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Stereoselective synthesis of CFs-containing
spirocyclic-oxindoles using N-2,2,2-
trifluoroethylisatin ketimines: an update
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The introduction of fluorine-containing groups into organic molecules either changes or improves the
characteristics of the target compounds. On the other hand, spirocyclic-oxindoles featuring C-3
functionalized sp*-hybridized carbon atoms of three-dimensional orthogonally shaped molecules were
well recognized in the core structure of varied natural products and synthetic pharmaceutical targets.
Consequently, the construction of spirooxindoles by an elegant synthetic approach with efficient
stereocontrol has received tremendous interest over the past decades. In this context of the synergic
combination of the features associated with fluorine-containing compounds and the synthetic and
medicinal efficiency associated with spirooxindoles, the stereodivergent installation of CFz groups
embedded with spirooxindoles is of increasing academic and scientific interest. This mini-review article
is dedicated to demonstrating a critical overview of the recent stereoselective synthesis of spirocyclic-
oxindoles featuring trifluoromethyl groups by employing the reactivity of N-2,2,2-trifluoroethylisatin
ketimines as an efficient and easily prepared synthon, and covers the literature reports from 2020 to
date. Besides exploring the advancements accomplished in this area, we also investigate the limitations
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associated with reaction discovery, mechanistic rationalization, and future applications.

1. Introduction

Recognizing the small atomic size, strong electron-withdrawing
ability and greater electronegativity, fluorine-containing
organic compounds play an essential role in medicinal and
drug discovery as a consequence of their so-called fluorine scan
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in the development of drug candidates."* Incorporating fluorine
into pharmaceutically relevant molecules either as a single
molecule or as a substituted molecule often changes or adds
distinctive properties, such as increased binding interactions,
metabolic stability and physical properties,®® that improve the
characteristics of the particular compound and the generated
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molecules typically offered substantial or even unprecedented
properties. Among diverse fluorine-containing compounds, the
trifluoromethyl core especially mounted at the a-position of the
nitrogen atom reduces the alkalinity of the amide group, which
in turn impacts the binding potential of the drug receptor.®
Approximately 20% of the top-selling small drug molecules
and 30% of agrochemicals available on the market comprises
one or more fluorine atoms in their structure, with the tri-
fluoromethyl group being the most prevalent.” The presence of
fluorine efficiently influences the properties of a drug molecule
via strong polar interactions.® After the hydrogen (H) atom,
fluorine (F) is the second smallest and most highly electroneg-
ative atom in the periodic table.® The C-F bond is only 1.28
times longer than the C-H bond, so the implementation of
a fluorine atom in a drug candidate in place of hydrogen does
not significantly alter the parent structure, although the bond
energy is substantially greater than that for the C-H bond (C-F
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bond: 105.4 kecal mol !, C-H bond: 98.8 kcal mol *).? According
to the Pauling scale (F: 4.0, O: 3.5, H: 2.1), fluorine is more akin
to oxygen than hydrogen in terms of its electronic characteris-
tics.” Because of the C-F bond, which is the strongest bond that
carbon can form, fluorine-containing pharmaceuticals are often
more metabolically stable.'® Fluorine causes bond polarization,
which may alter the proportions of lipophilicity and hydrophi-
licity of a compound.* The introduction of a trifluoromethyl
group instead of a trimethyl group improves various properties,
such as the metabolic stability, lipophilicity, and selectivity in
a drug molecule.'" In terms of size, CF; groups are much more
identical to the isopropyl group rather than a trimethyl group.**
As predicted, the basicity and pK, values of nearby functional
groups (for instance, amines, carboxylic acid, and alcohols) are
significantly impacted by the trifluoromethyl group functioning
as an electron-withdrawing substituent, thereby affecting the
bioavailability of drug molecules.”* On the other hand, it is
a prevalent misperception that fluorination always increases
lipophilicity.** However, due to the fluorine's powerful ability to
withdraw electrons, mono-fluorination or trifluoromethylation
of saturated alkyl groups often results in a reduction in lip-
ophilicity.* Trifluoromethyl groups are thought to have a van
der Waals volume that is comparable to that of an ethyl group
while having a drastically different shape, which might cause
a more severe steric change when added to a molecule.? The
strong electronegativity of the fluorine atom and these steric
fluctuations can cause alterations in the preferable structural
conformation.” For example, the ground state conformations
of methoxybenzene and trifluoromethoxy benzene will adopt
different conformations in a complex molecule. The C-F bond
also can participate in weak hydrogen bonding.'* Contrary to
hydrogen bonding, fluorine is commonly acknowledged to
participate in electrostatic interactions, thereby increasing the
binding affinity to the drug receptors as compared to non-
fluorinated analogs.****

On the other hand, spirocyclic-oxindoles featuring the C-3
functionalized sp’-hybridized carbon atom of a three-
dimensional orthogonally shaped molecule have been recog-
nized as a privileged structural motif in drug discovery and
medicinal chemistry.'*™ These pharmaceutically potential and
structurally functionalized compounds were well-organized in
the architectures of a plethora of natural products and synthetic
drug candidates, in addition to their immense significance in
synthetic organic chemistry.”*>> Alternatively, with the presence
of a tetrahedral quaternary sp>-hybridized carbon center at the
C-3 position, they have even been known to provide outstanding
binding potential with many drug receptors, exceptional lip-
ophilicity, and stereochemical rigidity compared to the planar
monocyclic systems.”® Compounds possessing the spiroox-
indole core were found to exhibit a broad spectrum of thera-
peutic applications, such as antibacterial, anticancer, anti-
malarial, anti-platelet, anti-viral, MDM2 inhibitor, anti-HIV,
analgesic, and anti-rhythmic. Some examples of therapeuti-
cally significant natural and synthetic drug candidates featuring
spirooxindoles are shown in Fig. 1.'7>*>°

Considering the widespread chemical landscape and broad-
spectrum therapeutic significance and their utilization as
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Fig.1 Representative demonstration of potentially therapeutic natural
and synthetic molecules comprising the spirooxindole scaffold.

a crucial partner for natural product synthesis, the construction
of spirooxindoles has received special attention in organic
chemistry, and has been well-established in the literature over
the past decades.?**** Although a lot of outstanding work on the
creation of these spirocyclic compounds has been devised, the
stereocontrol construction of such fascinating molecular
structures with manifold contiguous stereogenic centers
including two spiro quaternary centers has remained a great
challenge in synthetic organic chemistry. This is presumably
due to the strong steric hindrance facilitated by bulkier groups
in one ring atom. Again, owing to the synergic combination of
the features associated with fluorine-containing compounds
and the synthetic and medicinal efficiency associated with
spirooxindoles, the stereodivergent installation of CF; groups
embedded with spirooxindoles is of increasing academic and
scientific interest. Consequently, the development of an effi-
cient approach accessible to CF;-containing spirooxindoles
with multiple vicinal stereocenters under mild reaction condi-
tions is highly desired.

