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Gonzalo Blay,
Amparo Sanz-Marco

* Alicia Monleon, Marc Montesinos-Magraner,
and Carlos Vila ‘2 *

The catalytic asymmetric electrophilic functionalization of the less reactive N-heteroaromatic compounds

has been reported using the approach of the introduction of an exocyclic amino substituent. This
strategy has allowed enantioselective Friedel-Crafts alkylation in pyrazoles, isoxazoles and isothiazoles, as
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well as in aminoindoles, aminobenzofurans and aminobenzothiophenes. Several stereoselective methods
have been used for the 1,4-addition or 1,2-addition of these heteroaromatic compounds to different
electrophiles employing organocatalysts or chiral metal complexes. The activating exocyclic amino

substituent has also been used as a nucleophile in tandem reactions, including formal cycloadditions

rsc.li/chemcomm

1. Introduction

Nitrogen heteroaromatic compounds are a significant class of
organic molecules characterized by the presence of nitrogen
atoms within their aromatic ring structures." The presence of
nitrogen atoms in the aromatic ring modifies the electron
distribution and reactivity of these compounds compared to their
all-carbon counterparts, leading to a wide range of applications
and functionalities. These kinds of compounds play a pivotal role
in various fields, including medicinal and pharmaceutical
chemistry,” materials science,® and agricultural chemistry,* due
to their unique chemical and physical properties. Moreover, N-
heteroaromatic scaffolds are present in natural products (alka-
loids), and play crucial roles in biological processes and exhibit a
wide range of bioactivities.?

The versatility of N-heteroaromatic compounds extends to
their synthetic utility, where they are employed as intermedi-
ates in organic synthesis, catalysts or ligands in coordination
chemistry. Advances in synthetic methodologies have enabled
the precise modification of these compounds, enhancing their
applicability and leading to the development of novel materials,
ligands or drugs. In this context, the enantioselective synthesis
or the functionalization of N-heteroaromatic compounds are
extremely important for synthetic organic chemistry.® One of
the most straightforward methods for the catalytic asymmetric
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(1342] and [3+3]), for the synthesis of highly functionalized chiral nitrogen heterocycles.

functionalization of N-heteroaromatic compounds is enantio-
selective electrophilic functionalization. The most studied cat-
alytic asymmetric electrophilic reactions of N-heterocycles are
the reactions using indoles” and pyrroles® as nucleophiles. This
particularity is due to the fact that pyrroles and indoles are
electron-rich heteroaromatic compounds and the Friedel-
Crafts alkylation and other electrophilic substitutions are
favored. However, other important five membered nitrogen
heterocycles such as pyrazoles® or isoxazoles'® are less prone
to Friedel-Crafts alkylation because of the electronic properties
of these N-heterocycles (Fig. 1). Normally, pyrazoles and iso-
xazoles are less electron-rich aromatic heterocycles, therefore it
is difficult to perform electrophilic substitutions with this kind
of nitrogen heterocycle. One way to increase the reactivity of
aromatic compounds is the introduction of exocyclic electron-
rich groups such as hydroxyl, alkoxy or amino groups. These
groups increase the electronic density on the aromatic rings
making them more reactive for Friedel-Crafts alkylation or
electrophilic substitution. The synthetic versatility conferred
by the presence of an exocyclic amino group in N-heterocyclic
compounds is remarkable, due to the existence of multiple
nucleophilic sites. This feature presents a significant synthetic
challenge, particularly in achieving regioselectivity. Moreover,
the presence of these nucleophilic groups can also increase the
molecular complexity of the synthesized compounds because
they can permit domino or tandem reactions due to the higher
number of nucleophilic sites in the molecule. In fact, the
versatility of amino-exocyclic N-heteroaromatic compounds
has made them very interesting scaffolds for the synthetic

This journal is © The Royal Society of Chemistry 2024
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community and in medicinal chemistry in recent years. Despite
the high versatility, catalytic enantioselective functionalization
of these N-heterocyclic compounds is underdeveloped. Conse-
quently, in this review, we want to collect the efforts of several
research groups around the world working on the catalytic
enantioselective functionalization of these amino-substituted
N-heterocyclic compounds. Although there has been an increasing
contribution to this topic since 2022, we are confident enough that
the interest of the scientific community in these kinds of amino-
exocyclic N-heterocycles will grow and more elegant approaches
will be developed. Along these lines, the existing protocols for the
catalytic enantioselective functionalization of 5-aminopyrazoles,
5-aminoisoxazoles and 5-aminoisothiazoles will be presented as well
as related methodologies using 3-aminoindoles, 3-aminobenzo-
furanes and 3-aminobenzothiophenes. Thus, the main aim of this
review is to provide a starting point for the development of
potential synthetic methodologies for the functionalization of
these nitrogen heterocycles. Henceforward, we have divided this
exposition depending on the nature of the reaction in the
asymmetric electrophilic functionalization of each N-hetero-
aromatic compound.

