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This review collects the recent developments in the synthesis of chiral 3-substituted 3-amino-2-oxindoles based on enantioselective

catalytic nucleophilic additions to isatin imines published since the beginning of 2015.

Introduction

Chiral oxindoles represent an important class of products
widely present in nature and exhibiting many biological activi-
ties. Among them, chiral 3-substituted 3-amino-2-oxindoles
constitute privileged candidates in medicinal chemistry [1-8].
Consequently, the development of novel catalytic routes to
produce these compounds is highly desired [9-19] with a special
mention for organocatalyzed methodologies [10,13]. The
simplest method to prepare chiral quaternary 3-amino-2-oxin-
doles is based on enantioselective catalytic nucleophilic addi-
tions to isatin imines. This is not only because of the easy
access to isatin imines, but also by the possibility of using a
wide range of nucleophiles, thus increasing the structural diver-
sity of the resulting products. The first asymmetric catalytic
versions were reported only in the 2010s despite tremendous
achievements in catalytic asymmetric imine addition reactions

[20-22]. Ever since, a number of catalytic asymmetric nucleo-

philic additions to isatin imines have been developed, including
Mannich reactions, aza-Morita—Baylis—Hillman reactions,
Friedel-Crafts reactions, aza-Henry reactions, additions of
heteronucleophiles, Strecker reactions, among others. The goal
of this review is to update the catalytic asymmetric synthesis of
chiral 3-substituted 3-amino-2-oxindoles based on enantioselec-
tive nucleophilic additions to isatin imines reported since 2015,
since this field was recently reviewed by Chimni et al. [16]. It is
divided into six parts, dealing successively with enantioselec-
tive Mannich reactions, aza-Morita—Baylis—Hillman reactions,
Friedel-Crafts reactions, aza-Henry reactions, domino reac-
tions initiated by nucleophilic additions to isatin imines, and
miscellaneous reactions. Most of the reactions depicted in this
review have been promoted by a wide variety of chiral organo-
catalysts but chiral metal catalysts have also proved to be highly

efficient for a range of transformations.
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Review

Enantioselective Mannich reactions
Organocatalyzed reactions

Originally, the Mannich reaction is a three-component process
occurring between an aldehyde, an amine and a ketone, provid-
ing B-amino carbonyl compounds [23-25].

An extensively used two-component variant of this reaction
consists in using a preformed imine. Among chiral metal com-
plexes, a wide variety of organocatalysts [26-34] has been used
to promote asymmetric Mannich reactions. Among them,
cinchona alkaloid 1 was employed in 2015 by Enders et al. at a
remarkably low catalyst loading (0.0225 mol %) to promote the
enantioselective Mannich reaction of ethyl nitroacetate (2) with
N-Boc-isatin imines 3 [35]. The process afforded, after a subse-
quent denitration, the corresponding chiral 3-amino-2-oxin-
doles 4 in moderate to high yields (51-91%) and uniformly high
enantioselectivities (92-99% ee), as shown in Scheme 1.
Common protecting groups (R!), such as methyl, ethyl,
4-methoxybenzyl, methoxymethyl, phenyl and benzyl, were
tolerated as well as various substituents (R?) on the aromatic
ring of the isatins, including electron-donating and electron-

1 (0.0225 mol %)
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withdrawing groups. The lowest yield (51%) was obtained in
the reaction of a fluorinated isatin imine (R! = Me, R? = 7-F).
The utility of this methodology was demonstrated by its appli-
cation in the formal synthesis of the anticancer agent AG-041R.
Furthermore, several of the formed products were converted
into useful intermediates for the synthesis of pyrroloindoline
alkaloids and related drugs, such as psychotrimine and (+)-foli-
canthine.

Later in 2016, Trivedi et al. reported the synthesis of chiral
3-amino-2-oxindoles through the Mannich reaction of N-Boc-
isatin imines 3 with 1,3-dicarbonyl compounds 5 performed in
the presence of chiral cinchona alkaloid-derived squaramide 6
[36]. A range of chiral 3-amino-2-oxindoles 7 was obtained
under mild reaction conditions in high to quantitative yields
(78-99%) and uniformly excellent enantioselectivities
(90-99% ee) as shown in Scheme 2. In particular, various
N-Boc-ketimines exhibiting either electron-donating or elec-
tron-withdrawing groups at the 5 and 7 positions of the aryl
moiety, including halogens such as fluoro, chloro, bromo
and iodo groups, reacted smoothly with pentane-2,4-dione
(R2 = R3 = Me) affording the products with both very high

CH,Cl,, —20 °C
el T =0 ,
Ay ) AIBN, HSnBus
i?1 toluene, 110 °C
(0]
Hkoa R'=Me, R? = H: 87%, 96% ee
NO, R'=Et, R? = H: 84%, 96% ee
R'=Bn, R2 = H: 64%, 93% ee
2 R'=PMB, R? = H: 72%, 93% ee

Scheme 1: Mannich reaction of N-Boc-isatin imines with ethyl nitroacetate (2) catalyzed by a cinchona alkaloid followed by denitration and synthesis

of AG-041R.

R'=MOM, R2 = H: 64%, 94% ee
R'=Ph, R2 = H: 68%, 99% ee
R'=Me, R2 = 5-Me: 70%, 96% ee
R'= Me, R? = 5-OMe: 88%, 95% ee
R'=Me, R? = 5-CF3: 78%, 92% ee
R'= Me, R? = 5-Cl: 82%, 92% ee
R'= Me, R? = 5-F: 91%, 92% ee
R'=Me, R2 = 7-F: 51%, 92% ee
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NBoc
RO 6 (3 mol %)
3 \ Ar=3,5-(CF3)2C6H3
+
79 CHJCly, rt
A oChy,
5 7

R'=5-Me, R2 = R3= Me: 94%, 96% ee

R'=5-OMe, R? = R3 = Me: 97%, 96% ee

R'=5-F, R?2 = R3= Me: 92%, 95% ee

R'=5-Cl, R?2 = R3 = Me: 95%, 95% ee

R'=5-Br, RZ=R3= Me: 91%, 95% ee

R'=5-1, R?2 = R3= Me: 93%, 95% ee

R'=7-Br, R2 = R = Me: 99%, 96% ee

R'=5-NO,, R2 = R3= Me: 89%, 92% ee

R = 5-OCF3, R2 = R3 = Me: 98%, 97% ee

R=4,7-Cly, R2 = R3 = Me: 78%, 94% ee

R'=H, R2 = R3= OMe: 90%, 97% ee

R'=H, R2=R3=Ph: 93%, 96% ee

R'=H, R2 = Me, R = OMe: 91%, 0% de, 97% ee and 95% ee
R'=H, R? = Me, R® = OEt: 95%, 0% de, 99% ee and 98% ee
R'=H, R? = Me, R3 = Ot-Bu: 92%, 0% de, 90% ee and 90% ee
R'=H, R2 = Me, R® = Ph: 96%, 90% de, 95% ee

Scheme 2: Mannich reaction of N-Boc-isatin imines with 1,3-dicarbonyl compounds catalyzed by a cinchona alkaloid-derived squaramide.

