#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Organocatalysed one-pot three component
synthesis of 3,3'-disubstituted oxindoles featuring
an all-carbon quaternary center and spiro[2H-
pyran-3,4’-indoline]t
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A simple and efficient methodology for the one-pot synthesis of 3,3’-disubstituted oxindoles featuring an
all-carbon quaternary center has been demonstrated through L-proline catalysed three-component
reaction based on sequential Knoevenagel condensation/Michael addition and also one-pot synthesis of
spiro[2H-pyran-3,4’-indoline] through consecutive Knoevenagel condensation/Michael addition/
reduction/cyclization reactions from readily available isatin derivatives, malononitrile, and ketones. The
present methodology presents several advantages, including simple reaction set-up, short reaction
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Introduction

3,3"-Disubstituted oxindoles and spiro[2H-pyran-3,4™-indoline]
framework featuring an all-carbon quaternary center at C-3
position have been frequently identified as core structurally
important heteroaromatic motifs for the variability of drug
molecules, biologically active natural products, synthetic phar-
maceuticals and have been widely utilized for alkaloid
synthesis." These are powerful synthetic intermediates for the
synthesis of complex biologically active molecules.” The oxin-
dole framework bearing an all-carbon quaternary center at C-3
and spiro[2H-pyran-3,4”-indoline] is found in a specific class of
medicinally favourable molecules.>* Furthermore, several
oxindole and spirooxindole equivalents show an extensive range
of biological activities as shown in Fig. 1 (antidepressant effect,
anti-Alzheimer,® 5-HT; receptor antagonists,” anticancer,® anti-
bacterial,® p38a inhibitor," treatment of hemorrhagic fever with
renal syndrome,' etc.). Because of its many advantages chem-
ists are inspired to develop synthetic methods towards 3,3-
disubstituted oxindoles and spirooxindoles frameworks.*?
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high atom economy, under mild reaction conditions.

The multicomponent reactions (MCRs) are favourable
methodology for building structurally different molecules and
offer important advantages for finalized conventional linear-
type synthesis due to its convergent, flexible and atom-
efficient nature.” In the past few years there has been prodi-
gious development in multi-component reactions, and attempts
continue to be made to develop new MRCs." L-Proline is one of
the most important, well-known, inexpensive and radially
available organocatalyst, demonstrating efficacy in various C-C
and C-heteroatom asymmetric bond-forming reactions.*®

In recent years one-pot multicomponent synthetic protocols
have been reported for the construction of 3,3-disubstituted
oxindoles with an all-carbon quaternary center using a three-
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Fig.1 3,3'-Disubstituted oxindoles featuring an all-carbon quaternary
center and spirooxindole fragments present in natural products and
pharmaceuticals.
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Scheme 1 One pot synthetic approach towards disubstituted oxin-
doles featuring an all-carbon quaternary center.

component Knoevenagel/Michael addition reaction of isatin,
malononitrile and ketoacids or ketones (Scheme 1).**
Furthermore, few synthetic methods have been established for
the enantioselective synthesis of 3,3"-disubstituted oxindoles via
the Michael reaction of ketones to isatylidene malononitrile.**-**
Also, spiro[2H-pyran-3,4-indoline] oxindoles as a type of
heterocyclic spirooxindoles have attracted considerable atten-
tion and few synthetic protocols have been reported for the
construction of the compounds via, Michael addition/cascade
reduction/cyclization.*

To the best of our knowledge, one-pot three-component r-
proline catalysed sequential Knoevenagel condensation/
Michael addition reaction via enamine activation has been
not investigated so far for the synthesis of 3,3’-disubstituted
oxindoles featuring an all-carbon quaternary center. Moreover,
this strategy has been significantly extended to the synthesis of
spiro[2H-pyran-3,4-indoline] in one-pot by sequential Knoeve-
nagel condensation/Michael addition/reduction/cyclization
reaction.

Results and discussion

First, we studied the effect of different solvents on the reaction
of isatin and malononitrile for in situ Knoevenagel condensa-
tion (see ESI Table 11) to give isatylidene malononitrile (14’).
Then we envisioned a suitable catalyst for the formation of
enamine (INT-C), which can attack further on reactive isatyli-
dene malononitrile (1A") formed in step-1 to give the expected
product through Michael addition.