2. Electrophilic functionalization of
5-aminopyrazoles

5-Aminopyrazoles" have gained the attention of medicinal
chemistry researchers because this kind of nitrogen heterocycle
is present in several compounds with biological activities such
as antibacterial'® or antifugal'® agents. The synthetic versatility
of 5-aminopyrazoles is very significant, due to the presence of
several nucleophilic positions, making regioselectivity a syn-
thetic challenge. The versatility of 5-aminopyrazoles has made
them very interesting frameworks for the synthetic community

This journal is © The Royal Society of Chemistry 2024
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and medicinal and pharmaceutical chemistry fields, and several
reports have been described showing their electrophilic
functionalization.™ Although the catalytic enantioselective func-
tionalization of 5-aminopyrazoles has been scarcely described, we
have divided the examples reported in the literature depending on
the addition type.

2.1 Enantioselective 1,2-addition of 5-aminopyrazoles

In 2020, our research group reported the first organocatalytic
enantioselective aminoalkylation of 1-substituted 5-aminopyra-
zoles 1 using cyclic imines 2 with a benzoxathiazine 2,2-dioxide
structure as electrophiles, which are synthetic precursors of ben-
zosulfamide heterocycles (Scheme 1)."° Utilizing a N-tert-butyl
squaramide derived from quinine (Cat. A), we successfully
obtained a range of chiral sulfamidates 3 bearing an aminopyr-
azole moiety, achieving good yields and moderate to excellent
enantiomeric excesses. The reaction tolerated various substituents
at different positions on the phenyl group of the cyclic imine,
consistently yielding the desired products, except when a nitro
group was present at position 6. Regarding the 5-aminopyrazole
partner, both methyl and various phenyl derivatives attached to N1
were well accommodated, with the exception of a 4-methoxy-
phenyl ring, which resulted in a racemic compound. Alkyl
groups at C3 of the aminopyrazole ring performed efficiently
in the reaction, although the 3-phenyl derivative produced low
yield and enantiomeric excess. Additionally, we explored the
impact of substituents on the 5-amino group, finding optimal
results with phenyl and 4-methyl groups. Conversely, the
4-methoxyphenylamino derivative showed low enantioselectiv-
ity, and the 4-bromophenylamino group led to a low yield. The
absolute stereochemistry at the stereogenic center was deter-
mined to be (S) by X-ray analysis. The proposed mechanistic
pathway is depicted in Scheme 1. The chiral squaramide A acts
as a bifunctional organocatalyst activating both reaction part-
ners in the reaction, making the pre-orientation required to
achieve the stereoselectivity of the reaction.

O\\s 0 Q
-4 b .
o N f< Cat. A (5 mol%) @ NH  NHR
AN * N-R?
R~ <\ CHClp 20°C  RC [ T N-R
1 2N | ;
Z R Z =N
2 1 R2
3
18-99% yield
0-99% ee

_ ]

Scheme 1 Organocatalytic addition of 5-aminopyrazoles 1 to cyclic
benzoxathiazine 2,2-dioxides 2 catalysed by a chiral squaramide.
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Scheme 2 Synthetic transformations of 5-aminopyrazolyl sulfamidates.

The synthetic versatility of the exocyclic amino group was
demonstrated by the synthesis of tetracyclic compounds 4a and
4b upon treatment of the chiral sulfamidates 3 with formalde-
hyde in acidic conditions (Scheme 2).