yields (89-99%) and enantioselectivities (92-99% ee). A lower
yield (78%) albeit combined with a high enantioselectivity
(94% ece) was obtained in the reaction of a dihalogenated isatin
imine (R! = 4,7-Cl,). The scope of the process was also extend-
ed to 1,3-dicarbonyl compounds other than symmetrical
pentane-2,4-dione, such as 1,3-diphenylpropane-1,3-dione
(R? = R3 = Ph), that also led by reaction with the unsubstituted
isatin imine (R! = H) to the corresponding product in high yield
(93%) and enantioselectivity (96% ee). Furthermore, unsym-
metrical 1,3-dicarbonyl compounds, such as methyl aceto-
acetate (RZ = Me, R3 = OMe), ethyl acetoacetate (R% = Me,
R3 = OEt) and tert-butyl acetoacetate (R? = Me, R3 = Or-Bu)
gave the corresponding Mannich products in high yields
(91-95%) and enantioselectivities (90-99% ee), however as a
1:1 mixture of two diastereomers. In contrast, an excellent dia-
stereoselectivity of 90% de was achieved in the reaction of
1-benzoylacetone (R? = Me, R = Ph) which afforded the corre-
sponding single diastereoisomeric product in 96% yield and
95% ee.

In 2018, Tanyeli et al. reinvestigated this type of reactions in
the presence of related cinchona alkaloid-derived squaramide
catalyst 8 [37]. Indeed, the reaction of acetylacetone (5a) with
various N-alkoxycarbonylisatin imines 3 and 9 in the presence
of only 1 mol % of catalyst 8 in diethyl ether as solvent
afforded at room temperature the corresponding chiral Mannich
products 7 and 10 in low to nearly quantitative yields (29-98%)
combined with moderate to excellent enantioselectivities (41 to
>99% ee) as shown in Scheme 3. The lowest yields (29—42%)
were obtained for the ketimines having acetyl and ethyl substit-
uents (R! = Ac or Et) at the amide nitrogen while better yields
(70-98%) were generally achieved for other (un)substituted
isatin imines (R1 = Me, Bn, H). Moreover, a range of electron-
withdrawing and electron-donating groups on the aryl moiety
(R?) as well as different N-carbamoyl protecting groups
(R3 = ¢-Bu, Et, Bn) were compatible, providing generally high
enantioselectivities (85 to >99% ee), except for the 5-bromo-
substituted derivative (RZ = 5-Br) which afforded the
corresponding product in only 41% ee. An advantage of this

1351



Beilstein J. Org. Chem. 2018, 14, 1349-1369.

0 0 _
4
o R‘NH
3
OR 14N
N /
R2 o]
Z N 8 (1 mol %)
R1
39 R4 = 2-adamantyl
+
M Et,0, rt
5a

R'=Me, RZ2 = H, R3=t-Bu: 92%, 99% ee
R'=R2=H, R3=t-Bu: 97%, 98% ee

R'=Ac, R?2 = H, R3 = t-Bu: 29%, 92% ee
R'=Bn, R2=H, R®= t-Bu: 96%, 99% ee
R'=Et, R2=H, R3= t-Bu: 42%, 99% ee
R'=R2=H, R3=Et: 70%, 96% ee

R'=R2=H, R3=Bn: 72%, 91% ee

R'=Me, R2=H, R3=Bn: 88%, 97% ee
R'=Me, R2 = H, R3= Et: 81%, 98% ee
R'=Me, R? = 5-OMe, R3 = t-Bu: 92%, >99% ee
R'= Me, R? = 5-Me, R3 = t-Bu: 89%, 97% ee
R'= Me, R? = 7-Cl, R = t-Bu: 94%, 97% ee
R'=Me, R2 = 6-Cl, R3 = t-Bu: 95%, 85% ee
R'= Me, R? = 6-Br, R3 = t-Bu: 92%, 90% ee
R'=Me, R2 = 7-F, R3 = t-Bu: 96%, 96% ee
R'=H, R?2 = 5-Br, R% = t-Bu: 88%, 41% ee
R'=H, R? = 5-F, R3 = t-Bu: 98%, 88% ee
R'=H, R2 = 5,7-(Me),, R = t-Bu: 84%, 88% ee

Scheme 3: Mannich reaction of N-alkoxycarbonylisatin imines with acetylacetone catalyzed by a cinchona alkaloid-derived squaramide.

methodology was the use of a very low catalyst loading
(1 mol %).

Earlier in 2016, Silvani and Lesma described the synthesis of
chiral 3-amino-2-oxindole butenolides 11 on the basis of an en-
antioselective organocatalytic Mannich reaction between isatin-
derived benzhydrylketimines 12 and trimethylsiloxyfuran 13
[38]. Using 10 mol % of another type of organocatalyst, such as
chiral phosphoric acid 14, the process led at =40 °C in THF to
the corresponding butenolides 11 in moderate to good yields
(42-81%), low to moderate diastereoselectivities (4—44% de),
and low to excellent enantioselectivities (15-96% ee) for the
major diastereomers formed (Scheme 4). In general, most of the
isatin imines underwent the reaction smoothly with a good level
of enantioselectivity (88-96% ee) and good yields (78-81%)

while the presence of a halogen substituent on the oxindole
moiety (R2 = 5-F, 5-Cl, 6-Br) resulted in a lowering of both
yields (42-68%) and enantioselectivities (15-74% ee).

In 2017, Shao et al. investigated the use of simple chiral prima-
ry amines to promote the enantioselective Mannich reaction of
N-Boc-isatin imines 3 with aldehydes, such as acetaldehyde
(15a) [39]. When these reactions were catalyzed by simple
chiral primary amine 16 in aqueous THF at 0 °C, they led to the
corresponding chiral Mannich products 17 in good yields
(74-81%) and uniformly excellent enantioselectivities
(90-94% ee), as shown in Scheme 5. The synthetic utility of
this novel methodology was demonstrated through the total syn-
thesis of the natural product (—)-psychotriasine (Scheme 5) and
the biologically active compound AG-041R (Scheme 1).
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l I Ph
Ph o:p:’O
oo oo ™
N
A Ph
R2-; o)
Z N 14 (10 mol %)
1
12 R THF, —40 °C
+
[
o~ ~OTMS
13

R'=Bn, R2 = H: 80%, 4% de, 90% and 92% ee
R'=R2 = H: 78%, 26% de, 88% and 80% ee
R'=Me, R? = H: 81%, 10% de, 91% and 68% ee
R'=PMB, R? = H: 79%, 10% de, 89% and 84% ee
R'=Tr, R2 = H: 81%, 6% de, 96% and 4% ee
R'=Bn, R2 = 5-F: 45%, 44% de, 15% and 1% ee
R'=Bn, R2 = 5-Cl: 42%, 40% de, 74% and 26% ee
R'=Bn, R2 = 6-Br: 65%, 40% de, 42% and 31% ee
R'=Me, R2 = 6-Br: 68%, 24% de, 32% and 31% ee

Scheme 4: Mannich reaction of isatin-derived benzhydrylketimines with trimethylsiloxyfuran catalyzed by a phosphoric acid.