Intriguingly, a diverse set of organic transformations
enabling efficient access to a broad-spectrum molecular struc-
ture in a stereocontrolled manner from easily available
synthetic precursors via the creation of carbon-carbon and
carbon-heteroatom bonds were devised. Among them, the 1,3-
dipolar cycloaddition (1,3-DC) reactions comprise one of the
successful and substantial approaches for realizing carbon-
carbon, carbon-heteroatom bonds, and spirocyclic scaffolds in
synthetic organic chemistry.**** Accordingly, various types of
1,3-dipoles (for instance, azomethine ylides,**” carbonyl
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Scheme 1 Reactivity of N-2,2,2-trifluoroethylisatin ketimines as 1,3-
dipole in the assembly of CFs-containing spirooxindoles.

ylides,*®** and nitrones***') have been introduced and effec-
tively utilized in cycloaddition reactions. After the pioneering
work by Wang et al,”> N-2,2,2-trifluoroethylisatin ketimines
synthesized from the condensation of isatin and tri-
fluoroethylamine hydrochloride with the help of 5 mol% p-tol-
uenesulfonic acids (p-TSA) in toluene were recently recognized
as stable, highly efficient, and reactive azomethine ylide
precursors, and have been explored for the assembly of a broad
variety of CFj-containing spirocyclic oxindoles (Scheme 1).
While many groups devoted their efforts towards the successful
application of this 1,3-dipole in the C-C, C-N bond formation
reactions®** and synthesis of spirocyclic oxindoles, ample
attention still needs to be paid for investigating the diverse
mode of reactivity of this useful precursor for the asymmetric
construction of value-added structural scaffolds of potential
therapeutic interest.

In 2020, Wei, Shi, and co-workers reviewed some examples of
the synthesis of the trifluoromethyl group containing spiroox-
indoles in a controlled manner.*® The 1,3-dipolar cycloaddition
reactions for synthesizing diverse structurally functionalized
molecular frameworks have been well-reviewed.””** Shankar-
aiah et al reported the cycloaddition reactions of 3-methyl-
eneindolinones for the synthesis of spirooxindoles.>* We also
demonstrated the reactivity of isatin N,N'-cyclic azomethine
imines towards spirooxindoles.** This review article is dedicated
to demonstrating the recent progress achieved in the stereo-
divergent assembly of CF;-containing spirocyclic oxindoles by
employing the reactivity of N-2,2,2-trifluoroethylisatin keti-
mines as an efficient and easily prepared synthon, and covers
reports from 2020 to the present date, including the contribu-
tion in this ongoing research field from our group. Along with
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emphasizing the advancements made in this field, we have
made an effort to draw attention to the drawbacks and diffi-
culties related to the reaction discovery, which will hopefully
provoke further investigation.

2. Synthesis of spirocyclic oxindoles
comprising trifluoromethyl group via
[3+2] cycloaddition reactions

Jia, Hua, Wang, and co-workers devised a highly efficient
asymmetric [3+2] cycloaddition catalyzed by a zinc metal
complex towards the rapid construction of CF;-containing
chiral spiro[benzofuran-pyrrolidine] derivatives (Scheme 2).*
With the help of 10 mol% of ligand L1 and 20 mol% of ZnEt,,
the reaction of N-2,2,2-trifluoroethylisatin ketimines 1 with
aurone 2a (X = O) or thioaurone 2b (X = S) was established to
lead to the respective spirooxindole products 3 in moderate to
excellent yield with excellent diastereoselectivity and enantio-
selectivity. The existence of electron-withdrawing and electron-
releasing substances on the aryl ring of aurone had no greater
influences, and were well tolerated for this reaction under
identical conditions. Upon changing the aurone to thioaurone,
the respective [3+2] cycloadduct was accomplished in good
yield, albeit with good enantioselectivity as compared to aurone.
Similarly, imines 1 possessing various substituents like chloro,
fluoro, bromo, and methyl on the C-5, and C-7 position also
provided the products with good yields and enantioselectivity.
The synthetic potentiality of the protocol was further demon-
strated by transferring the synthesized product 3 (R = R' = H; X
= O) to N-benzylated spirooxindole in 95% yield with 94% ee.
Based on a set of experimental results, the mechanistic
pathway for this transformation was postulated by the authors,
which starts with the in situ generations of the dinuclear zinc
species L1-Zn,Et (Int-1) from the reaction of 1 equivalent of L1

[e} L1 (10 mol%)
ZnEty (20 mol%)

N
/ + Bl 2Ll
| = 1) —
rIL
N X Ar 4AMS,24h
2

toluene, 25 °C,

R=H, 5-Me, 5-F, 5-Cl, 5-Br, 7-Br; X=0, S; R' = H

Ar = CgHs, 4-OMe-CgHa, 4-Me-CgHa, 4-Cl-CgHy
4-F-CgHy. 4-Br-CgHg, 3-Me-CgHg, 3-Cl-CgHa,
2-OMe-CgHg, 2-Me-CgHa, 2-CI-CgHy, 2-Br-CgHg,
2.5-(OMe),CgHa, 2-Napthylene, 3-Napthylene

60-96% yield
83-97% ee
28 examples

1)NaH, DMF|R=R"=H
2) BnBr X=0

95% yield, 94% ee

Scheme 2 Dinuclear zinc-catalyzed enantioselective construction of
CF3-containing spirooxindoles.
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Scheme 3 Plausible mechanism for the dinuclear zinc-catalyzed
[3+2] cycloaddition towards the formation of 3.

and 2 equivalents of ZnEt, (Scheme 3). Under the influences of
Int-1, N-2,2,2-trifluoroethylisatin ketimines 1 underwent
deprotonation to provide activated azomethine ylide Int-2 with
the subsequent removal of 1 equivalent of ethane. The most
favored coordination of 2 from the less hindered side to both
zinc atoms delivered the intermediate Int-3, which participated
in the Michael addition reaction to afford Int-4. The subsequent
intramolecular Mannich reaction of Int-4 provided Int-5, which
can then afford the final product 3 by proton exchange with
another imine 1, thereby restarting the catalytic cycle with the
subsequent formation of azomethine ylide Int-2.

