637, 591, 534,
478 cm�1; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.44 (s,
1H, NH), 7.89 (d, J ¼ 7.6 Hz, 2H, Ar–H), 7.63 (t, J ¼ 7.5 Hz, 1H,
Ar–H), 7.51 (d, J ¼ 7.8 Hz, 3H, Ar–H), 7.35 (d, J ¼ 8.3 Hz, 1H, Ar–
H), 6.80 (d, J ¼ 8.3 Hz, 1H, Ar–H), 6.23 (s, 1H, OH), 4.17 (d, J ¼
17.9 Hz, 1H, CH2(a)), 3.65 (d, J ¼ 18.1 Hz, 1H, CH2(b));

13C-NMR
(126 MHz, DMSO-d6): d (ppm) ¼ 196.64, 178.00, 142.38, 135.95,
RSC Adv., 2022, 12, 6149–6165 | 6159
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134.42, 133.59, 131.55, 128.78, 127.98, 126.71, 112.94, 111.43,
73.05, 45.77; LC/MS (ESI): found 346.1 [M(79Br) + H]+; 348.1
[M(81Br) + H]+, C16H12BrNO3 requires 345.0; anal. calcd for
C16H12BrNO3: C, 55.51; H, 3.49; N, 4.05; found: C, 55.43; H,
3.44; N, 4.13.

(S)-5-Bromo-3-hydroxy-3-(2-(2-nitrophenyl)-2-oxoethyl)indolin-
2-one (3n). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and 1-(2-
nitrophenyl)ethan-1-one 2c (330.3 mg, 2.0 mmol) were reacted
according to the GP1 to yield product 3n as white solid;
m.p.:188–190 �C; isolated yield (75.1 mg, 96%). Enantiomeric
excess (ee) was determined by chiral HPLC [Daicel Chiralpak
AD-H column], 70.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼
11.98 min; tminor ¼ 31.04 min; l ¼ 254 nm; 70% ee; [a]20D ¼
�75.51� (c 0.08, CH3OH); IR (KBr): 3337, 3390, 1738, 1702, 1615,
1573, 1530, 1471, 1441, 1388, 1314, 1216, 1180, 1130, 1059, 998,
895, 838, 754, 744, 731, 699, 672, 542 cm�1; 1H-NMR (500 MHz,
DMSO-d6): d (ppm) ¼ 10.46 (s, 1H, NH), 8.04 (d, J ¼ 8.0 Hz, 1H,
Ar–H), 7.78 (dt, J ¼ 32.4, 7.8 Hz, 2H, Ar–H), 7.60 (d, J ¼ 7.6 Hz,
1H, Ar–H), 7.54 (s, 1H, Ar–H), 7.38 (d, J¼ 8.3 Hz, 1H, Ar–H), 6.78
(d, J ¼ 8.4 Hz, 1H, Ar–H), 6.30 (s, 1H, OH), 3.91 (d, J ¼ 17.5 Hz,
1H, CH2(a)), 3.53 (d, J¼ 17.6 Hz, 1H, CH2(b));

13C-NMR (126MHz,
DMSO-d6): d (ppm) ¼ 198.01, 177.39, 146.19, 142.04, 134.51,
133.97, 133.37, 132.14, 131.82, 128.53, 127.29, 124.27, 113.11,
111.50, 72.87, 48.42; LC/MS (ESI): found 391.1 [M(79Br) + H]+;
393.1 [M(81Br) + H]+, C16H11BrN2O5 requires 389.99; anal. calcd
for C16H11BrN2O5: C, 49.13; H, 2.83; N, 7.16; found: C, 49.27; H,
2.89; N, 7.09.

(S)-5-Bromo-3-(2-(4-uorophenyl)-2-oxoethyl)-3-hydroxyindolin-
2-one (3o). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and 1-(4-u-
orophenyl)ethan-1-one 2d (276.3 mg, 2.0 mmol) were reacted
according to the GP1 to yield product 3o as white solid;
m.p.:186–187 �C; isolated yield (67.7 mg, 93%). Enantiomeric
excess (ee) was determined by chiral HPLC [Daicel Chiralpak
AD-H column], 70.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼
8.96min; tminor¼ 17.02 min; l¼ 254 nm; 81% ee; [a]20D ¼�5.90�

(c 0.04, CH3OH); IR (KBr): 3235, 1698, 1686, 1619, 1600, 1507,
1473, 1449, 1409, 1348, 1234, 1181, 1166, 1072, 991, 827, 732,
591, 559 cm�1; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.44
(s, 1H, NH), 7.98 (s, 2H, Ar–H), 7.51 (s, 1H, Ar–H), 7.38–7.25 (m,
3H, Ar–H), 6.86–6.72 (m, 1H, Ar–H), 6.24 (s, 1H, OH), 4.16 (d, J¼
17.9 Hz, 1H, CH2(a)), 3.63 (d, J ¼ 18.2 Hz, 1H, CH2(b));