NBoc t-Bu NEt,
NH, 0.5TfOH
RS 0 o
N 16 (20 mol %)
\ BocHN OH
3 R2 m-0,NCgH,CO,H (20 mol %) XX
+ R1—:\/ (0]
0 H,O/THF, 0 °C N
B R?
H 17
15a R'=H, R2 = Bn: 80%, 92% ee
R'=H, R2 = Me: 76%, 94% ee
R'=H, R? = allyl: 80%, 91% ee
R'!=H, R? = CH,CH(OEt),: 81%, 93% ee MeH(\[—Q
R'=R2 = H: 76%, 92% ee N
R'=5-Me, R = Bn: 81%, 93% ee
R'=5-OMe, R2 = Bn: 78%, 91% ee N
R'=5-Cl, R? = Bn: 80%, 90% ee N RN
R'=5-F, R? = Bn: 74%, 92% ee H

R'=6-Cl, R2 = Bn: 75%, 90% ee
R'=7-Cl, RZ = Bn: 79%, 91% ee
R!= 7-CF3, R? = Bn: 80%, 90% ee

(=)-psychotriasine

Scheme 5: Mannich reaction of N-Boc-isatin imines with acetaldehyde catalyzed by a primary amine.

By using another type of organocatalyst, such as L-diphenylpro-
linol trimethylsilyl ether 18, these authors showed that a range
of N-Cbz-isatin imines 19 reacted with o-substituted acetalde-

hydes 20 to give the corresponding chiral Mannich products 21

as major syn-diastereomers [39]. The latter were generally ob-
tained with high syn/anti ratios (89:11 to 93:7) along with good
yields (62-83%) and uniformly excellent enantioselectivities
(92-99% ee), as shown in Scheme 6.
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;
N Ph

NCbz
N H otms
R'T _ © 18 (20 mol % R®
N, (20 mol %) CbzHN oH
19 R 0-FCgH4CO,H (20 mol %) N
+ R1T _ o
o) THF, —30 °C N‘RZ
Rs\)kH then NaBH4/THF, —20 °C 1
20

R'=H, R?2 =Bn, R® = Et: 81%, 84% de, 92% ee
R'=H, R2 = Bn, R® = Me: 83%, 80% de, 98% ee
R'=H, R?2 =Bn, R® = n-Bu: 82%, 82% de, 94% ee
R'=H, R?2=Bn, R® = allyl: 80%, 78% de, 98% ee
R'=H, R2=Bn, R® = iPr: 62%, 82% de, 96% ee
R'=H, R? = Me, R3 = Et: 80%, 78% de, 95% ee
R'=5-Me, R? = Bn, R3 = Et: 78%, 78% de, 98% ee
R'=5-OMe, R? = Bn, R® = Et: 82%, 84% de, 96% ee
R'=5,7-Me,, R2 = Bn, R3 = Et: 79%, 78% de, 99% ee
R'=5-F, R2 = Bn, R® = Et: 82%, 86% de, 99% ee
R'=7-F, R2 =Bn, R® = Et: 81%, 84% de, 95% ee
R'=6-Br, R2 = Bn, R3 = Et: 80%, 80% de, 99% ee

Scheme 6: Mannich reaction of N-Cbz-isatin imines with aldehydes catalyzed by L-diphenylprolinol trimethylsilyl ether.

Along with enolates employed as nucleophilic partners in
Mannich reactions, related reactions involving enamines have
been developed. For example in 2018, Lu, Zhang and Shi re-
ported the first catalytic asymmetric construction of the cyclic
enaminone-based 3-substituted 3-amino-2-oxindole scaffold
with potential bioactivity on the basis of enantioselective addi-
tions of cyclic enaminones to N-Boc-isatin imines [40]. As
shown in Scheme 7, the addition of dimedone-derived enam-
inones 22 to a variety of N-Boc-isatin imines 3 was optimally
promoted by chiral phosphoric acid 23 exhibiting a bulky 2,4,6-
(iPr)3CgHy group, which provided at 50 °C in 1,4-dioxane as
solvent the corresponding chiral cyclic enaminone-based
3-substituted 3-amino-2-oxindoles 24 in moderate to quantita-
tive yields (54-99%) and good to high enantioselectivities
(84-96% ee). The process was compatible with a wide range of
N-Boc-isatin imines bearing various substituents, the electronic
nature and position of which having no obvious effect on the
enantioselectivity. Moreover, a variety of dimedone-derived
enaminones bearing electronically different substituents at the
ortho, meta and para-positions of the aniline moieties was com-
patible.

The scope of this methodology could be extended to another
type of enaminones, such as hydroxyfuran-2-one-derived ones

25, which afforded by reaction with N-Boc-isatin imines 3 the

corresponding chiral products 26 in moderate to excellent yields
(58-99%) and good to high enantioselectivities (§1-97% ee), as
illustrated in Scheme 8 [40]. A preliminary evaluation on the
cytotoxicity of some selected products revealed that two of
them exhibited moderate to strong cytotoxicity to A549, 786-0,
ECA109 and BT474 cancer cell lines.

Metal-catalyzed reactions

In addition to organocatalysts, chiral metal catalysts [41-47]
have been recently applied to promote enantioselective
Mannich reactions. As an example, in 2015 Feng et al. reported
the enantioselective Mannich reaction of N-Boc-isatin imines 3
with silyl ketene imines 27 catalyzed using a combination of
Zn(OTY); and chiral N,N’-dioxide ligand 28 [48]. As shown in
Scheme 9, this remarkable process afforded a wide range of
chiral B-amino nitriles 29 exhibiting two vicinal tetrasubstituted
stereocenters as almost single diastereomers (>90% de) in both
uniformly excellent yields (90-98%) and enantioselectivities
(94-99% ee). In only one case of substrate (Ar = 1-Naph), a
lower yield (78%) albeit combined with a comparable very
good enantioselectivity (93% ee) was obtained.

The same year, (S)-BINOL-derived tin dibromide 30 was em-

ployed by Yanagisawa et al. to promote the enantioselective

Mannich reaction of alkenyl trichloroacetate 31 with N-aryl-
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oo

O\ ’/O
PO
0" “oH

o (I
Ar

Pl o [0)
Ry 23 (10 mol %)
3 R Ar = 2,4,6-(iPr)3CHz
+
o 1,4-dioxane, 50 °C
3AMS
R3HN

R'=Bn, RZ=H, R% = p-MeOCgH4: 73%, 96% ee

22 R'=Bn, R2= H, R® = 0-FCgHg4: 80%, 91% ee
R'=Bn, R2= H, R® = 0-MeOC gH,: 54%, 84% ee
R'=Bn, R2= H, R® = m-FCgH,: 92%, 94% ee
R'=Bn, RZ2=H, R3 = m-Tol: 83%, 91% ee
R'=Bn, RZ2=H, R3 = m-MeOCgHg4: 71%, 94% ee
R'=Bn, R2= H, R? = p-FCgHy: 96%, 93% ee
R'=Bn, R2= H, R3 = p-CIC ¢Hy: 98%, 94% ee
R'=Bn, R2=H, R3 = p-Tol: 94%, 91% ee
R'=Bn, R2=H, R3 = Ph: 99%, 90% ee
R'=Bn, R2=H, R3 = 2-Naph: 90%, 91% ee
R'=Bn, R2= 4-Me, R® = p-MeOC ¢Hg: 78%, 95% ee
R'=Bn, R2=5-F, R3 = p-MeOCgH,4: 81%, 92% ee
R'=Bn, R2=6-F, R% = p-MeOCgH,4: 80%, 93% ee
R'=Bn, R2=6-Cl, R3 = p-MeOC gHy4: 62%, 96% ee
R'=Bn, R2=6-Br, R? = p-MeOCgH.: 87%, 93% ee
R'=Bn, R2= 7-F, R3 = p-MeOC gH: 86%, 92% ee
R'=Bn, R2=7-Br, R% = p-MeOCgHy: 99%, 92% ee
R'=Bn, RZ2=7-OMe, R3 = p-MeOC gHy4: 81%, 92% ee
R'= CH,p-Tol, R2=H, R3 = p-MeOCgHy: 87%, 91% ee

Scheme 7: Addition of dimedone-derived enaminones to N-Boc-isatin imines catalyzed by a phosphoric acid.