An unexpected diastereoselectivity switchable formal [3+2]
cycloaddition using mono gold to gold/silver bimetallic catalytic
system for the construction of spirooxindoles was established
by Xiao, Su, and co-workers (Scheme 4).** By employing the
reactivity of N-2,2,2-trifluoroethylisatin ketimines 1 in the initial
reaction with enynones 4 in the presence of 5 mol% of [PPh;Au]
NTf, and 20 mol% of Et;N, the final CF;-containing spiro-
pyrrolidine-oxindoles 5 were achieved in 38-98% yield with
good to excellent diastereoselectivity (up to >20:1). Both N-
protected and N-unprotected ketimines having different
substitution on the aryl ring were found to be suitable for this
reaction. It is important to note that the presence of fluoro and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chloro groups at the C-4, C-5, or C-7 positions decreases the
yield of the products, and is likely due to the special electronic
effect. Again, ketimines with a chloro group at the C-4 position
lead to a decrease of diastereoselectivity of the product. Simi-
larly, enynones with C-2, C-3, and C-4 substitutions were well
tolerated under standard reaction conditions. On the other
hand, upon changing the mono-catalytic system to a bimetallic
system using 5 mol% of C-1 and AgSbF, the respective diaste-
reomers 7 were recognized to be formed in moderate to excel-
lent yields. To establish the synthetic application of the
protocol, the synthesized product 5 was further transformed
into furan-fused spirooxindoles 8 by 1,2’-alkyl migration and
also reduced to product 9 by Pd/C in good yield. The synthesis of
both diastereomers of the spirooxindole products in quantita-
tive yields by switching the catalytic system marks the high-
lights of this protocol.

Enlightened by the chemistry and biology of fluorine-
containing compounds and spiro-pyrrolidine-oxindoles,
Wang, Liu, and co-workers constructed a series of various
CF;-containing spirooxindoles possessing four contiguous
stereocenters through a highly diastereoselective DABCO-
catalyzed [3+2] cycloaddition (Scheme 5).>* With the assistance
of 20 mol% of the catalyst, the treatments of N-2,2,2-

CF3
o
N
N / AT [PPh3 AUINTY, (5 mol%)
+ _—
R o ’ | EtsN (20 mol%), MeCN,
Z N rt, Ar
R! R?
1 4

R =H, 5-F, 5-CI, 5-Br, 5-Me, 5-OMe, 5-NO,, 6-Cl, 7-Cl, 4-CI

R' = H, Me, Benzyl, allyl, MOM

Ar = 4-F-CgHg, 4-CI-CgHs, 4-Me-CgHa, 4-OMe-CgHa, 3-Cl-CgHa,
2-CI-FCgHa, 3,4-Clp-CgHg, 2-napthyl

R2 = H, 4-F-CgHs, 4-Cl-CgHg, 4-Br-CgHg, 4-Me-CgHa, 4-OMe-CgHg,
3-CI-CgHy, 2-CI-CgHy4, 2-thienyl, 3-cyclopropyl

Using bimetallic catalytic system

38-98% yield
up to >20:1 dr
33 examples
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MeOH, 36 h
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Scheme 4 Diastereoselectivity switchable gold-catalyzed construc-
tion of CFsz-containing spirooxindoles.
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trifluoroethylisatin ketimines 1 and B,y-unsaturated a-ketoest-
ers 10 delivered the respective products 11 in 61-93% yield with
high diastereoselectivity (up to >20: 1). To broaden the scopes
of the reactions, a variety of differently substituted ketimines
having halogenated groups and electron-donating groups were
examined and recognized to be very efficient for this reaction.
Similarly, the electronic properties of numerous substituents on
different positions of the aromatic ring of B,y-unsaturated o-
ketoesters had no greater influence on the reactivity and dia-
stereoselectivity of the reaction. Moreover, the authors

CFs FiC.  Ar
N 2 OEt
A - A\/LKH/OE' DABCO (20 mol%)
R o CHiCl 1t 120 R
N o)
R 10 R

1

R =H, 5-F, 5-Br, 5-Me; R" = Me, Et, Bn

Ar = CgHs, 4-F-CgHy, 4-Cl-CgHg, 4-Me-CgHy,
4-OMe-CgHg, 3-Br-CeHa,

Representative examples

1"

61-93% yield
up to >20:1 dr
24 examples
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Me Me
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Ar = CgHs, 4-CI-CgHg, 2 up to 15:1 dr
4-Me-CgHy up to 74.8% ee
H
N N\n/ 3 examples
MeO S
|
N C-2

"/’:oO
N

\ \ \
Me Me Me

75% yield, 87% yield, 80% yield,
8:1dr; 74.8% ee 15:1 dr; 53.3% ee 7:1dr;66.1% ee

eno-cycloaddition
Ts-1 Ts-2

exo-cycloaddition

Scheme 5 DABCO-catalyzed highly diastereoselective [3+2] cyclo-
addition of ketimines to B,y-unsaturated a.-ketoesters.

7068 | RSC Adv, 2023, 13, 7063-7075

View Article Online

Review

demonstrated the enantioselective construction of spiroox-
indoles 11’ by employing 20 mol% of quinine-derived thiourea
catalyst C-2 at room temperature. Although the products were
attained in slightly good yields, the low enantioselectivity and
diastereoselectivity of the present study call for further devel-
opments regarding the catalytic enantioselective sequence. The
relative configuration of the synthesized products was
confirmed to follow an exo-transition state (TS-1), rather than
the endo-pathway (TS-2) by single crystal analysis.