13C-NMR
(126 MHz, DMSO-d6): d (ppm) ¼ 195.28, 177.98, 166.25, 164.24,
142.35, 134.36, 132.76, 131.58, 131.26, 131.13, 131.06, 126.75,
115.88, 115.71, 112.96, 111.45, 73.06, 45.72; LC/MS (ESI): found
364.1 [M(79Br) + H]+; 366.1 [M(81Br) + H]+, C16H11BrFNO3

requires 362.99; anal. calcd for C16H11BrFNO3: C, 52.77; H, 3.04;
3.85; found: C, 52.61; H, 3.18; N, 3.95.

(S)-5-Bromo-3-(2-(4-bromophenyl)-2-oxoethyl)-3-hydroxyindolin-
2-one (3p). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and 1-(4-bro-
mophenyl)ethan-1-one 2e (398.1, 2.0 mmol) were reacted
according to the GP1 to yield product 3p as white solid;
m.p.:184–185 �C; isolated yield (78.2 mg, 92%). Enantiomeric
excess (ee) was determined by chiral HPLC [Daicel Chiralpak
AD-H column], 70.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼
12.55 min; tminor ¼ 32.98 min; l ¼ 254 nm; 81% ee; [a]20D ¼
�21.79� (c 0.03, CH3OH); IR (KBr): 3188, 1713, 1699, 1618, 1587,
1472, 1448, 1397, 1344, 1215, 1183, 1069, 1008, 989, 827, 810,
6160 | RSC Adv., 2022, 12, 6149–6165
733, 647, 556 cm�1; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼
10.45 (s, 1H, NH), 7.76 (d, J¼ 54.0 Hz, 4H, Ar–H), 7.50 (s, 1H, Ar–
H), 7.34 (s, 1H, Ar–H), 6.89–6.70 (m, 1H, Ar–H), 6.24 (s, 1H, OH),
4.15 (d, J¼ 18.1 Hz, 1H, CH2(a)), 3.61 (d, J¼ 18.2 Hz, 1H, CH2(b));
13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 195.91, 177.90,
142.30, 134.94, 134.25, 131.84, 131.60, 130.05, 127.77, 126.79,
112.97, 111.45, 73.02, 45.72; LC/MS (ESI): found 423.9 [M(79Br) +
H]+; 425.9 [M(81Br) + H]+, C16H11Br2NO3 requires 422.91; anal.
calcd for C16H11Br2NO3: C, 45.21; H, 2.61; N, 3.30; found: C,
42.16; H, 2.53; N, 3.27.

(S)-5-Bromo-3-hydroxy-3-(2-(4-nitrophenyl)-2-oxoethyl)indolin-
2-one (3q). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and 1-(4-
nitrophenyl)ethan-1-one 2f (330.3, 2.0 mmol) were reacted
according to the GP1 to yield product 3q as white solid;
m.p.:187–188 �C; isolated yield (68.8 mg, 88%). Enantiomeric
excess (ee) was determined by chiral HPLC [Daicel Chiralpak
AD-H column], 70.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼
22.05 min; tminor ¼ 30.35 min; l ¼ 254 nm; 54% ee; [a]20D ¼
�11.43� (c 0.04, CH3OH); IR (KBr): 3196, 1654, 1618, 1528, 1478,
1447, 1343, 1249, 1209, 1183, 1123, 1060, 1000, 903, 895, 855,
824, 742, 644, 595, 535 cm�1; 1H-NMR (500 MHz, DMSO-d6):
d (ppm) ¼ 10.48 (s, 1H, NH), 8.31 (d, J ¼ 8.8 Hz, 2H, Ar–H), 8.12
(d, J¼ 8.8 Hz, 2H, Ar–H), 7.52 (d, J¼ 2.1 Hz, 1H, Ar–H), 7.36 (dd,
J ¼ 8.2, 2.1 Hz, 1H, Ar–H), 6.79 (d, J ¼ 8.2 Hz, 1H, Ar–H), 6.30 (s,
1H, OH), 4.23 (d, J ¼ 18.0 Hz, 1H, CH2(a)), 3.70 (d, J ¼ 17.9 Hz,
1H, CH2(b));

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 196.01,
177.77, 150.10, 142.24, 140.46, 134.02, 131.71, 129.53, 126.93,
123.88, 113.03, 111.51, 73.04, 46.23; LC/MS (ESI): found 391.1
[M(79Br) + H]+; 393.1 [M(81Br) + H]+, C16H11BrN2O5 requires
389.99; anal. calcd for C16H11BrN2O5: C, 49.13; H, 2.83; N, 7.16;
found: C, 49.23; H, 2.69; N, 7.24.