Lin and colleagues at Zhejiang University utilized a chiral
spirocyclic phosphoric acid (Cat. B) in the enantioselective synthesis
of unnatural pyrazole-based o-amino acid derivatives through the
reaction of N-aryl-5-aminopyrazoles 1 with B,y-alkynyl-o-imino esters
5 (Scheme 3).'® The reaction yielded the corresponding products 6
in good to excellent yields (67-98%) and enantioselectivities (73-
99% ee). The method was effective with aminopyrazoles having
either an unsubstituted or monosubstituted amino group at C5.
Moreover, a phenyl group and various alkyl substituents at position
3 of the 5-aminopyrazole, along with differently substituted aryl
groups at N1, were well-tolerated, without significantly affecting the
yield and enantioselectivity. For the alkynyl ketoester imine 5, both
N-Boc and N-Cbz imines performed similarly. The reaction accom-
modated a variety of substituted aryl rings, heterocycles, and
cycloalkyl groups. However, using methyl esters led to reduced
enantioselectivity compared to ethyl or benzyl esters. Based on
control experiments and the observed S stereochemistry, a plausible
reaction pathway was proposed. Cat. B serves as bifunctional
catalysts to activate both the 5-aminopyrazole and the imino
ester through hydrogen bonding. Nucleophilic attack of the
aminopyrazole to the imine would be directed to the Si-face of
the imino group.

The reaction performed at 1 mmol scale provided results
consistent with those obtained at 0.1 mmol scale, indicating

S 2%
_Pg NHR®  Cat. B, Ar=9-anthryl ° =R’
Nl _ (10 mol%) N
) N = Ny PR
~ COR =\ 4 MS, CH.Cl, A
100 r
5 ] 10°C, 12 h 6
67-98% yield
73-99% ee

Si-face attack

Scheme 3 Phosphoric acid-catalyzed asymmetric addition of aminopyr-
azoles 1 to B,y-alkynyl-a-imino esters 5.
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Scheme 4 Synthetic transformations of aminopyrazole-derived amino
acids.

the robustness of the method. Additionally, the exocyclic NH,
group in the reaction products 6 facilitated further transforma-
tions, allowing the synthesis of chiral thiourea 7 and lactam 8
derivatives (Scheme 4).

In 2023, Li and Zhao applied a binaphthol-derived phosphoric
acid Cat. C in the reaction of 5-aminopyrazole derivatives 1 with
cyclic ketimines 9 derived from 3H-indol-3-one, classifying it as
an aza-Friedel-Crafts reaction.” This reaction yielded 5-amino-
pyrazole-based indolin-3-ones 10 featuring a quaternary stereocen-
ter. Indol-3-ones 9 with various aryl groups attached to C2 were
tested, resulting in enantiomeric excesses above 90% in all cases
except when substituted with an electron-donating methyl group,
which led to lower enantiomeric excesses (Scheme 5). Indol-3-ones
with substituents of different electronic nature at positions 4 or 5
in the homoaromatic ring also yielded good results. Furthermore,
the reaction performed well with 5-aminopyrazoles 1 bearing an
unsubstituted NH, group at C5, a methyl group at C3, and a wide
range of substituted aryl rings at N1. However, when a phenyl
group was present at C3, the expected product was obtained
with low enantiomeric excess. Additionally, the 5-benzylamino
derivative of the imidazole exhibited good enantioselectivity but
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Ar
0 NHR® Ar = 2,4,6-PryCgH,
Ar. 3
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44-99% ee
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Scheme 5 Phosphoric acid-catalyzed reaction of 5-aminopyrazole 1
derivatives with cyclic ketimines 9.

This journal is © The Royal Society of Chemistry 2024
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low yield. Based on the observed stereochemistry, a mechanistic
pathway was proposed involving a transition state (TS) where
dual hydrogen bonds between the chiral phosphoric acid and
the substrates drive the 5-aminopyrazoles to attack the Si-face of
the C=N group of the ketimine 9.

2.2 Enantioselective 1,4-addition of 5-aminopyrazoles

Recently, Xen and Li reported a highly enantioselective aryla-
tion of 3-aryl-5-aminopyrazoles 1 with quinone derivatives 11
(Scheme 6).'® The reaction, catalyzed by the chiral phosphoric
acid Cat. B, involved the conjugate addition of the pyrazole to a
double bond of the quinone, providing rapid access to an array
of arylpyrazoles 12 with axial chirality. Generally, the reaction
products were obtained with excellent yields and enantioselec-
tivities. A broad variety of esters in the quinone partner were
well tolerated, yielding excellent results, although substituent
R* was maintained as H except in one example with MeO. The
3-aryl substituent of the aminopyrazole could be a phenyl ring
substituted with groups of varying electronic character or even
a heterocyclic ring. Furthermore, different alkyl or aryl groups
attached to N1 were tolerated.