To explore the one-pot synthesis, isatin, malononitrile,
acetone and catalyst were stirred at room temperature (RT) in
a reaction vessel for 1 h. It was observed that along with desired
product undesirable aldol adduct product 4Aa’ is also formed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, to avoid the formation of undesired product we first
added isatin (1A) and malononitrile (2) as an active methylene
group for Knoevenagel condensation to give isatylidene malo-
nonitrile (1A") (Michael acceptor) and after complete formation
(ESIt) of isatylidene malononitrile (1A’), we added acetone in
presence of catalyst in a same reaction vessel. In this way, we
obtained complete conversion to the desired product. Based on
enamine forming capacity various catalysts were further tested.
The rate of reaction for step-2 (Michael addition) was slow for
pyrrolidine, piperidine, pyrrolidine with chloroacetic acid
additive, and pyrrolidinium salts as a catalyst. Where we
observed a trace amount of 4Aa on thin layer chromatography
(TLC) (Table 1, entry 2-5 and 9). However, reaction worked
efficiently when we Used r-proline as a catalyst at RT, reaction
completed within 1 h and product 4Aa with 97% yield. We
further carried out all the reactions using r-proline catalyst in
different solvents (see Table 4, entries 2-8) and we found that
ethanol is an ideal solvent for one-pot reaction (Table 1, entry 6).
Further, we studied the effect of catalyst concentration by
reducing the r-proline concentration from 20 to 10 or 5 mol%,
we observed that slight decrease in the product yield, and the

Table 1 Optimization of reaction condition for synthesis of 3,3'-
disubstituted oxindoles”

NC NC
[o] / CN Step 2: o
Step 1: Acetone CN
%0 Malononitrile (2) o Catalyst (C) o
N\ Ethanol, rt, time 1 N\ rt, time 2 N\
H H H
1A 1A’ 4Aa
0.
o HO
c1 c2 Cc3 ca 4Aa’
Catalyst Solvent Time Time Yields®
Entry (mol%) (1 mL) (Mh (2)h 4Aa (%)
1? — EtOH 0.5 72 N.R#
2? C1 (20) EtOH 0.5 48 <5¢
3? C2 (20) EtOH 0.5 48 <5¢
4be C1 (20) EtOH 0.5 48 <5¢
5P C3 (20) EtOH 0.5 48 <5¢
67 C4 (20) EtOH 0.5 0.5 97
7¢ c4 (5) EtOH 0.5 5 81
8? C4 (10) EtOH 0.5 3 91
9df C4 (20) EtOH 0.5 2 86
107 C4 (20) — 2 24 37

¢ Unless otherwise noted, a mixture of 1A (0.5 mmol, 1 equiv.), 2
(0.55 mmol, 1.1 equiv.) in solvent (1 mL), stirred at rt for respective
time 1, Then added 3 (2.5 mmol) and catalyst (mol%) in same pot
and stirred for time 2. ” 1A’ remain in reaction mixture confirmed by
'H and C NMR. °Isolated yield. ¢ Checked HPLC for product
(column: chiral pack AD-H. Solvent system: 30 IPA:70 n-hexane).
¢ Added additive chloroacetic acid (20 mol%). /4 equiv. of acetone
was used. ¢ Observed trace amount of 4Aa on TLC.
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Table 2 Synthesis of various 3,3'-disubstituted oxindoles®
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to give the 3,3-disubstituted oxindoles (up to 98% isolated
yield). Further, we studied the isatin with different electron-
donating groups viz. the 5-Me, 5-OMe which showed excellent
yield (4Ab, 4Ac).

Isatin with halogen substitute at different positions (5-F, 5-
Cl, 5-Br, 5-1, 7-F and 7-Cl) was studied and showed excellent
yield (up to 97% 4Ad-4Ai) (Fig. 2). Multi-halogen substituted
isatin like 4,7-dichloro substituted isatin also gave an excellent
yield 94% (4Aj) (Table 2).

Isatin with electron withdrawing group 5-OCF;, 5-NO, gave
excellent yields up to 98% (4Ak, 4Al).