(S)-5-Bromo-3-hydroxy-3-(2-(4-hydroxyphenyl)-2-oxoethyl)
indolin-2-one (3r). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and 1-
(4-hydroxyphenyl)ethan-1-one 2g (272.3 mg, 2.0 mmol) were
reacted according to the GP1 to yield product 3r as white
solid; M.P.:191–192 �C; isolated yield (58.7 mg, 81%). Enantio-
meric excess (ee) was determined by chiral HPLC [Daicel Chir-
alpak AD-H column], 80.0% n-hexane/i-PrOH, 1.0 mL min�1;
tmajor ¼ 9.31 min; tminor ¼ 23.06 min; l ¼ 254 nm; 50% ee;
[a]20D ¼ �78.91� (c 0.04, CH3OH); IR (KBr): 3230, 1714, 1710,
1698, 1651, 1619, 1605, 1582, 1479, 1446, 1356, 1290, 1225,
1182, 1171, 1063, 997, 825, 734, 612, 592, 558, cm�1; 1H-NMR
(500 MHz, DMSO-d6): d (ppm) ¼ 10.42 (s, 1H, NH), 10.37 (s,
1H, OH), 7.76 (d, J ¼ 8.8 Hz, 2H, Ar–H), 7.47 (d, J ¼ 2.1 Hz, 1H,
Ar–H), 7.33 (dd, J ¼ 8.2, 2.1 Hz, 1H, Ar–H), 6.82 (d, J ¼ 8.8 Hz,
2H, Ar–H), 6.77 (d, J ¼ 8.3 Hz, 1H, Ar–H), 6.15 (s, 1H, OH), 4.04
(d, J¼ 17.6 Hz, 1H, CH2(a)), 3.52 (d, J¼ 17.7 Hz, 1H, CH2(b));

13C-
NMR (126 MHz, DMSO-d6): d (ppm) ¼ 194.61, 178.13, 162.35,
142.42, 134.66, 131.45, 130.59, 127.71, 126.59, 115.27, 112.86,
111.37, 73.12, 45.31; LC/MS (ESI): found 362.1 [M(79Br) + H]+;
364.1 [M(81Br) + H]+, C16H12BrNO4 requires 360.99; anal. calcd
for C16H12BrNO4: C, 53.06; H, 3.34; N, 3.87; found: C, 52.92; H,
3.46; N, 3.97.

(S)-5-Bromo-3-hydroxy-3-((R)-2-oxocyclohexyl)indolin-2-one
(3s). 5-Bromoisatin 1a (45.2 mg, 0.2 mmol) and cyclohexanone
2h (196.3 mg, 0.21 mL, 2.0 mmol) were reacted according to the
GP1 to yield product 3s as white solid; m.p.: 224–225 �C;
© 2022 The Author(s). Published by the Royal Society of Chemistry
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isolated yield (64.2 mg, 99%), syn/anti¼ (88 : 12). Enantiomeric
excess (ee) of (syn, major) was determined by chiral HPLC
[Daicel Chiralpak AD-H column], 92.0% n-hexane/i-PrOH, 0.8
mL min�1; tsyn-major ¼ 53.32 min; tsyn-minor ¼ 74.56 min; tanti-
major ¼ 63.64 min; l ¼ 254 nm; syn/anti ¼ 88 : 12; Enantiomeric
excess (ee) of syn diastereomers ¼ 85%; [a]20D ¼ �46.97� (c 0.02,
CH3OH); [ref. 72. [a]25D ¼ �16.3� (c 0.1, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 10.37 (s, 1H, NH), 7.45–7.25 (m, 2H,
Ar–H), 6.77 (s, 1H, Ar–H), 6.01 (s, 1H, OH), 3.10 (dt, J ¼ 8.0,
6.1 Hz, 1H, COCH), 2.59–2.50 (m, 1H, COCH2), 2.33–2.30 (m,
1H, COCH2), 2.06–1.51 (m, 6H, (CH2)3);

13C-NMR (126 MHz,
DMSO-d6): d (ppm) ¼ 209.34, 178.25, 142.79, 133.34, 131.30,
127.45, 112.52, 111.40, 73.93, 57.43, 41.45, 26.72, 26.66, 24.44.
All the analytical data are well in agreement with the reported
literature.72
General procedure (GP2) for synthesis of asymmetric spiro
[4H-pyran-3,3-oxindole] derivatives (6a–l) of three
components with one pot