NBoc
(0]
N
3 R 23 (20 mol %)
+
1) 1,4-dioxane, 50 °C
3AMS
| O
ArHN R =H, Ar = p-MeOCgHy: 86%, 81% ee

25 R = Me, Ar = Ph: 99%, 90% ee

R = Ph, Ar = p-MeOC gH,4: 99%, 91% ee
R = EtCO, Ar = Ph: 63%, 86% ee

R = allyl, Ar = p-MeOC gH,: 99%, 82% ee
R = allyl, Ar = p-CICgHy4: 58%, 97% ee

Scheme 8: Addition of hydroxyfuran-2-one-derived enaminones to N-Boc-isatin imines catalyzed by a phosphoric acid.
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LT +
NBoc z (’\;}/\/g
N_ - e}
X Ph™ N I
Ry P o] H H-N_
"!B 28(25mol%) "
n
3 Zn(OTf), (2.5 mol %)
+
_N-TBS THF, —45 °C
Ar Cc”
\f 29
27 >90% de

Ar =Ph, R = H: 98%, 99% ee

Ar =Ph, R = 5-F: 93%, 99% ee

Ar = Ph, R = 5-Cl: 98%, 99% ee

Ar = Ph, R = 5-Br: 96%, 99% ee

Ar =Ph, R = 5-1: 98%, 98% ee

Ar = Ph, R = 5-Me: 98%, 99% ee

Ar = Ph, R = 5-OMe: 97%, 99% ee

Ar = Ph, R = 5-OCF3: 93%, 97% ee

Ar =Ph, R = 6-Cl: 97%, 99% ee

Ar = Ph, R = 6-Br: 95%, 98% ee
Ar=Ph, R =7-F: 98%, 99% ee
Ar=Ph, R =7-Cl: 97%, 99% ee

Ar =Ph, R =7-Br: 98%, 99% ee

Ar = Ph, R =7-CF3: 93%, 98% ee

Ar =Ph, R = 5,7-Me,: 97%, 98% ee

Ar =0-Tol, R =H: 90%, 94% ee
Ar=m-Tol, R = H: 98%, 99% ee

Ar =p-Tol, R =H: 98%, 99% ee

Ar = 0-MeOCgHy, R = H: 98%, 98% ee
Ar =m-MeOCgHy, R = H: 95%, 98% ee
Ar = p-MeOCgHy, R = H: 97%, 99% ee
Ar=m-CICgHy, R = H: 98%, 98% ee
Ar = p-CICgHy4, R = H: 96%, 95% ee
Ar=m-BrCgHy4, R = H: 98%, 98% ee
Ar =p-BrCgHy, R =H: 97%, 96% ee
Ar = 1-Naph, R = H: 78%, 93% ee

Ar = 2-Naph, R = H: 98%, 98% ee

Ar = 2-thienyl, R = H: 93%, 99% ee

Ar = 3-thienyl, R = H: 98%, 99% ee

Ar = (CHa)s, R = H: 93%, 95% ee

Scheme 9: Zinc-catalyzed Mannich reaction of N-Boc-isatin imines with silyl ketene imines.

isatin imines 32 [49]. The process was performed in the pres-
ence of MeONa, Nal and methanol in THF at 60 °C to afford
the corresponding chiral 3-alkylated 3-amino-2-oxindoles 33 in
most cases in quantitative yields (31 to >99%) combined with
moderate to good diastereoselectivities (46—88% de) and enan-
tioselectivities (21-90% ee), as shown in Scheme 10. The best
yields were generally achieved in the reaction of isatin imines
exhibiting an electron-withdrawing group (R% = Br, F, Cl, CF3)
at the 6-position of the N-phenyl group (>99% yield), while a
modest yield (73%) combined with the lowest enantioselectivi-
ty (21% ee) was obtained in the reaction of an isatin imine bear-

ing an electron-donating group (R* = OMe). Employing a

dibromo-substituted isatin imine (R! = R? = Br) provided the
lowest yield (31%). The authors have proposed that the true
catalyst of the reaction was a chiral tin iodide methoxide 34 in
situ generated from chiral tin bromide 30, two equivalents of
Nal and NaOMe (Scheme 10).

Enantioselective aza-Morita—Baylis—Hillman
reactions

The Morita—Baylis—Hillman reaction is a carbon—carbon bond-
forming reaction occurring between the a-position of an acti-
vated alkene and a carbon electrophile such as an aldehyde.

Employing a nucleophilic organocatalyst [26], such as a tertiary
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Ar
30 (5 mol %)
Ar = p-(t-Bu)CgHy

| NaOMe (5 mol %) 0 @/RZ
32 Bn HN
. Nal (10 mol %) * <
ococcl, MeOH (10 equiv) o N
THF, 60 °C Bn
33
31
R' = H, R? = Br: >99%, 80% de, 90% ee
R' = H, R? = F: >99%, 84% de, 52% ee
R' = H, R? = Cl: >99%, 46% de, 46% ee
R'=H, R2 = CF3: >99%, 48% de, 67% ee
R'=H, RZ = Me: >99%, 88% de, 59% ee
R' = H, R2 = OMe: 73%, 58% de, 21% ee
R'=R2=Br: 31%, 52% de, 59% ee

in situ formation of the true catalyst 34:

Nal (2 equiv)

30

NaOMe

34

Scheme 10: Tin-catalyzed Mannich reaction of N-arylisatin imines with an alkenyl trichloroacetate.

amine or a phosphine, this simple reaction provides densely
functionalized products, such as a-methylene-B-hydroxycar-
bonyl compounds [50-56]. The aza-variant of this process
consists in using an activated imine instead of an aldehyde,
thus affording o-methylene-fB-aminocarbonyl derivatives. In
2015, Takizawa et al. developed enantioselective aza-
Morita—Baylis—Hillman reactions of N-Boc-isatin imines 3 with

acrolein (35) promoted by 15 mol % of B-isocupreidine at

—40 °C in a 1:1 mixture of toluene and CPME as solvent [57].
As shown in Scheme 11, the corresponding chiral 3-amino-2-
oxindoles 36 were synthesized with uniformly excellent enan-
tioselectivities (95-98% ee) and moderate to good yields
(48-83%). Generally, the highest yields (68—83%) were
achieved in the reactions of N-benzylisatin imines (R? = Bn)
while N-allyl, N-phenyl and N-prenyl-substituted ones led to the
corresponding products in 48-70% yields.
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NBoc
R 0
N OHC
R? B-isocupreidine (15 mol %) NHBoc
* R (s)=0
toluene/CPME (1:1 Z >N
X CHO oluene. (1:1) 8
3AMS,—40°C
36
35