The N-substituted isatin® like N-methyl, N-ethyl, N-propyl, N-
butyl, N-cyclopentyl, N-allyl, N-benzyl were also evaluated in
which all gave an excellent yield of product (92-94%, 4Ba-4Bg).
Then we focus our courtesy on one-pot reaction using different
ketones (3). We obtained desired product in high to excellent
yield. However, with an elongated carbon chain reaction yield

Table 3 Synthesis of various spiro[2H-pyran-3,4’-indoline]*

R
o Step 1: NG Step 3:

4Cg (87%) dr1:1 4Ch (0%)° 4Ci (0%)° 4Cj (0%)° 4Ck (0%)° 4C1(0%)°

“ Unless otherwise noted, a mixture of 1A (0.5 mmol, 1 equiv.), 2
(0.55 mmol, 1.1 equiv.) in ethanol (1 mL) was stirred at rt for 30
minutes, followed by addition of 3 (2.5 mmol, 5.0 equiv.) and i-
proline (O 1 mmol 20 mol%), stirred contlnuously for next 30 min;
isolated yields.  Reaction required more time for total conversion
from optimize time are mentioned. ¢ 1A’ remain in reaction mixture

Malononitrile (2) J NaBH,,
Rl A ° Ethanol, rt, 30 min CN 0°C,thenrt1h
i - . X _
Z N Step 2: R'—- o
R L-proline ZN
Ketone (3) k2
1 o 4 5
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confirmed by 'H and '*C NMR.

reaction took a longer time (Table 1, entries 7 and 8). With an
optimized reaction condition in hand, we further used this
methodology for different isatin (1) and ketone derivatives (3).
Gratifyingly, we observed high to excellent yield in all reactions

CCDC 2224164 (4Ae)

CCDC 2224165 (4Ah)

Fig. 2 X-ray crystallographic analysis of 4Ae and 4Ah.2¢
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5Cc= 90% (8:1) 5Ce= 92% (10:1)

¢ Unless otherwise noted, a mixture of 1A (0.5 mmol, 1 equiv.), 2
(0.55 mmol, 1.1 equiv.) in ethanol (1 mL) was stirred at rt for 30
minutes, followed by addition of 3 (2.5 mmol, 5.0 equiv.) and r-
proline (0.1 mmol. 20 mol%), stirred continuously till get formation
of 4, then added NaBH, (1 mmol) at 0 °C stirred for 10 min and then
stirred reaction mixture at rt for 1-2 h. dr mentioned above are
calculated by "H NMR of crude product. Yields shown above are the
combine yield of two diastereomers. We separate two diastereomer by
silica gel column chromatography and in ESI characterisations
provided are for major diastereomer only.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CCDC 2224166 (5Aa)

CCDC 2224167 (5Bb)

Fig. 3 X-ray crystallographic analysis of 5Aa and 5Bb.#”

decrease (up to 84%) and the rate of reaction becomes slow
(4Ca-4Cf).>* Unfortunately, in the case of sterically hindered
ketones like isobutyl methyl ketone (4Ch) and tert-butyl methyl
ketone (4Ci) have not given the expected product at optimized
reaction condition. As well as in case of cyclopentanone (4Cj),
cyclohexanone (4Ck) and acetophenone (4Cl) we observed only
isatylidene malononitrile (1A") (step 1) instead of the expected
desired product. Surprisingly, by use of cyclobutanone, we got
the expected desired product (4Cg) in good yield (87%) with
approximately 1: 1 diastereomeric ratio calculated from proton
NMR.

After developing the above effective one-pot reaction for the
synthesis of 3,3-disubstituted oxindoles, our next goal is to
extend this methodology for cyclization to the synthesis of spiro
[2H-pyran-3,4™-indoline] by following a strategy of reduction/
cyclization. The reduction of 3,3-disubstituted oxindoles (4)