GP2. A small vial (8 mL) under nitrogen atmosphere were
charged with ligand L1 (8.2 mg, 0.02 mmol, 10 mol%),
Cu(OAc)2$H2O (12.0 mg, 0.06 mmol, 30 mol%) and tetrahy-
drofuran (THF) (3 mL). The solution was stirred for 2 h at room
temperature to obtain a blue solution of L1-Cu(OAc)2$H2O
complex. Then, isatins 1a–l (0.2 mmol) and malononitrile 4
(13.2 mg, 0.2 mmol) were then added to blue coloured solution
and stirred for 10 min at room temperature followed by addi-
tion of ethylacetoacetate 5 (26.0 mg, 0.2 mmol) and the reaction
mixture was le stirring for another 5–15 h. Aer that the
solvent were removed under reduced pressure, the residue was
directly puried on 100 mesh silica gel columns, eluting by
EtOAc/petroleum ether (60–80%) to obtain the corresponding
chiral spirooxindole products 6a–l.

Ethyl-(S)-20-amino-5-bromo-30-cyano-60-methyl-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6a). 5-Bromoisatin 1a (45.2 mg,
0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6a as white solid; m.p.: 259–260 �C;
isolated yield (80.8 mg, 98%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 38.79 min; tmajor

¼ 41.37 min; l ¼ 254 nm; 91% ee; [a]20D ¼ +8.62� (c 0.07,
CH3OH); [ref. 97 [a]24D ¼ +34.3� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 10.55 (s, 1H, NH), 7.40–7.32 (m, 1H,
Ar–H), 7.29 (s, 1H, Ar–H), 7.23 (s, 2H, NH2), 6.77 (d, J ¼ 8.3 Hz,
1H, Ar-H), 3.82 (q, J ¼ 8.0 Hz, 2H, CH2CH3), 2.33 (s, 3H, CH3),
0.84 (t, J¼ 7.4 Hz, 3H, CH2CH3);

13C-NMR (126 MHz, DMSO-d6):
d (ppm)¼ 178.27, 164.37, 159.56, 158.91, 141.44, 137.23, 131.29,
126.27, 117.38, 113.45, 111.31, 103.72, 60.42, 55.94, 49.24,
18.80, 13.06. All the analytical data are well in agreement with
the reported literature.97

Ethyl-(S)-20-amino-30-cyano-60-methyl-2-oxospiro[indoline-3,40-
pyran]-50-carboxylate (6b). Isatin 1b (29.4 mg, 0.2 mmol), malo-
nonitrile 4 (13.2 mg, 0.2 mmol) and ethylacetoacetate 5
(26.0 mg, 0.2 mmol) were reacted according to the GP2 to yield
product 6b as white solid; m.p.: 253–254 �C; isolated yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
(64.4 mg, 99%). Enantiomeric excess (ee) was determined by
chiral HPLC [Daicel Chiralpak AD-H column], 85.0% n-hexane/i-
PrOH, 1.0 mL min�1; tminor ¼ 19.12 min; tmajor ¼ 19.89 min; l¼
254 nm; 42% ee; [a]20D ¼ +21.83� (c 0.05, CH3OH); [ref. 97 [a]24D ¼
+20.4� (c 1.4, MeOH)]; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼
10.39 (s, 1H, NH), 7.18 (td, J¼ 7.6, 1.3 Hz, 1H, Ar–H), 7.14 (s, 2H,
NH2), 7.05 (dd, J ¼ 7.4, 1.2 Hz, 1H, Ar–H), 6.93 (td, J ¼ 7.5,
1.0 Hz, 1H, Ar–H), 6.79 (dt, J ¼ 7.7, 0.8 Hz, 1H, Ar–H), 3.81–3.72
(m, 2H, CH2CH3), 2.31 (s, 3H, CH3), 0.78 (t, J ¼ 7.1 Hz, 3H,
CH2CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 178.60,
164.52, 158.95, 158.52, 142.17, 134.56, 128.56, 123.41, 121.86,
117.51, 109.33, 104.67, 60.26, 56.52, 48.96, 18.57, 12.99. All the
analytical data are well in agreement with the reported
literature.97

Ethyl-(S)-20-amino-5-chloro-30-cyano-60-methyl-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6c). 5-Chloroisatin 1c (36.3 mg,
0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6c as white solid; m.p.: 247–248 �C;
isolated yield (69.1 mg, 96%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 36.52 min; tmajor

¼ 40.92 min; l ¼ 254 nm; 57% ee; [a]20D ¼ �31.08� (c 0.05,
CH3OH); [ref. 97 [a]24D ¼ �21.7� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 10.56 (s, 1H, NH), 7.25 (s, 2H, NH2),
7.23 (dd, J ¼ 8.2, 2.2 Hz, Ar–H), 7.19 (d, J ¼ 2.2 Hz, 1H, Ar–H),
6.81 (d, J ¼ 8.2 Hz, 1H, Ar–H), 3.81 (q, J ¼ 7.1 Hz, 2H, CH2CH3),
2.33 (s, 3H, CH3), 0.83 (t, J ¼ 7.1 Hz, CH2CH3);