A highly practical phase transfer catalytic approach for the
diastereoselective assembly of CFjz-containing spiro-fused
[succinimide-pyrrolidine-oxindoles] was reported by Chen and
co-workers (Scheme 6).>® With the help of 5 mol% of quaternary

CF;
<N 2 THAB (5 mol%)
/) ‘ N—R? Cs,CO3 (2 mol%)
+ —
R P o DCM, 20 °C, 8 min
N
R .
12

R = H, 5-CHz, 5-OCHj, 5-OCF3, 5-F, 5-CI, 5-1,
5-Br, 6-F, 6-Cl, 6-Br, 7-F, 7-Cl, 4-Cl, 4-Br,
7-CF3, 7-NOy, 5,7-(CHa),, 4,6-F, 5,6-F,
R' =H, allyl, Me, n-Bu, CH,CO,Et, Bn
R2=H, Me, Et, CgHs, 4-CH3-CgHg, 4-OCH3-C3Hg, 4-CF3-CoHa,

69-99% vyield
up to >99:1 dr
46 examples

4-Cl-CgHy, 4-Br-CgHg, 4-CF3-CgHy, 3-CH3-CgHa, 3-Br-CgHa,
3-OCH3-CgHg, 2-F-CgHy, 3,4-F2-CgHs, 3,4-Clp-CgHs,
Napthyl, Benzyl, t-Bu, Cyclohexyl

\
Me
69% yield, 94:6 dr

B(OH),
Condition

Condition
Pd(OAc),, THAB

13
Butyl di-1-adamantylphasphine 14
R =5-Br;R'=Bn; R?=Ph K,CO3, butyl ether/H,0 41-47% yield
120°C,2h 4 examples

47% yield

42% yield

Scheme 6 Phase transfer-catalyzed stereoselective formation of
spiro-fused[succinimide-pyrrolidine-oxindoles].
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ammonium salt tetrahexylammonium bromide (THAB) as the
phase transfer catalyst and 2 mol% of Cs,CO; as the base, the
respective products 13 derived from the [3+2] cycloaddition of
N-2,2,2-trifluoroethylisatin ketimines 1 and maleimides 12 were
accomplished in 69-99% yields with excellent diaster-
eoselectivity (up to >99:1 dr) within a short duration of time.
Investigations on the reactivity of ketimines with maleimides
revealed that both N-H free and N-protected ketimines encom-
passing electron-deficient and electron-rich substances on
diverse positions participated in the reaction very smoothly. The
electronic characteristics of the substituents on the aromatic
ring of maleimide had a pronounced effect on the yield of the
product. While the electron-rich group at the C-2, C-3, C-4, or C-
5 positions of the phenyl ring provided a better yield of the
product, the corresponding products with electron-deficient
groups gave diminished yield. The overall process was
proposed to proceed through a cis-addition between the azo-
methine ylide (formed from 1) and maleimide 12 via transition
state TS-3. Furthermore, by introducing THAB as the phase-
transfer catalyst in the Pd(u)-catalyzed Suzuki-Miyaura cross-
coupling reaction of the synthesized product 13 (R = 5-Br; R
= Bn; R> = Ph) with aryl/heteroaryl boronic acids, the corre-
sponding more complex coupling products 14 was constructed
in moderate yields. This achievement contributes to the key
significance of the present study.

Taking advantage of the high reactivity of the phase transfer
catalytic system and the aforementioned successful attempts,
Chen and co-workers again demonstrated the potentiality of the
quaternary ammonium salt phase transfer catalysis in the dia-
stereoselective [3+2] cycloaddition reaction of N-2,2,2-tri-
fluoroethylisatin  ketimines 1 and (Z)-4-(chromone-3-yl)
methylene oxazolones 15 (Scheme 7).** With the aid of
5 mol% of tetrabutylammonium bromide (TBAB) along with

R?
— X
s 0o\ /
TBAB (5 mol%) '}\ \
K,CO3 (3 mol%) o' N %
DCM 20°C, !
N\< 10-30 min

R =H, 5-CHs, 5-OCHj3, 5-OCF3, 5-F, 5-Cl,
5-Br, 5-1, 6-F, 6-Cl, 6-Br, 7-CF3, 7-Cl,
5,7-(CHa)z, 5,6-F2, 4,6-F»
= H, CHg, allyl, CH,CO,Et, Benzyl

R2 H, 7-CHg, 7-F, 7-Cl, 7-Br

R3 = CgHs, CH3, 4-OCH3-CgHa, 4-F-CgHa,
3,5-(CHa3)2-CgHa, Naphthyl, Thienyl

51-94% yield
92:8->99:1 dr
30 examples

80% yield, >99:1 dr

89% yield, >99:1 dr 76% yield, >99:1 dr

Scheme 7 TBAB-catalyzed highly diastereoselective [3+2] cycload-
dition of ketimines to access spirooxindoles.
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K,COj; as an inorganic base, the corresponding CF;-containing
bispiro-[oxazolone-pyrrolidine-oxindoles] 16 bearing a chro-
mone ring has been achieved in 51-94% yield with high dia-
stereoselectivity. Ketimines 1 having an N-benzylated group
provides a greater yield as compared to N-methyl, N-allyl, and N-
H free substitutions. While various substitutions at the C-5, C-6,
and C-7 positions of the aromatic ring of ketimines furnished
the products with excellent yields, the substitution at the C-7
position by the CF; group reduces the diastereoselectivity of
the product. Conversely, the presence of electron-deficient
groups in the oxazolone moiety gave lower yields.

Based on the control experiments, the author realized
a mechanistic rationalization for this reaction (Scheme 8).
Initially, it was proposed that TBAB plays a role in transporting
the carbonate across the phases, and the in situ generated tet-
rabutylammonium carbonate (TBAC) acts as an actual catalyst
in this transformation. The basic carbonate of TBAC abstracts
a proton from ketimines 1, thereby furnishing the carbanion
intermediate Int-6, which is followed by retaking of the proton
from ammonium bicarbonate to form the highly reactive azo-
methine ylide. The final major diastereomer was assumed to be
formed via the favored anti-addition (TS-4) of oxazolone 15 to
azomethine ylide, rather than the syn-addition (TS-5). This is
probably owing to the dipole repulsion of the carbonyl groups of
azomethine ylide and chromene oxazolone moiety.