R'=H, R2=Bn: 81%, 97% ee

R'=H, R2=allyl: 70%, 96% ee
R'=H, R2=Ph: 52%, 98% ee
R'=H, R?= prenyl: 48%, 95% ee
R'=5-Cl, R2=Bn: 68%, 98% ee
R'=6-Cl, R?2 = Bn: 83%, 98% ee
R'=7-Cl, R?2 = Bn: 81%, 97% ee
R'=5-Br, RZ2= Bn: 73%, 96% ee
R'=5-F, R2=Bn: 78%, 98% ee
R'=5-Me, R2=Bn: 77%, 95% ee

Scheme 11: Aza-Morita—Baylis—Hillman reaction of N-Boc-isatin imines with acrolein catalyzed by B-isocupreidine.

Interestingly, the authors found that using 20 mol % of
a-isocupreine as organocatalyst instead of 15 mol % of B-iso-
cupreidine (Scheme 11) in this reaction resulted in the forma-
tion of the corresponding (R)-configured products ent-36 with
good to high enantioselectivities (83—95% ee) and moderate to
good yields (37-79%), as shown in Scheme 12. The stereose-
lectivity of these processes (Scheme 11 and Scheme 12) can be
explained by the favored transition states proposed in
Scheme 12 based on the fact that the proton transfer constitutes
the rate-determining step in the aza-Morita—Baylis—Hillman
reaction [58-60]. Indeed, in these favored transition states, the
proton shift mediated by the organocatalyst occurred with the
least steric hindrance between the quinuclidine moiety of the
catalyst and the aromatic ring of the isatin imine.

The same year, Chimni et al. reported organocatalyzed aza-
Morita—Baylis—Hillman reactions of N-Boc-isatin imines 3 with
maleimides 37 using B-isocupreidine as catalyst [61]. It must be
noted that maleimides as Morita—Baylis—Hillman donors were
challenging in these reactions since they are more usually em-
ployed as Michael acceptors. As shown in Scheme 13, a wide
variety of chiral 3-amino-2-oxindoles 38 was synthesized in
moderate to good yields (30-79%) and enantioselectivities
(70-99% ee). The protocol was compatible to differently substi-
tuted isatin imines and maleimide derivatives. In particular,
uniformly excellent enantioselectivities (90-99% ee) were
achieved in the reaction of N-phenylmaleimide (R3 = Ph) with a
range of isatin imines bearing various substituents. However

lower levels of enantioselectivity (70-76% ee) were obtained in

the reactions of N-benzyl (R3 = Bn), N-methyl (R? = Me), N-2-
phenylethyl (R3 = CH,Bn) and N-2-(2-naphthyl)ethyl
(R3 = CH,(2-Naph)) maleimides.

In 2017, Khan et al. reported the first asymmetric organocata-
lytic synthesis of chiral 3-amino-2-oxindoles based on enantio-
selective aza-Morita—Baylis—Hillman reaction of N-Boc-isatin
imines 3 with activated nitroolefins 39 [62]. The best results
were achieved by using cinchona alkaloid-derived thiourea
catalyst 40 in toluene at —10 °C. Indeed, in the presence of only
2.5 mol % of this quinine-derived organocatalyst, the reaction
afforded a range of chiral densely functionalized aza-
Morita—Baylis—Hillman products 41 in good to high yields
(65-88%), high diastereoselectivities (90-98% de) and moder-
ate to high enantioselectivities (54-94% ee), as shown in
Scheme 14. Various electron-donating and electron-with-
drawing groups (R') were tolerated on the aryl moiety of the
isatin imines, providing good to high yields (68-88%) and en-
antioselectivities (72-94% ee). On the other hand, the lowest
yield (65%) and enantioselectivity (54% ee) were obtained in
the reaction of the N-benzyl 5-Br substituted substrate
(R! = 5-Br, R2 = Bn).

Enantioselective Friedel-Crafts reactions

The Friedel-Crafts reaction is widely employed in total synthe-
sis [63-65]. In 2015, Pedro et al. reported the first asymmetric
Friedel-Crafts reaction of N-Boc-isatin imines 3 with naphthols
performed in the presence of cinchona alkaloid-derived thio-

urea 40 [66]. As shown in Scheme 15, the reaction of 1-naph-
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3 R? a-isocupreine (20 mol %) «~NHBoc
+ RI_T o
toluene/CPME (1:1)
X CHO 3AMS, —40 °C k2
ent-36
35 R'=H, R2=Bn: 78%, 95% ee

R'=H, R2 = allyl: 59%, 90% ee
R'=H, R2=Ph: 37%, 87% ee
R'=H, R2= prenyl: 44%, 89% ee
R'=5-Cl, R2=Bn: 74%, 87% ee
R'=7-Cl, R2= Bn: 44%, 94% ee
R'=5-Br, RZ2=Bn: 79%, 88% ee
R'=5-Me, R?= Bn: 58%, 83% ee
R'=H, R?2= Me: 45%, 83% ee

plausible transition states for Scheme 9 and Scheme 10:

with B-isocupreidine:

favored

disfavored

with a-isocupreine:

favored

disfavored

Scheme 12: Aza-Morita—Baylis—Hillman reaction of N-Boc-isatin imines with acrolein (35) catalyzed by a-isocupreine.

thols 42 promoted by 2 mol % of this bifunctional catalyst in
toluene at room temperature led to the corresponding chiral
3-substituted 3-amino-2-oxindoles 43 in good to high yields
(78-99%) and uniformly excellent enantioselectivities
(94-99% ee) regardless of the electronic character of the aro-
matic rings of the isatin and 1-naphthol and the position of their
substituent (R! and R2). Moreover, comparable excellent yields
(90-97%) and enantioselectivities (96-99% ee) were achieved

with variously N-alkyl substituted isatin imines (R3 = Bn, allyl,
Me, MOM). The scope of this unprecedented methodology was
extended to 2-naphthols 44 which required 10 mol % of cata-
lyst loading to provide the optimal results. In these conditions,
the reaction with a range of variously substituted N-Boc-isatin
imines 3 provided the corresponding products 45 in compa-
rable yields (85-99%) and moderate to excellent enantioselec-
tivities (75-99% ee), as illustrated in Scheme 15. A variety of
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) NBoc
R
0]
N B-isocupreidine (20 mol %)
3 R 4AMs
CHCl3, 1t
+
(e}
S R'=Bn, RZ2 = H, R3 = Ph: 55%, 95% ee 38
R'=Bn, RZ2=F, R3 = Ph: 66%, 96% ee
o) R'=Bn, R2=Cl, R3 = Ph: 75%, 96% ee