View Article Online
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with sodium borohydride in the same reaction pot gave a cycli-
zation product with high to excellent yield. This reaction was
carried out in one pot by using isatin 1, malononitrile 2, and
acetone to obtain 3,3-disubstituted oxindoles in the same pot
sodium borohydride was added we obtained cyclization product
5Aa with 95% yield (combine yield of two diastereomers), 8.6:1
dr (Table 3).* Isatin with different electron-donating groups like
5-Me (5Ab, 94% yield, 4 : 1 dr), 5-OMe (5Ac, 92% yield, 5.3 : 1 dr)
and halogen-substituted isatin at a different position like 5-F, 5-
Cl, 5-Br, 5-1, 7-F, 7-Cl and 4,7-dichloro substituted substrates
shows excellent yields up to 96% and dr from 7: 1 to 8: 1 (5Ad to
5Aj). Optimized procedure equally worked smoothly with isatin
containing electron withdrawing groups like 5-OCF; (5Ak, 94%
yield, 8 : 1 dr) and 5-NO, (5Al, 96% yield, 7.5 : 1 dr). The reaction
with different N-substituted isatin like N-methyl, N-propyl, N-
cyclopentyl, N-benzyl and N-allyl also gave yield up to 93% and
dr ratio up to 9.5: 1 (5Ba-5Be). Then we check the applicability
of reaction to different substituted isatin derivatives and elon-
gated linear ketones like butanone or pentanone which also
showed a good yield up to 93% with 9: 1 dr (5Ca-5Cd). We also
tried N-methyl isatin with butanone we observed that reaction
work equally like other substrates with 92% yield, 10: 1 dr (5Ce)
(Fig. 3).

Further, we tried the feasibility of this one-pot reaction for
asymmetric synthesis of 3,3-disubstituted oxindoles. For this
we have chosen ideal substrate isatin (1), malononitrile (2) and
acetone in presence of different solvents, but we observed very

Table 4 Screening of various organocatalyst for asymmetric one-pot reaction®

Step 1:
Malononitrile (2)
Ethanol, rt, 30 min.

[¢]
NC )k NC
/ CN o
Step 2: Actone CN
o| T .~ o
N\ Catalyst N\

rt, time
H H

1A’ 4

Aa
cl cl
o [
(j\d:rms
N N N
H Ph | |
Ph NH H NH, H o
®

OH Ph oIS
Cat-l Cat-ll Cat-lll Cat-IV Cat-v

Entry Catalyst (20 mol%) Solvent Time 1, h Time 2 yield?, % ee’, %
1 Cat-I EtOH 0.5 0.5h 97 3

2 Cat-1 DMF 6 5 67 4

3 Cat-I CH;CN 14 24 54 4

4 Cat-I DCM 12 24 40 3

5 Cat-I MeOH 0.5 2 92 3

6 Cat-I Et,O 24 48 N.R. —

7 Cat-I DMSO 6 4 87 4

8 Cat-I EtOAc 13 5 90 3

9? Cat-I EtOH 0.5 14 h 9% 4

11 Cat-1I EtOH 0.5 5 days 95 4

11 Cat-III EtOH 0.5 6 days 93 4

12 Cat-IV EtOH 0.5 7 days 92 2

13 Cat-v EtOH 0.5 4 days 94 3

“ Unless otherwise noted, a mixture of 1A (0.5 mmol, 1 equiv.), 2 (0.55 mmol, 1.1 equiv.) in ethanol (1 mL) was stirred at rt for 30 minutes, followed
by addition of acetone (2.5 mmol, 5.0 equiv.) and chiral organocatalyst (0.1 mmol. 20 mol%), stirred continuously till dget total conversion. ? Isolated
At

yields. © Determinated by chiral HPLC analysis (column: chiral pack AD-H; solvent system — 30 IPA: 70 n-hexane).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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poor enantioselectivity in all solvents (Table 4, entries 2-9).
Then we tried few bulky versions of L-proline catalyst, however,
the product (4Aa) obtained with very poor enantioselectivity
(<5%) (Table 4, entries 11-13). This outcome showed that it is
difficult to obtain the enantioselective product at the current
optimized reaction condition by using a bulkier group con-
taining r-proline as a catalyst.

With the help of previously reported mechanisms,”® we
proposed a plausible mechanism based on enamine catalysis
(Scheme 2), as an enamine (INT-C) vig, carbinoalamine (INT-A),

Step 1:
Malononitrile (2)
Ethanol, rt

- o
Z N
L 2
o R
[3\(0 /_&
/ R3ﬁ @l oN
D\( [Enamme 1INT c) \ CN

@#

(INT-B)

Scheme 2 Plausible reaction mechanism for L-proline catalysed 3,3'-
disubstituted oxindoles featuring an all-carbon quaternary center.