Zhao, Yuan, and co-workers explored the catalytic activity of
the bifunctional hydrogen-bonding thiourea catalyst in the
dearomative enantioselective [3+2] cycloaddition reaction for
the assembly of CFz;-embedded spirocyclic oxindoles (Scheme
9).”” With the assistance of 10 mol% of chiral organocatalyst C-
3, the treatments of N-2,2,2-trifluoroethylisatin ketimines 1 and

o]
Br OH\
R.+.R /-HJ NRA
ON” displacement )J\ NR
R '\? * KyCOs reaction LY g 4
T LR
R =n-Bu NRA NR4 \
TBAB TBAC
Int- 6
anti-addition
Observed
R+
TS-4
(Favoured)
15
T' +
TBAC
+
Ry= HN—L.
N\ /L syn-addition
T Not observed
NTSo
!
R1

- TS-5 -
(Unfavoured)

minor
diastereomer

Scheme 8 The suggested mechanism developed by Chen et al. for
the TBAB-catalyzed formal [3+2] cycloaddition.
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2-nitrobenzothiophenes 17 lead to the formation of respective
products 18 in 83-99% yield with excellent diastereoselectivity
(>20:1 dr) and enantioselectivity (up to 99% ee). Ketimines 1
with broad spectrum substitutions on the aryl ring of the
oxindole core by halogenated groups, strong-electron-
withdrawing groups, and electron-donating groups have been
well documented in this reaction, and had no greater effect on
the selectivity of the products. Again, the reaction condition was
recognized to be very compatible with both N-H free (R' = H)
and N-substituted ketimines (R’ = Me, Et, allyl, Bn). On the
other hand, with the introduction of hydrogen-bonding squar-
amide catalyst C-4 having an identical chiral core, the enan-
tioselectivity of the target compounds was established to be
reversed. The significance and potentiality of their work were
recognized by the synthetic transformation of the target
compound 18 (R = 5-Br; R' = Bn; R* = H) to sulfur monoxide-
containing product 19 in good yield without altering the selec-
tivity. Furthermore, the Suzuki-Miyaura cross-coupling reaction
of 18 with benzene boronic acid furnished the respective cross-
coupling product 20 in good yield with no change in
enantioselectivity.

2
CF3 //R
FiC, H
<N i ° g
N / |\ No, _C3 (10 mot%) HN g
_— =
R ot 2 T CH,Clp, 4A MS 0 NO,
A~ 0°C R o
\ 17 Z N

1 R’
R = H, 4-F, 5-F, 6-F, 7-F, 5-C, 6-CI, endo-18

7-Cl, 5-Br, 6-Br, 5-NOy, 5-OCF3, H 83—193300/yieeled
-99%
5-OMe, 5-Me, 7-Me, 5,7-Me; 2201 dr
R1 H, Me, Et, allyl, Benzyl
=H, 5-Cl, 5-Me, 6-Phenyl,

/ SN -4 (10-20 mol%)
= + | NOz —h.Ch 4A M
RO 0 Za CHACL, 4AMS
N 0°c

1
Q ent-endo-18
R = H, 4-F, 5-F, 6-F, 7-F, 5-Cl, 6-Cl, 83-99% yield
7-Cl, 5-Br, 6-Br, 5-NO,, 5-OCF3, Z HN—Ar 91-99% ee
5-OMe, 5-Me, 7-Me, 5,7-Me; N >20:1 dr
R' = H, Me, Et, allyl, Benzyl \ /
R? = H, 5-Cl, 5-Me, 6-Phenyl, c-4
"Synthetic transformations 7
FsC, H
@B(OH»
HN H,0,, HCO,H
Br >
[Pd(PPh3)4] EtOH:toluene \‘ Noz CH,Cly, 0 °C,
K2CO3 80°C,4h overnight

FsC, H

20

65% yield; >20:1 dr; 99% ee 76% yield; >20:1 dr; 96% ee

Scheme 9 Enantioselective thiourea-catalyzed dearomative [3+2]
cycloaddition towards the rapid access to spirooxindoles.
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A highly efficient enantioselective approach for expedient
access to a broad variety of CF;-embedded spirocyclic oxindoles
having four contiguous stereocenters via a formal [3+2] cyclo-
addition sequence was realized by Knipe and co-workers
(Scheme 10).®* By employing 10 mol% of cinchona-derived
thiourea C-5 as the chiral organocatalyst, the respective prod-
ucts 22 derived from N-2,2,2-trifluoroethylisatin ketimines 1
and activated alkene dipolarophiles 21 have been achieved in
67-98% yield with excellent diastereoselectivity and moderate
to outstanding enantioselectivity. Overall, 15 compounds
comprising varied substitutions were constructed with identical
conditions.

The exploitation of isoxazoles 23 in the asymmetric [3+2]
cycloaddition proceeding through a cascade Michael addition
and Mannich reaction with N-2,2,2-trifluoroethylisatin keti-
mines 1 was demonstrated by Du and Li (Scheme 11).°° With the
assistance of 5 mol% of squaramide catalyst C-6, the respective
CF;-embedded spirooxindole products 24 possessing four
contiguous stereocenters have been obtained in 42-99% yield
with outstanding diastereoselectivity and moderate to excellent
enantioselectivity. The existence of both electron-rich and
electron-deficient moieties on the aromatic ring of the keti-
mines was well executed in this reaction. Notwithstanding the
N-substitution (R' = Me, Bn, allyl, 4-Br-benzyl) on the ketimines
have been found to work efficiently, the N-unsubstituted keti-
mines (R' = H) provided the respective product in good yield,
albeit with low enantioselectivity. Alternatively, the installation
of N-protected groups (R® = Me, Et, Bn) on the isoxazole ring
leads to the product in sufficient yield with good to excellent
enantioselectivity, except for N-4-NO,-benzyl substitution,
which reduces the yield of the product while retaining the
enantioselectivity. Isoxazoles 23 with N-H free substitution (R?
= H) also diminished the enantioselectivity of the product,
which again calls for the development of the catalytic system for
further improvements of the enantioselectivity in the future.
Furthermore, the reduction of the synthesized product 24 (R =