R'=Bn, R? = Br, R® = Ph: 57%, 96% ee
37 R"=Bn, R2=1, R® = Ph: 76%, 99% ee
R'=Bn, RZ = OMe, R3 = Ph: 47%, 96% ee
R = allyl, R2 = H, R3 = Ph: 58%, 95% ee
R = allyl, R2 = F, R3 = Ph: 62%, 96% ee
R! = allyl, R2 = CI, R? = Ph: 66%, 95% ee
R = allyl, R2 = Br, R® = Ph: 46%, 95% ee
R" = allyl, R? = I, R® = Ph: 63%, 90% ee
R' = allyl, R2 = OMe, R? = Ph: 35%, 95% ee
R = CH,C(Me)CH,, R2 = CI, R3 = Ph: 77%, 98% ee
R' = MeCH=CHCH,, R2 = Cl, R3 = Ph: 55%, 96% ee
R'=R3=Ph, R2=H: 75%, 92% ee
R = allyl, R2 = H, R3 = Bn: 64%, 76% ee
R = allyl, R2 = H, R3 = Me: 30%, 71% ee
R' = allyl, R2 = H, R3 = CH,Bn: 76%, 70% ee
R' = allyl, R2 = H, R® = CH,(2-Naph): 79%, 75% ee

Scheme 13: Aza-Morita—Baylis—Hillman reaction of N-Boc-isatin imines with maleimides catalyzed by B-isocupreidine.

7
H
LN N\n/NHAr
NBoc MeO = | S
NS
ril 0 N
Z N 40 (2.5 mol %)
2
3 R Ar = 3,5-(CF3)206H3

+ R

— J NO, toluene, —10 °C

3\/‘ / 41
R s R'=R3=H, R2= Me: 80%, 98% de, 78% ee

R'=5-Me, R2= Me, R3= H: 84%, 90% de, 74% ee
R'=5-OMe, RZ= Me, R3=H: 88%, 96% de, 76% ee
R'=4-Cl, R2= Me, R® = H: 68%, 98% de, 94% ee
R'=5-Cl, R2= Me, R®=H: 71%, 98% de, 84% ee
R'=6-Cl, R2= Me, R3= H: 72%, 98% de, 86% ee
R'=5-Br, R2=Bn, R® = H: 65%, 96% de, 54% ee
R'=7-F, R2=Bn, R3= H: 70%, 94% de, 88% ee

R! = R3= H, R2 = CH,CH(OEt),: 71%, 98% de, 81% ee
R'=5-Br, R2= Me, R3= p-Cl: 76%, 98% de, 82% ee
R'=5-Me, R2= Me, R3= p-Cl: 78%, 98% de, 72% ee

Scheme 14: Aza-Morita—Baylis—Hillman reaction of N-Boc-isatin imines with nitroolefins catalyzed by a cinchona alkaloid-derived thiourea.
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74
H
LN N\H/NHAr
NBoc MeO — | S
X
R2—- P o] SN
N
L3 40 (2 mol %)
3 Ar = 3,5-(CF3),CgH3
+
OH toluene, rt
X
N R'=R2=H, R3= Bn: 93%, 99% ee 43
R 1
A R'=R2 = H, R3= allyl: 93%, 99% ee
42 R'=R2=H, R3= Me: 97%, 96% ee
R'=R2=H, R3= MOM: 90%, 99% ee
R'=H, R2 = 5-OMe, R3=Bn: 95%, 99% ee
R'=H, R2 = 5-Cl, R3= Bn: 96%, 98% ee
R'=H, R2 = 5-Br, R3 = Bn: 99%, 95% ee
R'=H, R2 = 5-NO,, R3= Bn: 80%, 97% ee
R'=H, R2=6-Cl, R3=Bn: 97%, 99% ee
R'=H, R2 = 7-Me, R3 = Bn: 95%, 99% ee
R'=H, R2 = 7-F, R® = Bn: 80%, 99% ee
R'=H, R2 = 5,7-(Me),, R3 = Bn: 86%, 97% ee
R'=4-Cl,R? = H, R3= Bn: 78%, 97% ee
R'=4-OAc, R2 = H, R®=Bn: 96%, 99% ee
R'=6-OAc, R? = H, R®= Bn: 99%, 99% ee
R'=4-Br, R2 = 5,7-(Me),, R®= Bn: 93%, 94% ee
NBoc
X
R2——- 0
Z N 40 (10 mol %)
R3
3 +
oH toluene, rt
X
Rl
FZ R'=R2?=H, R®=Bn: 97%, 91% ee
44 R'=R2=H, R3=allyl: 99%, 89% ee

R'=R?=H, R®= Me: 90%, 75% ee

R'=H, R2 = 5-Me, R®= Bn: 85%, 90% ee
R'=H, R2=5-Cl, R®=Bn: 93%, 89% ee
R'=H, R2=6-Cl, R3=Bn: 97%, 91% ee
R'=3-OMe, RZ = H, R3=Bn: 82%, 99% ee
R'=7-OMe, R?2 = H, R3= Bn: 87%, 89% ee
R'=7-Br, RZ=H, R3=Bn: 93%, 86% ee
R'=8-OMe, R?2 = H, R3= Bn: 96%, 97% ee
R'=6-CO,Me, R2=H, R%=Bn: 86%, 89% ee

Scheme 15: Friedel-Crafts reactions of N-Boc-isatin imines with 1 and 2-naphthols catalyzed by a cinchona alkaloid-derived thiourea.

2-naphthols substituted with electron-donating or electron-with-
drawing groups were tolerated, giving good results in most
cases. The best enantioselectivity (99% ee) was achieved in the
reaction of 3-methoxy-substituted 2-naphthol whereas the
lowest one (75% ee) was obtained in the reaction of an
N-methylisatin imine (R2 = H, R?® = Me) with unsubstituted
2-naphthol (R! = H). It must be noted that these transformat-

ions represented the first highly enantioselective additions of
naphthols to ketimines.

In 2017, similar reactions were reinvestigated by Tanyeli and
Karahan by using the closely related catalyst 8 at =20 °C in
dichloromethane as the solvent [67]. The products 43 and 46
arisen from the reaction of 1-naphthols 42 with a range of vari-
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ously substituted N-alkoxycarbonylisatin imines 3 and 9 were
obtained in moderate to quantitative yields (61-99%) and excel-
lent enantioselectivities (92 to >99% ee) in most cases. Only
two substrates, such as a disubstituted N-Boc-isatin imine
(R! = 5,7-Me,, R? = H) and an N-acetylated one (R! = H,
RZ = Ac), afforded the products in much lower enantioselectivi-
ties of 37% and 3% ee, respectively. On the other hand, prod-
ucts 45 and 47 arisen from the reaction of 2-naphthols 44 with

Beilstein J. Org. Chem. 2018, 14, 1349-1369.

N-alkoxycarbonylisatin imines 3 and 9 were formed in moder-
ate to excellent enantioselectivities (54-97% ee) combined with
good to quantitative yields (76-99%), as shown in Scheme 16.
It must be noted that both reactions involving 1 and 2-naph-
thols employed only 2 mol % of catalyst loading.