The authors demonstrated the efficiency and applicability of
the method by performing the reaction on a 1 mmol scale.
Additionally, the catalyst load could be decreased to 1 mol%
without affecting the yield or stereoselectivity of the reaction.
The amino group of the reaction product 12a could be selec-
tively acylated with p-bromobenzoyl chloride in the presence of
two OH groups, without any loss of optical purity (Scheme 7).

Related to the above work, Zheng’s group described in 2024 a
highly atroposelective arylation of 3-alkyl-5-aminopyrazoles 1
with naphthoquinone ester derivatives 14 through a 1,4-addition
reaction catalyzed by the chiral phosphoric acid (R)-Cat. C
(Scheme 8)."° In general, the chiral naphthylpyrazoles 15 were

0 HO. R?
Cat. B, Ar = 9-anthryl
CO,R!  Ar o
A (5 mol%) "
+ NI NH, ——— = R'OC OH
R2 ‘Nk3 CH.Cly, 1t, 0.5 h A\ NHy
0 . N-N,
1 R3

12

79-95% yield

81-99% ee

Scheme 6 Enantioselective addition of aminopyrazoles 1 to quinone
derivatives 11 for the synthesis of arylpyrazoles with axial chirality.
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Scheme 7 Selective acylation of the amino group in arylpyrazoles 12.
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Scheme 8 Enantioselective addition of aminopyrazoles 1 to naphthoqui-
none derivatives 14 for the synthesis of naphthylpyrazoles with axial
chirality.

obtained with excellent yields (up to 99%) and excellent enantios-
electivities (up to 99%). An assortment of ester groups in the
naphthoquinone partner were tolerated, although the best results
were obtained with the methyl ester. Regarding the 5-amino-
pyrazole partner, the reaction tolerates substituents at N1 of the
5-aminopyrazole moiety, including cyclohexyl, isopropyl, benzyl, or
substituted phenyl groups, all of which exhibited comparable
yields and enantioselectivities in the reaction, although with the
isopropyl group a decrease in the enantiomeric excess was
observed. In order to obtain good enantioselectivities, a tBu group
at C3 is mandatory, as evidenced by the lack of enantioselectivity
observed when a methyl group is attached to this position, while
5-aminopyrazoles bearing an aryl group at C3 were not reported.
The authors could scale-up the reaction to the 1 gram scale
providing consistent results with those obtained at the 0.2 mmol
scale, indicating the robustness of their synthetic methodology.
The authors also proposed a mechanistic pathway where chiral
phosphoric acid works as a bifunctional catalyst to activate both
the naphthoquinone ester and the 5-aminopyrazole through
hydrogen bonding.

2.3 Formal [3+3] cyclizations using 5-aminopyrazoles

The reaction of 5-aminopyrazoles with conjugated alkenes has been
extensively used in the enantioselective synthesis of pyrazolo[3,4-
b]quinoline derivatives. The first example was reported by Myrboh
in 2016.* This group described a three-component reaction invol-
ving dimedone 17, 3-methyl-5-aminopyrazole 1, and a range of
aromatic aldehydes 16. The reaction was catalyzed by r-proline
(Cat. D, 10 mol%) in the absence of any solvent under microwave
irradiation at 110 °C (Scheme 9). Various benzaldehyde derivatives
bearing electron-withdrawing or electron-donating substituents at
the ortho, meta, or para positions were tested, resulting in products
with good yields (60-92%) and enantiomeric excesses ranging from
44-99%.

A plausible mechanism for the reaction is depicted in
Scheme 10. Initially, a Knoevenagel reaction between the

Chem. Commun., 2024, 60, 12270-12286 | 12273
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Scheme 9 Proline-catalyzed three-component synthesis of
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Scheme 10 Plausible mechanism for the proline-mediated three com-
ponent synthesis of pyrazoloquinolinones.

aldehyde and dimedone, mediated by Cat. D, occurs to form the
corresponding enone 19. This is followed by the conjugate
addition of the 5-aminopyrazole, forming a C-C bond. Subse-
quently, a nucleophilic attack of the amino group on the ketone
takes place, followed by dehydration and tautomerization,
which ultimately produces the final product 18. Remarkably,
the authors observed a complete regioselectivity in the nucleo-
philic attack of the N-1-unprotected aminopyrazole. The
authors did not indicate how the r-proline induces the stereo-
selectivity upon the nucleophilic attack of the aminopyrazole 1
to the enone 19.