CF3 R3
) R? CF3
N RSOV 65 (10 mol %) NC
* | CHCly, rt, 24-72 h SBN
rAL o g Churt 24720 o
Z~N N
\ 21 N
R! 1
. R
, ) 22
R =H, Cl, OCH3; R' = Me, Benzyl; R? = CN, CO,Et 67-98% vield
R® = CgHs; 4-OCH3-CgHa; 4-NO-CgHa: 2-CH3-CeHa; S 3-07% o
2-Br-CgHg; 4-Cl-CgHg; 3,4,5-(OCHg)3-CeHz; up to >20:1 dr
Naphtyl; furyl; -CH=CH-CgHy; -CH»-Bn 15 Examples

NTH\Q/CF;;

CF3

NG
X
—
N

C-5

Scheme 10 Organocatalytic asymmetric [3+2] cycloaddition for the
assembly of CFz-embedded spirooxindoles 22.
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R?> = H; R' = R’ = Bn; R! = Me) by tin chloride to product 25
points towards the synthetic application of the protocol.

The stereocontrolled construction of a broad variety of CF;-
embedded spirocyclic oxindoles by controlling the configura-
tion of the stereocenters with two different catalytic systems was
developed by Li, Duan, and co-authors (Scheme 12).** With
25 mol% of tri-cyclohexyl phosphine (PCy;) as the Lewis base
catalyst, the stereodivergent [3+2] cycloaddition of N-2,2,2-tri-
fluoroethylisatin ketimines 1 and conjugated dienes 26 was
found to lead to the formation of quaternary centered C-3
functionalized endo-products 27 in 43-97% yield with excel-
lent diastereoselectivity (up to >20: 1). The explorations of N-H
free and N-substituted ketimines having different electronic
properties on different positions of the aryl ring reacted
smoothly under this condition with a variety of diene possess-
ing various ester groups. Despite this, low diastereoselectivity
was observed for diene with ethyl and benzyl groups at the R?
and R* positions, respectively. Alternatively, switching the
catalytic system from Lewis bases to Brensted base K,COj, the
reaction of 1 and 26 afforded a different diastereomer of CF;-
embedded spirocyclic oxindoles exo-28 in 38-96% yield with up
to >20:1 diastereoselectivity. Intriguingly, the diaster-
eoselectivity of the offered products derived from various N-
protected ketimines seems to be retained, regardless of the
electronic properties. N-Unprotected ketimines (R' = H) also
provided excellent diastereoselectivity, albeit with a low yield.

Recently, our group also demonstrated the highly diaster-
eoselective construction of a broad variety of novel spirocyclic

C-6 (5 mol%)
DCE, -10 °C, 12-48 h
42-99% yield

=
OMe
H N
R =H, 5-F, 5-Br, 5-Me, 5-OMe, 6-F, up to >20:1 dr

6-Cl, 7-Br, 5,7-Me, NH 53-96% ce

X
R'= H, Me, Bn, allyl, 4-Br-Benzyl N[ P> ,Ar 25 examples
R? = H, 5-F, 5-Cl, 5-Br, 5-Me, 6-Br, (o] NH
7-Br, 7-Me

R=R2=H;
R3=H, Me, Et, Bn, 4-NO,-Benzyl 0o SnCl2H0 o1 _ g3 _ gy
R%= Me, Ph C-6; Ar = 4-CF3-CgHy THF/HCI, r.t R* = Me

40% yield
>20:1dr; 93% ee
94% vyield; >20:1 dr; 89% ee

NO,
“)T
FL0—,

97% yield; >20:1 dr; 91% ee  99% yield; >20:1 dr; 90% ee

42% yield; >20:1 dr; 87% ee

Scheme 11 Squaramide-catalyzed domino Michael/Mannich 1,3-
dipolar cycloaddition for synthesizing CFs-embedded spirooxindoles.
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CF3
3,
N R/O\ZCJ\ PCys (25 mol%)
A + CH4CN, 30 °C, 80 h
R- 0 RINAcoRe T '
Z N
L 26
1 endo-27
R = H, 5-Cl, 5-Br, 5-Me, 6-Cl, 6-Me 43-97% yield
R'=H, Me, Bn, up to >20:1 dr

R? = CgHs; 2-Br-CgHy; 3-Br-CgHa; 3-Cl-CgHa;
4-OMe-CgHg; 4-OEt-CgHa; 2,6-Cla-CoH3
R® = Me, Et, Bn; R* = Me, Et, Bn

Representative examples

18 examples

pp MeOC

pp Et0:C

97% yield; >20:1 dr 71% yield; >20:1 dr 53% yield; >20:1 dr ~ 66% yield; >20:1 dr

R%0,C

Rz/\)\ R4

R =H, 5-Cl, 5-Br, 5-Me, 6-Cl, 6-Me
R' = H, Me, allyl, Benzyl
= CgHs; 2-F-CgH4; 2-Br-CgHg; 3-Br-CgHg; 3-Cl-CgHa;
3-Me-CgHa; 4-Br-CgHg; 4-OMe-CgHy; 4-OEt-CgHy
R® = Me, Et, Bn, phenylethyl; R* = Me, Et, Bn

K2CO3 (1 0 equiv.)
CHCI3 30°C,48h

exo-28

38-96% vyield
up to >20:1 dr
24 examples

Representative examples

pp EtOC

pp Et0:C

“CF3

MeO,C'""

Syt
66% yield; >20:1 dr

59% yield; >20:1 dr

64% yield; >20:1 dr

62% yield; >20:1 dr

Scheme 12 Catalyst-controlled diastereodivergent construction of
CFs-embedded spirocyclic oxindoles.