13C-NMR (126
MHz, DMSO-d6): d (ppm) ¼ 178.45, 164.40, 159.57, 158.95,
141.06, 136.87, 128.47, 125.83, 123.65, 117.44, 110.80, 103.75,
60.46, 55.90, 49.31, 18.82, 13.08. All the analytical data are well
in agreement with the reported literature.97

Ethyl-(S)-20-amino-6-chloro-30-cyano-60-methyl-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6d). 6-Chloroisatin 1d (36.3 mg,
0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6d as white solid; m.p.: 258–259 �C;
isolated yield (66.2 mg, 92%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 54.81 min; tmajor

¼ 62.03 min; l ¼ 254 nm; 47% ee; [a]20D ¼ +41.62� (c 0.04,
CH3OH); IR (KBr): 3382, 3317, 3201, 2988, 2205, 1720, 1706,
1655, 1616, 1595, 1487, 1455, 1418, 1379, 1364, 1322, 1284,
1250, 1223, 1182, 1132, 854, 808, 776, 745, 719, 687, 633,
531 cm�1; 1H-NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.59 (s,
1H, NH), 7.24 (s, 2H, NH2), 7.18 (td, J ¼ 7.6, 1.3 Hz, 1H, Ar–H),
7.14 (s, 2H, NH2), 7.10 (d, J¼ 7.9 Hz, 1H, Ar–H), 6.98 (dd, J¼ 7.9,
1.9 Hz, 1H, Ar–H), 6.81 (d, J ¼ 1.9 Hz, 1H, Ar–H), 3.88–3.75 (m,
2H, CH2CH3), 2.32 (s, 3H, CH3), 0.84 (t, J¼ 7.1 Hz, 3H, CH2CH3);
13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 178.62, 164.40,
159.20, 158.96, 143.69, 133.59, 132.74, 124.96, 121.63, 117.41,
109.40, 104.04, 60.48, 56.08, 48.75, 18.74, 13.11. All the analyt-
ical data are well in agreement with the reported literature.97

Ethyl-(S)-20-amino-30-cyano-5-methoxy-60-methyl-2-oxospiro
[indoline-3,40-pyran]-50-carboxylate (6e). 5-Methoxyisatin 1e
(35.4 mg, 0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and
ethylacetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according
RSC Adv., 2022, 12, 6149–6165 | 6161
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to the GP2 to yield product 6e as white solid; m.p.: 249–250 �C;
isolated yield (66.1 mg, 93%). Enantiomeric excess (ee) was
determined by chiral HPLC [Chiralpak IB column], 70.0% n-
hexane/i-PrOH, 1.0 mL min�1; tminor ¼ 15.36 min; tmajor ¼
33.13 min; l¼ 254 nm; 87% ee; [a]20D ¼ +11.08� (c 0.05, CH3OH);
[ref. 97 [a]24D ¼ +32.2� (c 1.0, MeOH)]; 1H-NMR (500 MHz, DMSO-
d6): d (ppm) ¼ 10.23 (s, 1H, NH), 7.15 (s, 2H, NH2), 6.75 (dd, J ¼
8.4, 2.6 Hz, 1H, Ar–H), 6.70 (d, J¼ 8.4 Hz, 1H, Ar–H), 6.68 (d, J¼
2.6 Hz, 1H, Ar–H), 3.80–3.76 (m, 2H, CH2CH3), 3.67 (s, 3H,
OCH3), 2.32 (s, 3H, CH3), 0.80 (t, J ¼ 7.1 Hz, 3H, CH2CH3);

13C-
NMR (126 MHz, DMSO-d6): d (ppm) ¼ 178.56, 164.55, 158.93,
158.67, 155.11, 135.90, 135.47, 117.60, 113.17, 110.28, 109.75,
104.56, 60.30, 56.60, 55.48, 49.46, 18.65, 13.05. All the analytical
data are well in agreement with the reported literature.97

Ethyl-(S)-20-amino-30-cyano-60-methyl-5-nitro-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6f). 5-Nitroisatin 1f (38.4 mg, 0.2
mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6f as white solid; m.p.: 253–254 �C;
isolated yield (65.9 mg, 89%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 61.83 min; tmajor