NC
9]
Malononltnle ) CN
ik Ethanol R o o _ NaBH, \
_
F Step2: ' N oClortomn L~
v, then atrtfor 1 h
L prolme s
4 INT-I

Tautomerization

INT-Il

Scheme 3 Plausible reaction mechanism for spiro[2-H-pyran-3,4'-
indoline].
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iminjum ion (INT-B) intermediates. Enamine intermediate
(INT-C) attack to isatylidene malononitrile (1A") which is already
formed in step 1 and leads to a nine-membered ring transition
state (T. S.). Further this transition state converts to iminium
ion (INT-D) with construction of new C-C bond and intra-
molecular proton transfer. Which on hydrolysis gives required
product (4) and the catalyst is regenerated for the next catalytic
cycle via INT-E. Although r-proline's a-chirality is ineffective to
introduced enantioselectivity in the final product, but it indi-
cates that the carboxylate functionality is essential for catalysis.
As pyrrolidine (C1) catalyst is unable to complete reaction.
Therefore, -proline not only acts as an enamine catalyst but
also at the same time act as a Brgnsted acid co-catalyst. In the
same way, we proposed a plausible mechanism for spiro[2-H-
pyran-3,4-indoline] (Scheme 3). As we previously discussed
a mechanism for 3,3"-disubstituted oxindoles featuring an all-
carbon quaternary center (Scheme 2). After the addition of
sodium borohydride ketone group present in 4 will reduce to
alcohol and converts to INT-I. Rapid intramolecular attack of an
alcoholic group on nitrile group form INT-II, which converts to
final product 5 after tautomerization.

Conclusions

In conclusion, we effectively show a one-pot, L-proline catalyzed
consecutive Knoevenagel condensation/Michael addition reac-
tion and successive Knoevenagel condensation/Michael
addition/reduction/cyclization reaction of ketones with isatyli-
dene malononitrile generated in situ from commercially avail-
able isatins and malononitrile. The reported synthetic
procedures were highly efficient, sustainable, and broad in
substrate scope. Significantly, we had shown efficient one-pot
methodology for the synthesis of 3,3-disubstituted oxindoles
with all-carbon quaternary center and spiro[2H-pyran-3,4”
indoline] at very mild conditions using organocatalyst. Further
extension of asymmetric work of this methodology is going on
in our laboratory.
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(12 mmol, 1.2 equiv.) and the solution was stirred at r.t for 30
minutes. The solution turns rapidly dark purple. Methyl
iodide, alkyl bromide or benzyl bromide, (11 mmol, 1.1
equiv.) was added in one portion. The reaction mixture
rapidly change colour. After 12 h, water (20 ml) was added,
then the suspension was filtered, and purified by flash
column chromatography on silica gel to afford the product.

24 A reaction conditions for synthesis of 3,3'-disubstituted

oxindoles: mixture of 1 (0.5 mmol, 1 equiv.), 2 (0.55 mmol,
1.1 equiv.) in ethanol (1 ml) was stirred at room
temperature for 30 minutes, followed by addition of
ketone (2.5 mmol, 5.0 equiv.) and r-proline (0.1 mmol,
20 mol%), continued stirring at rt till to get total
conversion of 1, the product observed by TLC.

25 A reaction conditions for synthesis of spiro[2-H-pyran-3,4-

indoline]: mixture of 1 (0.5 mmol, 1 equiv.), 2 (0.55 mmol,
1.1 equiv.) in ethanol (1 ml) was stirred at room
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27

28
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temperature for 30 minutes, followed by addition of
ketone (2.5 mmol, 5.0 equiv.) and r-proline (0.1 mmol,
20 mol%), continued stirring at rt till to get total
conversion of 1', the product observed by TLC, then added
NaBH, (1 mmol, 2 equiv.) at 0 °C stirred mixture for
15 min then stirred at rt for next 1 hr. dr mentioned are
calculated by '"H NMR of crude product. Yields shown
above are the combine yield of two diastereomers. We
separate two diastereomer by silica gel column
chromatography and in ESIf characterisations provided
are for major diastereomer only.

CCDC 2224164 (4Ae) and CCDC 2224165 (4Ah) contains the
supplementary crystallographic data for the paper.}

CCDC 2224166 (5Aa) and CCDC 2224167 (5Bb) contains the
supplementary crystallographic data for this paper.f
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