oxindoles encompassing the trifluoromethyl group from base-
catalyzed [3+2] cycloaddition of N-2,2,2-trifluoroethylisatin
ketimines 1 and 2-aryl/heteroarylidene-1H-indene-1,3(2H)-dio-
nes 29 as an activated olefin source (Scheme 13).* Using
5 mol% of DABCO as the basic organocatalyst, we were
delighted to accomplish the respective products 30 encom-
passing four contiguous stereocenters in moderate to excellent
yield and diastereoselectivity. Notwithstanding the reaction
showed good tolerances for a variety of electronic substituents
present at the varied positions of the aromatic ring of keti-
mines, the R® substitutions of 1H-indene-1,3(2H)-diones by
aromatic compounds with electron-deficient and electron-rich
groups were established to work efficiently, delivering the
products in 64-96% yield with up to >99: 1 diastereoselectivity.
The reaction condition was found to be very compatible not only
with aryl-substituted 1H-indene-1,3(2H)-diones, but also well
executed with heteroaryl-substituted 1H-indene-1,3(2H)-diones.
The enantioselective synthesis of spirooxindoles 31 with two
adjacent spiro-quaternary chiral centers in 66-79% yield with
up to >99: 1 diastereoselectivity and 32-90% enantioselectivity

RSC Adv, 2023, 13, 7063-7075 | 7071
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CFs o
N R?
NS / o C[éﬁ DABCO (5 mol%)
> N by Toluene, r.t (
R’ 29 R
1 30

64-96% yield
up to >99:1 dr
32 examples

R =H, 5-Me, 5-OMe, 7-F; R1 = Me, allyl, propagyl, Benzy|

R? = 3-FCgHy, 4-FCgHg, 2-CICgHy, 3-CICgHy, 4-CICeH,,
2-BrCgHy, 3-BrCgHy, 4-BrCeHy, 2-MeCgHy, 4-MeCgHy,
3-OMeCgHy, 4-OMeCgHy, 4-OBnCgHy, 4-NO,CgHa,
3,4-(0OMe),CgH3, 4-N-(CH3),CgHy, 2-CNCgHy4, 4-NHCO
4-CNCgHy, -CH3CgHg, 1-Napthyl, -CH=CH-Ph, Thienyl
2-NO,CgHy, 2,3,4-(OMe)3CgHy, furfuryl,

CF3 o
N [ ﬁ R
/ . — C-7 (5 mol%)

Rmo DCM, rt

A ~N o
\R‘ 29
1
R=H;R"=Me 66-79% yield

up to >99:1 dr
32-90% ee
4 examples

R? = CgHs, 4-F-CeHa,
4-OMe-CgHy, Thienyl

66% vyield; >14:1 dr
87% ee

79% yield; >8:1 dr
32% ee

68% yield; >12:1 dr
38% ee

71% yield; >99:1 dr
90% ee

R with a,a-dicy fi
CF3
N . N DABCO (5 mol%)
N\RW 32

53% yield

Scheme 13 Utilization of 1H-indene-1,3(2H)-diones in [3+2] cyclo-
addition to access novel CFs-embedded spirooxindoles.

was demonstrated using the ultralow loading (5 mol%) of
quinine C-7 as the chiral organocatalyst at room temperature,
showcasing the synthetic potentiality of the strategy. However,
ample attention still needs to be paid to extend the scopes of the
substrates with enhanced enantioselectivity by developing other
catalytic conditions. In the same way, we executed a reaction
between ketimines 1 and arylidene malononitrile 32 by
employing the typical condition, which offered the product 33
in 53% yield. This result further authenticates the implications
of the current approach.

3. Synthesis of spirocyclic oxindoles
comprising trifluoromethyl group via
[3+3] cycloaddition reaction

Although the reactivity of N-2,2,2-trifluoroethylisatin ketimines

in the [3+2] cycloaddition with a broad-spectrum activated
olefin source for recognizing 5-membered ring-bearing
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spirooxindoles that consist of trifluoromethyl groups was well
established, the corresponding [3+3] cycloaddition of N-2,2,2-
trifluoroethylisatin ketimines was limited. Consequently,
a deep investigation for the demonstration of this azomethine
ylide precursor is highly required.

After the successful attempts of N-2,2,2-trifluoroethylisatin
ketimines in the [3+3] cycloaddition by the Bi group,*® a new
[3+3] cycloaddition strategy employing the umpolung reactivity
of ketimines 1 and aza-Prins cyclization to produce diverse six-
membered rings containing spirooxindoles encompassing the
trifluoromethyl group was developed by Ko and co-workers
(Scheme 14).°* With the aid of DBU as the basic catalytic
system, the one-pot treatments of 1 and allyl bromide 34 in the
presence of H,O and TMSBr enabled easy access to the
respective products 35 in moderate to outstanding yield by
varying the temperature of the reaction from —10 to 0 °C in the
allylation step, and from room temperature to 40 °C for the
cyclization step. The electronic properties of the substrates have
a small effect on the yield of the products. On the other hand,
substitutions on the allyl bromide ring by different alkyl and
aryl-substituted groups resulted in the formation of products 36
and 36’ subsequently. Moreover, the asymmetric version of this
umpolung allylation/aza-Prins cyclization was examined by the
authors. In the presence of 10 mol% of Pd(PPh;), as the metal
catalyst and 20 mol% of (R)-BINAP as the chiral ligand, the
reaction of 1 (R = H; R' = Me) with 37 afforded the chiral
product 35 (R = H; R' = Me) in 48% yield with only 19%

CF3 FsC
<N Br
/
X * 2
R o } R
Z N
R 34
1
R = H, 5-F, 5-Br, 5-Cl, 5-1, 5-Me, 5-OMe,
5-OCF3, 5-NO,, 5-CN, 5-CO,Me, 6-Br,

6-Cl, 6-OMe, 5,7-Me, 5-CI-7-Me, 7-F
R"=H, CHa, Bn, allyl, Trityl, TBS; R?= H

1) DBU, DCE,
-10 to 0 °C, 30 min
2) H,0, TMSBr,
rt.t040°C, 10 minto 12 h

RT

35

51-99% vyield
17 examples

CF3
<N Br 1) DBU, DCE,
/ 0°C
o R2 2)H,0, TMSBr,
N 100 °C
\ 34 10 examples
1 36 36’

(R=H;R"=CHy)
R? = CHs, CeHs, 4-Me-CgHa, 4-OMe-CgHa,
4-F-CgHy, 4-Ck-CgHy, 4-CF3-CoHy

Enantioseletive umpolung allylation/aza-Prins cyclization

CF3
1) DBU (1.0 equiv.)
N 10 mol% [Pd(PPh)a]
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Scheme 14 Umpolung allylation/aza-Prins cyclization towards the
rapid access to six-membered containing spirooxindoles.
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enantioselectivity. This result indicates the possibility of
enhancing the enantioselectivity of the reaction by introducing
other catalytic asymmetric approaches.