¼ 64.37 min; l ¼ 254 nm; 80% ee; [a]20D ¼ +16.51� (c 0.05,
CH3OH); IR (KBr): 3391, 3314, 3204, 2207, 1724, 1653, 1626,
1594, 1558, 1522, 1471, 1456, 1404, 1378, 1340, 1283, 1253,
1224, 1177, 1129, 1078, 844, 802, 756, 739, 690, 634, 557 cm�1;
1H-NMR (500 MHz, DMSO-d6): d (ppm)¼ 11.18 (s, 1H, NH), 8.19
(dd, J ¼ 8.6, 2.4 Hz, 1H, Ar–H), 8.05 (d, J ¼ 2.4 Hz, 1H, Ar–H),
7.37 (s, 2H, NH2), 7.03 (d, J ¼ 8.6 Hz, 1H, Ar–H), 3.86–3.78 (m,
2H, CH2CH3), 2.38 (s, 3H, CH3), 0.84 (t, J¼ 7.1 Hz, 3H, CH2CH3);
13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 179.22, 164.26,
160.59, 159.04, 148.62, 142.50, 136.05, 126.09, 119.20, 117.26,
109.63, 103.00, 60.66, 55.18, 49.21, 19.02, 13.12.

Ethyl-(S)-20-amino-5,7-dibromo-30-cyano-60-methyl-2-oxospiro
[indoline-3,40-pyran]-50-carboxylate (6g). 5,7-Dibromoisatin 1g
(61.0 mg, 0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and
ethylacetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according
to the GP2 to yield product 6g as white solid; m.p.: 250–251 �C;
isolated yield (92.8 mg, 96%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 20.53 min; tmajor

¼ 31.65 min; l ¼ 254 nm; 50% ee; [a]20D ¼ +14.56� (c 0.04,
CH3OH); IR (KBr): 3479, 3296, 3160, 3066, 2980, 2197, 1723,
1710, 1677, 1610, 1596, 1584, 1459, 1409, 1302, 1288, 1253,
1213, 1161, 1129, 1080, 779, 762, 744, 664, 867, 464 cm�1; 1H-
NMR (500 MHz, DMSO-d6): d (ppm) ¼ 10.94 (s, 1H, NH), 7.65
(s, 1H, Ar–H), 7.39 (s, 1H, Ar–H), 7.35 (s, 2H, NH2), 3.83 (q, J ¼
9.3 Hz, 2H, CH2CH3), 2.35 (s, 3H, CH3), 0.86 (t, J ¼ 7.1 Hz, 3H,
CH2CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 178.34,
164.23, 160.20, 158.90, 141.15, 138.39, 133.18, 125.69, 117.32,
114.05, 103.26, 102.68, 60.62, 55.46, 50.40, 18.92, 13.01.

Ethyl-(S)-20-amino-30-cyano-5,60-dimethyl-2-oxospiro[indoline-
3,40-pyran]-50-carboxylate (6h). 5-Methylisatin 1h (32.2 mg, 0.2
mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6h as white solid; m.p.: 255–256 �C;
isolated yield (65.8 mg, 97%). Enantiomeric excess (ee) was
6162 | RSC Adv., 2022, 12, 6149–6165
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tminor¼ 41.56 min; tmajor

¼ 42.89 min; l ¼ 220 nm; 95% ee; [a]20D ¼ �26.47� (c 0.06,
CH3OH); [ref. 97 [a]24D ¼ �24.0� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 10.28 (s, 1H, NH), 7.11 (s, 2H, NH2),
6.97 (d, J ¼ 8.6 Hz, 1H, Ar–H), 6.87 (s, 1H, Ar–H), 6.68 (d, J ¼
7.9 Hz, 1H, Ar–H), 3.78 (q, J ¼ 7.1 Hz, 2H, CH2CH3), 2.31 (s, 3H,
CH3), 0.80 (t, J ¼ 7.1 Hz, 3H, CH2CH3);

13C-NMR (126 MHz,
DMSO-d6): d (ppm) ¼ 178.58, 164.55, 158.88, 158.51, 139.66,
134.73, 130.67, 128.78, 123.94, 117.57, 109.07, 104.71, 60.27,
56.75, 49.02, 20.63, 18.61, 13.00. All the analytical data are well
in agreement with the reported literature.97

Ethyl-(S)-20-amino-30-cyano-5-uoro-60-methyl-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6i). 5-Fluoroisatin 1i (33.0 mg, 0.2
mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6i as white solid; m.p.: 253–254 �C;
isolated yield (65.9 mg, 98%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
90.0% n-hexane/i-PrOH, 0.8 mLmin�1; tmajor¼ 39.61 min; tminor