In 2022, the group of X. Li developed a procedure for the
construction of trifluoromethylated pyrazolo[3,4-b]pyridin-6-ones
21.*' The method involves the reaction of 3-(2-trifluoromethylene)-
oxindoles 20 and 1-aryl-5-aminopyrazoles 1 via chiral phospho-
ric acid (Cat. E) and MgSO, synergistic catalysis (Scheme 11).
N-Aryl-5-aminopyrazoles bearing electron-donating and electron-
withdrawing groups proved to be suitable reactants, yielding the
corresponding products in moderate yields (50-90%) with high
stereoselectivities (up to 95% ee and >20:1 dr). The best results
were obtained when the substituents on the N-Ar ring were alkyl
groups or groups attached to the meta position. However, when
electron-donating or electron-withdrawing groups were attached to
the ortho or para positions, the yield and stereoselectivity
decreased.

12274 | Chem. Commun., 2024, 60, 12270-12286
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Scheme 11 Enantioselective addition of aminopyrazoles 1 to 3-
trifluoroethylidene oxindoles 20 for the synthesis of trifluoromethylated
pyrazolo[3,4-blpyridinones.

A phenyl ring at position 3 was tolerated, although the
enantioselectivity was lower than with alkyl groups. Substituents
on the 5-amino group decreased reactivity, resulting in low yield
and stereoselectivity of the reaction products. Oxindole derivatives
with substituents at positions 5 or 6 of the benzene ring were good
substrates, providing better results when these substituents had
an electron-donating character. However, substituents at posi-
tions 4 or 7 of the benzene ring caused a significant loss of
enantioselectivity. The CF; group could be substituted by other
electron-withdrawing groups, although with lower enantioselec-
tivity, except in the case of an ethoxycarbonyl group.

Based on experimental results and previous reports, the
authors proposed a reaction mechanism that explains the
synergistic integration of the chiral phosphoric acid and MgSO,.
The N-aryl-5-aminopyrazole 1 forms a H bond with the catalyst
and, simultaneously, the O-H and Lewis acid coordinates with
the oxindole 20. The pyrazole substrate undergoes addition to
the Re-face of the double bond generating intermediate Int. III,
followed by intramolecular transamidation to afford the desired
product (Scheme 12).

The [3+3] annulation of 5-aminopyrazoles with enals under
chiral carbene catalysis has been extensively studied by several
research groups. The first examples were almost simultaneously
published by Li’s group,””> and Wang and Lang’s group.>® These
studies involved the reaction of 2-bromoenals 22 with 5-amino-
pyrazoles 1 to afford the corresponding cycloadducts 23 catalysed
by the same kind of organocatalyst (Scheme 13).

RN
O Oy,
H | NH
\ _.-MgX
e 7 N-Ar
o5 — Re-face
’Buo/l / attack
NTN — Buw
FiC

CF3 [ ]
Nm NHB
N7 NS RS
Ar H

21

Scheme 12 Proposed reaction mechanism for the synthesis of trifluor-
omethylated pyrazolo[3,4-b]pyridinones 21.

This journal is © The Royal Society of Chemistry 2024
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Under both catalytic systems, the reaction tolerated a wide
range of 2-bromoenals 22 bearing alkyl, heteroaryl, and phenyl
groups with diverse electronic properties and substitution pat-
terns. In most reported examples, the reaction products were
obtained in good yields with enantiomeric excesses well above
90%. Additionally, various alkyl and aryl substituents at position
3 of the imidazole ring provided good results with excellent
enantioselectivities. N-Aryl and N-Me substituted imidazoles
were suitable substrates for this transformation. Some of the
products 23 prepared by Li were tested for antifungal properties.
Chiral compounds bearing R? = Ph, R® = Me and R" = 3-BrCg¢H,,
3-CICcH, or 2-MeOCgH, showed excellent antifungal activity
against Phytophora capsici and Colletotrichum fructicola.*®

A mechanistic proposal made by Li is outlined in Scheme 14.*
Initially, 2-bromoenal 22 is activated by the NHC catalyst to form a
Breslow intermediate Int. IV, which undergoes bromide elimina-
tion to generate an o,B-unsaturated acyl azolium intermediate (Int.
V). The aminopyrazole 1 then undergoes nucleophilic conjugate
addition from its Re face to the Si face of the B-C(sp?) group of the
acyl azolium intermediate. Subsequent intramolecular lactam
formation completes the process, yielding the pyrazolo[3,4-b]pyr-
idone product 23 (Scheme 14).