4. Synthesis of spirocyclic oxindoles
comprising the trifluoromethyl group
via [4+3] cycloaddition reactions

The stereodivergent construction of polycyclic molecules
greater than five- and six-membered rings via [4+3] cycloaddi-
tion remains a continuous challenge in synthetic organic
chemistry due to the increased ring tension. On the other hand,
the catalytic asymmetric [3+2] cycloaddition of «,B-unsaturated
carbonyl compounds and 1,3-dipoles has been well recognized
in the literature. The subsequent [4+3] annulation of substrates
comprising an extended double bond was still unassigned and
difficult, and underwent [3+2] cycloaddition rather than [4+3]
cycloaddition.®*

Considering the aforementioned challenges, Chun and
group realized the reactivity of o-vinyl o,B-unsaturated alde-
hydes as 4-C synthons in B,y"-regioselective [4+3] annulations
with N-2,2,2-trifluoroethylisatinimines 1 for constructing seven-
membered spirooxindoles having the azepane motif by imi-
nium ion-dienamine catalysis (Scheme 15).°> With the aid of
20 mol% of proline-derived organocatalyst C-8 in the presence
of 20 mol% of benzoic acid, a broad spectrum of structurally
functionalized spirocyclic oxindoles encompassing a tri-
fluoromethyl group with a seven-membered azepane ring have
been isolated in moderate to excellent yield with good to
excellent enantioselectivity. A variety of f-aromatic or hetero-
aromatic substituents installed in the a-vinylenals ring were
well reacted in this reaction and provided high to excellent

CF3
<N R2NXY"X0 C-8 (20 mol%)
N / N g Benzoic acid (20 mol%)
R o

DCE, 50 °C, 12-24 h

Z~N R
R 38 TBSO,
1 3
Ph
R = H, 5-OMe, 5-Me, 6-CI, 7-F, N Ph 9
7-Cl, 7-Me, 7-OMe H o oTms sgégg:egm
1 - b
R'=Me, Bn, MOM c-8 18 Examples
R? = CgHs, 4-OMeCgHj, 4-MeCgHy,
3-BrCgHy, 4-BrCgHa, 3-MeOCgHy, R =H;R"=Me;
2-Naphthyl, 2-Thieny! R?2=Ph;R®=H

R®=H, CgHs Piperidine, AcOH,
NapS0y, EtOAC

80°C,16h 40

Proposed reaction pathway

NE o
~png 2 !
B ~Eo Ne @ o R |
2y~ CHO N | 4Y\X Yz !
R’ H R2X z ?( * !
> - ‘
v F 2 Y\\(i Y. 3
R3 R3 < R3 i
[3+2]l [4+3]j
|
3 |
> \ R rR2 CHO
* RE #

X Keno KN 1 87% yield;

\ ‘ i dr

\oz Yoy 1 >19:1dr;
|

90% ee

not favoured

Scheme 15 Enantioselective [4+3] cycloaddition of ketimines for
synthesizing seven-membered CFz-embedded spirooxindoles.
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enantioselectivity, while B-alkyl substituents showed reduced
reactivity for this reaction. Similarly, the corresponding product
39 was not observed with substrates bearing a y’-alkyl group.
The synthesized product 39 (R = R® = H; R' = Me; R> = Ph)
comprising the a,B-unsaturated aldehyde moiety could be
further transformed into a high molecular complex structure 41
in 87% yield with >19: 1 diastereoselectivity and 90% enantio-
selectivity by a [3+3] cycloaddition with cyclohexane-1,3-dione
40. The B,y -regioselective [4+2] annulation pathway is
assumed to proceed, rather than the traditional [3+2] pathway,
due to the generation of a more hindered quaternary center by
a-substitution.

5. Conclusions

Considering the advantageous outcome produced from the
introduction of fluorine or fluorine-containing molecules into
bioactive compounds, the installation of fluorine (especially the
trifluoromethyl core) at the a-position of a nitrogen atom has
received immense attention in synthetic organic chemistry, as it
affects the binding potential of the drug receptor by reducing
the alkalinity of the amide group. On the other hand, spirocyclic
oxindoles were well distributed in the core scaffolds of broad-
spectrum natural products, and pharmaceutically potential
synthetic drug candidates. In this regard, the stereocontrolled
construction of spirocyclic oxindoles encompassing the tri-
fluoromethyl group is of increasing academic and scientific
interest. Consequently, after the pioneering work by Wang et al.
in 2015, the reactivity of N-2,2,2-trifluoroethylisatin ketimines
as an efficient and easily prepared azomethine ylide precursor
in many 1,3-dipolar cycloaddition reactions for the construction
of diverse CFjz-containing spirocyclic oxindoles has been
devised. This mini-review article is organized to provide a recent
overview of the stereoselective assembly of spirocyclic oxindoles
comprising the trifluoromethyl group by employing the reac-
tivity of N-2,2,2-trifluoroethylisatin ketimines.

From the aforementioned information presented in this
review article and based on the literature review, it was found
that most of the synthetic methodology implemented the
reactivity of these azomethine ylide precursors through [3+2]
cycloaddition reaction. The corresponding [3+3], [3+5], [4+2],
and [4+3] cycloadditions were still not fully developed, and only
a limited report existed. We hope that the information provided
in this review article will help and stimulate the scientific
community for further improvements in the selectivity of the
products by introducing more catalytic asymmetric methodol-
ogies. We believe that the limited [3+3], [3+5], [4+2], and [4+3]
cycloadditions of N-2,2,2-trifluoroethylisatin ketimines will also
be investigated, and more unprecedented methodologies will
be developed in the near future.
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