¼ 43.67 min; l ¼ 220 nm; 39% ee; [a]20D ¼ �23.38� (c 0.08,
CH3OH); [ref. 97 [a]24D ¼ �18.9� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 10.44 (s, 1H, NH), 7.23 (s, 2H, NH2),
7.07–6.96 (m, 2H, Ar–H), 6.78 (dd, J ¼ 8.5, 4.3 Hz, 1H, Ar–H),
3.87–3.73 (m, 2H, CH2CH3), 2.32 (s, 3H, CH3), 0.82 (t, J¼ 7.1 Hz,
3H, CH2CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 178.72,
164.42, 159.29, 159.20, 158.97, 157.31, 138.36, 136.48, 136.43,
117.44, 114.90, 114.71, 111.43, 111.23, 110.12, 110.06, 103.97,
60.40, 56.03, 49.53, 18.76, 13.06. All the analytical data are well
in agreement with the reported literature.97

Ethyl-(S)-20-amino-30-cyano-1,60-dimethyl-2-oxospiro[indoline-
3,40-pyran]-50-carboxylate (6j). 1-Methylisatin 1j (32.2 mg, 0.2
mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6j as white solid; m.p.: ¼ 257–258 �C,
isolated yield (67.2 mg, 99%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
80.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼ 9.67 min; tminor

¼ 11.24 min; l ¼ 254 nm; 63% ee; [a]20D ¼ +26.29� (c 0.07,
CH3OH); [ref. 97 [a]24D ¼ +14.7� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 7.29 (td, J ¼ 7.7, 1.4 Hz, 1H, Ar–H),
7.20 (s, 2H, NH2), 7.12 (dd, J ¼ 7.4, 1.3 Hz, 1H, Ar–H), 7.04–6.99
(m, 2H, Ar–H), 3.72 (q, J ¼ 3.0 Hz, 2H, CH2–CH3), 3.14 (s, 3H,
NCH3), 2.33 (s, 3H, CH3), 0.72 (t, J ¼ 7.1 Hz, 3H, CH2CH3);

13C-
NMR (126 MHz, DMSO-d6): d (ppm) ¼ 176.96, 164.34, 158.98,
158.95, 143.50, 133.74, 128.76, 123.13, 122.62, 117.33, 108.25,
104.41, 60.19, 56.15, 48.51, 26.30, 18.62, 13.19. All the analytical
data are well in agreement with the reported literature.97

Ethyl-(S)-20-amino-1-benzyl-30-cyano-60-methyl-2-oxospiro[indo-
line-3,40-pyran]-50-carboxylate (6k). 1-Benzylisatin 1k (47.5 mg,
0.2 mmol), malononitrile 4 (13.2 mg, 0.2 mmol) and ethyl-
acetoacetate 5 (26.0 mg, 0.2 mmol) were reacted according to
the GP2 to yield product 6k as white solid; m.p.: 251–252 �C;
isolated yield (81.4 mg, 98%). Enantiomeric excess (ee) was
determined by chiral HPLC [Daicel Chiralpak AD-H column],
80.0% n-hexane/i-PrOH, 1.0 mLmin�1; tmajor¼ 12.33 min; tminor

¼ 20.59 min; l ¼ 254 nm; 81% ee; [a]20D ¼ +19.55� (c 0.06,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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CH3OH); [ref. 97 [a]24D ¼ +20.4� (c 1.0, MeOH)]; 1H-NMR (500
MHz, DMSO-d6): d (ppm) ¼ 7.48–7.45 (m, 2H, Ar–H), 7.33–7.30
(m, 2H, Ar–H), 7.28 (s, 1H, Ar–H), 7.25 (s, 2H, NH2), 7.20 (td, J ¼
7.7, 1.3 Hz, 1H, Ar–H), 7.15 (dd, J ¼ 7.4, 1.3 Hz, 1H, Ar–H), 7.00
(td, J¼ 7.5, 1.0 Hz, 1H, Ar–H), 6.86 (d, J¼ 7.7 Hz, 1H, Ar–H), 5.00
(d, J ¼ 15.8 Hz, 1H, CH2(a)Bn), 4.78 (d, J ¼ 15.8 Hz, 1H,
CH2(b)Bn), 3.78 (q, J ¼ 7.1 Hz, 1H, CH2CH3), 3.52 (dd, J ¼ 10.8,
7.1 Hz, 1H, CH2CH3), 2.34 (s, 3H, CH3), 0.58 (t, J ¼ 7.1 Hz, 3H,
CH2CH3);

13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 177.20,
164.38, 159.19, 158.86, 142.77, 136.19, 133.65, 128.40, 127.55,
123.34, 122.73, 117.57, 108.91, 104.55, 60.11, 56.12, 48.52,
43.39, 18.65, 13.08. All the analytical data are well in agreement
with the reported literature.97