Very recently, Pedro and Vila reported the enantioselective
Friedel-Crafts reaction of N-Boc-isatin imines 3 with

N OMe
/
1 AN
Z N 8 (2 mol %)
D2
39R R4 = 2-adamantyl
+
OH CH,Cly, —20 °C

4 AMS

OO R'=R?=H, R®=t-Bu: 99%, 97% ee
4

2 R!'=R2=H, R3 = Bn: 76%, 98% ee
R1=R2 = H, R? = CO,Et: 80%, 99% ee
R'=H, R2 = Et, R = t-Bu: 61%, 94% ee
R'=H, RZ2=Bn, R3 = t-Bu: 99%, 99% ee
R'=H, RZ = Me, R® = t-Bu: 99%, 99% ee
R'=H, R2 = Ac, R® = t-Bu: 78%, 3% ee
R!=5,7-Me,, RZ = H, R = t-Bu: 98%, 37% ee
R'=5-Br, R2=H, R3 = t-Bu: 73%, 97% ee
R'=5-F, R2=H, R3 = {-Bu: 67%, 92% ee
R'=H, RZ = Me, R® = Bn: 94%, >99% ee
RT=H, R2 = Me, R® = CO,Et: 99%, 97% ee
R'=5-Me, R2 = Me, R3 = t-Bu: 98%, 97% ee
R'=7-F, R2 = Me, R® = {-Bu: 94%, >99% ee
R' = 6-Br, R? = Me, R3 = t-Bu: 70%, 99% ee
R'=7-Cl, RZ2 = Me, R® = {-Bu: 90%, 94% ee

0] R'=5-OMe, R2 = Me, R3 = t-Bu: 99%, 98% ee

RSOJ<N R =6-Cl, R2 = Me, R = t-Bu: 90%, 99% ee
/

R“—(}v\g:o
I
Z N
39 R2 same conditions
+

OH
R'=H, R2 = Bn, R3 = t-Bu: 99%, 97% ee

R'=H, RZ = Me, R3 = t-Bu: 85%, 79% ee

a4 R'=RZ2=H, R® = CO,Et: 76%, 73% ee
R'=7-F, R2 = Me, R® = t-Bu: 95%, 95% ee
R' = 5-OMe, R2 = Me, R® = t-Bu: 86%, 85% ee
R! = 7-Cl, R2 = Me, R® = t-Bu: 97%, 91% ee
R'=5-Me, RZ = Me, R3 = t-Bu: 98%, 54% ee

Scheme 16: Friedel-Crafts reactions of N-alkoxycarbonyl-isatin imines with 1 and 2-naphthols catalyzed by a cinchona alkaloid-derived squaramide.
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6-hydroxyquinolines 48 promoted by the cinchona alkaloid-
derived thiourea 40 [68]. The process was performed in toluene
at room temperature to give the corresponding chiral 3-amino-
2-oxindoles 49 bearing a quinoline moiety in moderate to excel-
lent yields (46-98%) and uniformly excellent enantioselectivi-
ties (94-98% ee), as shown in Scheme 17. Comparable results
were achieved for N-benzyl, N-phenyl, N-allyl and N-methyl-
substituted isatin imines (R3 = Bn, Ph, allyl, Me). Moreover,
various electron-donating or electron-withdrawing groups were
tolerated at the 5, 6 or 7-position of the isatin aryl moiety (R2).
The lowest yield (46%) was obtained in the reaction of a disub-
stituted ketimine (R = 5,7-Me,). It must be noted that this
methodology represented the first enantioselective addition of

hydroxyquinolines to imines.

Enantioselective aza-Henry reactions

The catalytic asymmetric Henry reaction, also known as catalyt-
ic asymmetric nitroaldol reaction, constitutes a useful synthetic
methodology towards chiral B-nitro alcohols [69,70]. This reac-
tion and related aza-Henry reactions involving imines have been
promoted by both metal catalysts and organocatalysts. While
isatins have been widely used as substrates in asymmetric

Henry reactions, isatin imines have been less explored as aza-

Beilstein J. Org. Chem. 2018, 14, 1349-1369.

Henry acceptors in enantioselective reactions. Recently, several
groups have developed enantioselective aza-Henry reactions of
isatin imines catalyzed by either chiral organocatalysts or chiral
metal complexes. Among the organocatalysts, chiral bifunc-
tional guanidine 50 was applied by Feng et al. in 2015 to
promote the reaction of nitromethane 51 with N-Boc-isatin
imines 3 (Scheme 18) [71]. The reaction performed at —30 °C
using 10 mol % of this catalyst in toluene provided a range of
chiral aza-Henry products 52 in high to quantitative yields
(81-99%) and high enantioselectivities (86-94% ee). Generally,
N-benzyl-substituted isatin imines (R! = Bn) provided better
yields (89-99%) and enantioselectivities (89-94% ee) than an
N-methyl-substituted isatin imine (81% yield, 86% ee with
R! = Me, R2 = H).

Domino reactions

In the last decade, a number of highly enantioselective domino
processes [72-74] catalyzed by either chiral organocatalysts
[26] or chiral metals have been published [75-77]. In 2016, Li
and Li reported an efficient asymmetric formal [3 + 2] annula-
tion reaction between N-Boc-isatin imines 3 and 1,4-dithiane-
2,5-diol (53) as equal equivalent of 2-mercaptoacetaldehyde
[78]. The domino reaction catalyzed by chiral tertiary amine-

74
H
ﬂN N\”/NHAr
NBoc MeO S
NS
oA o} N
Z N 40 (5 mol %)
3 R -
Ar = 3,5-(CF3)206H3
+
OH
| A toluene, rt
R1ON7 49
48

R'=R2=H, R3=Bn: 96%, 98% ee
R'=R2=H, R3=Ph: 73%, 94% ee
R'=R2=H, R3=allyl: 65%, 95% ee
R'=R2=H, R3= Me: 77%, 95% ee
R'=H, R2=5-OMe, R®=Bn: 75%, 97% ee
R'=H, R2=5-Me, R3 = Bn: 60%, 95% ee
R'=H, R2= 5-NO,, R3= Bn: 75%, 96% ee
R'=H, R2=5-Cl, R3=Bn: 98%, 96% ee
R'=H, R2=6-Cl, R3=Bn: 84%, 96% ee
R'=H, R2=7-F, R3=Bn: 90%, 97% ee
R'=H, R2= 5,7-Me,, R3 = Bn: 46%, 97% ee
R'=6-Me, R?2=H, R3= Bn: 96%, 98% ee

Scheme 17: Friedel-Crafts reaction of N-Boc-isatin imines with 6-hydroxyquinolines catalyzed by a cinchona alkaloid-derived thiourea.
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o Ph Ph

\
NP
H
N__N.
Yy

NH
Cy/
NBoc BOCH':_I NO
N 50 (10 mol %) . 2
R24- O + MeNO, R2+ o
= =
N 4AMS N
R R
3 51 toluene, —30 °C 52

R'=Bn, RZ = H: 99%, 94% ee

R' = Me, R2 = H: 81%, 86% ee

R' = Bn, R? = 5-F: 98%, 92% ee
R'=Bn, R2 = 5-Cl: 99%, 91% ee
R'=Bn, R2 = 5-Br: 98%, 91% ee

R' =Bn, R? = 5-1: 99%, 90% ee

R' = Bn, R? = 5-OCF3: 95%, 90% ee
R' =Bn, R? = 5-Me: 99%, 92% ee
R'=Bn, R2 = 6-Cl: 98%, 94% ee
R'=Bn, R2 = 6-Br: 96%, 93% ee

R' =Bn, R? = 7-F: 99%, 93% ee
R'=Bn, R? = 7-Cl: 94%, 89% ee
R'=Bn, RZ = 7-Br: 99%, 90% ee
R'=Bn, R2 = 7-CF3: 94%, 89% ee
R' =Bn, R2 = 5,7-Me,: 89%, 89% ee

Scheme 18: Aza-Henry reaction of N-Boc-isatin imines with nitromethane catalyzed by a bifunctional guanidine.

squaramide catalyst 54 began with the addition of 2-mercap-
toacetaldehyde to isatin imine 3, leading to an aldehyde inter-
mediate which subsequently cyclized into the corresponding
chiral spirocyclic 3-aminooxindole 55. As shown in Scheme 19,
a range of these products was achieved in good to high yields
(75-95%) and enantioselectivities (78-97% ee) combined with
low to good diastereoselectivities (34—80% de). The lowest dia-
stereoselectivity (34% de) was obtained in the reaction of a
disubstituted substrate (R! = 4,7-Cl,), showing that it was sensi-
tive to the substitution of the aryl moiety of the isatin. In fact
higher diastereoselectivities (=60% de) were achieved for all
other substrates variously substituted with electron-donating or
electron-withdrawing groups (R!). In addition to N-benzyl-
substituted isatin imines (R? = Bn), the reaction conditions
could be applied to a range of N-substituted benzyl substrates
which all provided the products in comparable high yields
(75-95%) and enantioselectivities (94-97% ee) along with
moderate to good diastereoselectivities (60-78% de). Further-
more, an N-phenylisatin imine (R2 = Ph, R! = H) was found to
smoothly undergo the reaction with excellent results (91%
yield, 80% de, 90% ee).

Miscellaneous reactions

In 2015, Arai et al. applied a chiral metal complex to promote
the enantioselective addition of methanol to N-Boc-isatin
imines 3 [79]. As shown in Scheme 20, the use of a chiral
nickel catalyst in situ generated from NiCl, and the chiral
bis(imidazolidine)pyridine ligand 56 promoted this reaction in
toluene at room temperature in the presence of a base, such as
DIPEA, and led to chiral isatin-derived N, O-acetals 57 in good
to quantitative yields (69-99%) and good to high enantioselec-
tivities (78-90% ee). Notably, generally excellent yields
(93-99%) were obtained in the reactions of variously substi-
tuted substrates while the lowest yield of 69% was observed for
the 5-fluorinated isatin imine (R = F). Comparable reaction
conditions were applied to the addition of cumene hydroper-
oxide 58 to N-Boc-isatin imines 3 providing the corresponding
chiral oxindoles 59 in even higher yields (99%) and enantiose-
lectivities (88-94% ee), as shown in Scheme 20.

In 2016, Zhang and Yang reported an asymmetric palladium-

catalyzed addition of arylboronic acids 60 to sterically hindered
N-tert-butylsulfonylisatin imines 61 [80]. Among a variety of
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Scheme 19: Domino addition/cyclization reaction of N-Boc-isatin imines with 1,4-dithiane-2,5-diol (53) catalyzed by a tertiary amine-squaramide.

chiral ligands investigated, including different pyridine-
oxazolines, oxazolines and (R)-BINAP, the chiral pyridine-
oxazoline ligand In-Pyrox was found optimal to provide a
wide variety of chiral 3-amino-2-oxindoles 62 in moderate to
high yields (51-97%) and uniformly excellent enantioselectivi-
ties (91-98% ee). As shown in Scheme 21, the reaction
performed at 70 °C in TFE as solvent proceeded well in
the presence of various substituents (R!) at different positions
of the aryl moiety of isatin imines, giving comparable enantio-
selectivities (91-94% ee). Moreover, the arylboronic acid scope

was also found wide and various para- as well as meta-substi-

tuted arylboronic acids reacted smoothly, giving the products in
high yields (81-96%) and enantioselectivities (93-96% ee).
Good yields (82-85%) and high enantioselectivities
(92-96% ee) were also obtained for disubstituted arylboronic
acids. Even a heteroaromatic boronic acid (Ar = 2-thienyl) was
tolerated, providing the corresponding product in excellent en-
antioselectivity (98% ee) albeit with moderate yield (51%).
However, no reaction occurred with ortho-substituted sub-
strates. This process constituted the first example of a palla-
dium(II)-catalyzed addition of arylborons to exocyclic

ketimines.
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Scheme 20: Nickel-catalyzed additions of methanol and cumene hydroperoxide to N-Boc-isatin imines.

Conclusion

This review demonstrates that much progress has been achieved
in the past three years in the field of asymmetric synthesis of
3-substituted 3-amino-2-oxindoles through enantioselective
nucleophilic additions to isatin imines, involving both chiral
metal and organocatalysts. Indeed, a variety of novel methodol-
ogies, including enantioselective Mannich reactions, aza-
Morita—Baylis—Hilman reactions, Friedel-Crafts reactions, aza-
Henry reactions, domino reactions, among others have allowed
a wide range of these biologically important chiral products to
be achieved in generally excellent enantioselectivities and high
yields by using different types of metal ligands and organocata-
lysts. For example, remarkable enantioselectivities of up to 94
to >99% ee have been reported in recent examples of Mannich
reactions promoted by organocatalysts, as varied as cinchona-
alkaloids, squaramides, phosphoric acids, simple primary
amines and L-diphenylprolinol trimethylsilyl ether. However,
also metal complexes (Zn, Sn) derived from N,N’-dioxide and

BINOL-derived ligands have been employed affording the

products with enantioselectivities of up to 90-99% ee. More-
over, comparable enantioselectivities of up to 99% ee were re-
ported in aza-Morita—Baylis—Hilman reactions organocatalyzed
by cinchona-alkaloids, and unprecedented Friedel-Crafts reac-
tions of isatin imines with naphthols and hydroxyquinolines
promoted by cinchona-alkaloid-derived thioureas and cinchona-
alkaloid-derived squaramides. Slightly lower enantioselectivity
levels of up to 94% ee were described in aza-Henry reactions
performed with bifunctional guanidines. In addition, excellent
results (97% ee) were reported in unprecedented domino reac-
tions promoted by squaramides recently. Miscellaneous trans-
formations, including additions of methanol, hydroperoxides
and arylboronic acids, were also developed with high enantiose-
lectivities (up to 94% ee) by using chiral nickel and palladium
complexes with imidazoline and pyridine-oxazoline ligands
while the first additions of enaminones to isatin imines cata-
lyzed by chiral phosphoric acids provided even higher enantio-
selectivities (up to 97% ee). In spite of these significant

advances, the involvement of other types of organocatalysts and
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Scheme 21: Palladium-catalyzed addition of arylboronic acids to N-tert-butylsulfonylisatin imines.

metal ligands will have to be investigated in these transformat-
ions along with the use of other nucleophiles to even more
extend the library of chiral 3-substituted 3-amino-2-oxindoles

available for drug discovery.
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