Ethyl-(S)-20-amino-1-(2-bromoethyl)-30-cyano-60-methyl-2-oxo-
spiro[indoline-3,40-pyran]-50-carboxylate (6l). 1-(2-Bromoethyl)
isatin 1l (50.8 mg, 0.2 mmol), malononitrile 4 (13.2 mg, 0.2
mmol) and ethylacetoacetate 5 (26.0 mg, 0.2mmol) were reacted
according to the GP2 to yield product 6l as white solid; m.p.:
148–150 �C; isolated yield (76.9 mg, 89%). Enantiomeric excess
(ee) was determined by chiral HPLC [Daicel Chiralpak AD-H
column], 85.0% n-hexane/i-PrOH, 1.0 mL min�1; tmajor ¼
15.03 min; tminor ¼ 24.53 min; l ¼ 254 nm; 23% ee; [a]20D ¼
+5.34� (c 0.10, CH3OH); IR (KBr): 3382, 2924, 2854, 2191, 1709,
1682, 1613, 1599, 1486, 1466, 1419, 1380, 1348, 1282, 1253,
1211, 1149, 1077, 756, 682 cm�1; 1H-NMR (500 MHz, DMSO-d6):
d (ppm) ¼ 7.29 (td, J ¼ 7.6, 1.3 Hz, 1H, Ar–H), 7.23 (s, 2H, NH2),
7.18–7.13 (m, 2H, Ar–H), 7.03 (td, J¼ 7.5, 1.0 Hz, 1H, Ar–H), 4.16
(ddd, J ¼ 14.2, 7.7, 6.5 Hz, 1H, CH3CH2(a)), 4.03 (ddd, J ¼ 14.2,
7.7, 6.1 Hz, 1H, CH3CH2(b)), 3.82 (dq, J ¼ 11.0, 7.1 Hz, 1H,
NCH2(a)), 3.72 (qd, J ¼ 7.1, 4.6 Hz, 1H, NCH2(b)), 3.63–3.57 (m,
2H, CH2Br), 2.33 (s, 3H, CH3), 0.71 (t, J ¼ 7.1 Hz, 3H, CH2CH3);
13C-NMR (126 MHz, DMSO-d6): d (ppm) ¼ 177.03, 164.32,
158.99, 142.18, 133.54, 128.76, 123.41, 122.84, 117.14, 108.70,
104.36, 60.25, 56.08, 48.41, 41.57, 28.36, 18.67, 13.22.

Conclusions

In summary, we have developed very efficient enantioselective
process for the asymmetric Aldol reaction of substituted isatin
with several acetone derivatives using L1-Cu(II) as a new Lewis
acid catalyst based on thiophene-2,5-bis(amino-alcohol)
framework. Our Lewis acid catalytic system L1-Cu(II) acts bril-
liantly and furnished aldol products 3a–s in high yields and
selectivity (up to 99% yield; up to 96% ee). This catalytic system
L1-Cu(OAc)2$H2O was further utilized for asymmetric Domino
Knoevenagel Michael cyclization reaction of substituted isatin
with malononitrile and ethylacetoacetate and afforded chiral
spiro[4H-pyran-3,3-oxindole] derivatives 6a–l with high yields
and moderate to high enantioselectivities (up to 99% yield; up
to 95% ee). Both the reactions were performed under mild
reaction condition at room temperature.
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A. C. Pinto, B. Kaptein, Q. B. Broxterman, S. J. Garden
and C. Tomasini, Tetrahedron, 2006, 62, 12017–12024.

28 J. S. Carle and C. Christophersen, J. Org. Chem., 1981, 46,
3440–3443.

29 K. Nicolaou, X. Huang, N. Giuseppone, P. Bheema Rao,
M. Bella, M. V. Reddy and S. A. Snyder, Angew. Chem., Int.
Ed., 2001, 40, 4705–4709.

30 K. Nicolaou, M. Bella, D. Y. K. Chen, X. Huang, T. Ling and
S. A. Snyder, Angew. Chem., Int. Ed., 2002, 114, 3645–3649.

31 K. Nicolaou, P. Bheema Rao, J. Hao, M. V. Reddy, G. Rassias,
X. Huang, D. Y. K. Chen and S. A. Snyder, Angew. Chem., Int.
Ed., 2003, 42, 1753–1758.

32 K. Nicolaou, S. A. Snyder, N. Giuseppone, X. Huang,
M. Bella, M. V. Reddy, P. B. Rao, A. E. Koumbis,
P. Giannakakou and A. O'Brate, J. Am. Chem. Soc., 2004,
126, 10174–10182.

33 K. Nicolaou, D. Y.-K. Chen, X. Huang, T. Ling, M. Bella and
S. A. Snyder, J. Am. Chem. Soc., 2004, 126, 12888–12896.

34 C. Takahashi, A. Numata, Y. Ito, E. Matsumura, H. Araki,
H. Iwaki and K. Kushida, J. Chem. Soc., Perkin Trans. 1,
1994, 1859–1864.
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