The asymmetric synthesis of chiral pyrazolo[3,4-b]pyridin-6-
ones from enals and 5-aminopyrazoles was recently reported by
Zhenquian Fu’s group in 2023.>* This transformation employs
a chiral N-heterocyclic carbene (NHC) catalyst Cat. H, Cs,COj3 as
the base, and 3,3’,5,5'-tetra-ter¢-butyldiphenoquinone (DQ) as
an oxidant in THF (Scheme 15). A variety of enals 24 bearing
alkyl groups, as well as diverse substituted aryl rings attached to
the double bond, underwent annulation with 5-aminopyrazoles
to afford the desired products in high yields and with excellent
enantioselectivity (up to 98% ee in most cases). The 5-
aminopyrazole component tolerated alkyl and aryl groups at

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm

Breslow
Int. IV

o \\ /
J)K(/N >®/
V,

a,B-unsaturated
acylazolium Int. V

R!
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Scheme 15 NHC-catalyzed reaction of enals 24 and 5-aminopyrazole 1
reported by Fu.

position 4 of the ring, as well as various substitutions on the
aromatic ring at N1, consistently delivering excellent outcomes.

A proposed reaction mechanism is depicted in Scheme 16.
Initially, the nucleophilic addition of the N-heterocyclic car-
bene (NHC) to the enal forms the Breslow intermediate (Int.
VIII). Upon oxidation, this intermediate transforms into an o, -
unsaturated acylazolium Int. IX. Subsequently, 1,2-addition of
5-aminopyrazole to the acylazolium species, followed by an aza-
Claisen rearrangement, tautomerization, and subsequent intra-
molecular lactamization yields the desired chiral lactam 23. An
alternative pathway involving a 1,4 addition of 5-aminopyrazole
1 followed by tautomerization, proton transfer, and intra-
molecular lactamization, could also potentially lead to the
same product (Scheme 16).
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Scheme 16 Proposed mechanism for the oxidative NHC-catalyzed
annulation.

Concurrently with this study, Duan and Qi reported a similar
reaction employing slightly modified conditions, using tBuOMe
as the solvent and a related NHC catalyst (Cat. ent G.) lacking
the nitro group (Scheme 17).>® Enals 24 featuring a range of
aromatic, heteroaromatic, alkenyl, or alkynyl substituents at
the B-position of the double bond reacted with variously sub-
stituted 5-aminopyrazoles to afford the desired products 23 in
high yields and with excellent enantiomeric excesses (85-97%
ee). Enals bearing alkyl substituents at this position exhibited
lower yields but maintained excellent enantioselectivity.

o)
NH, R1/\)J\H Ar H
24 \
N N._O
 N-Ar N’ |
RZ °N 1 Cat. ent G (20 mol%) \
Cs,C0O3 (20 mol%) R2 ;
7 CHO DQ (1.0 equiv.), 4A MS, ” 992;;' R y
4 -99 % yie
R (Igo BuOMe 85-97% ee
|
Z=N |
2 R 1 o i
Cat. ent G (20 mol%) 1 1 5
Cs,C03 (20 mol%) : N N :
DQ (1.0 equiv.), 4A MS, ] \=N\M :
‘BUOM o H : @ Mes
uome N Ph . catentG © |
N ; BF, !
A SO 3
\ ¥
R3LL N
- O Me
h4
26
49-92% yield
90-96% ee

Scheme 17 NHC-catalyzed reaction of enals 24 with 5-aminopyrazoles 1
reported by Duan and Qi.
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Moreover, aminopyrazoles with different alkyl and aryl groups
at C3 and various aromatic groups at N1 reacted with similarly
outstanding outcomes (Scheme 17). The authors further expanded
the scope of the reaction to include isatin-derived enals 25,
yielding a variety of spirooxindoles 26 in good yields and with
excellent enantioselectivity. This strategy accommodated a range
of substituted isatin derivatives possessing diverse electronic
properties, as well as either a benzyl or methyl protecting group
at the N1 position of isatin. Additionally, 1,3-diphenyl-1H-pyrazol-
5-amine performed well under the optimized reaction conditions.

Very recently, a novel enantioselective synthesis of 1H-pyrazolo-
[3,4-b]pyridine 28 analogues starting from 5-aminopyrazoles 1 and
o,B-unsaturated 2-acyl imidazoles 27 was disclosed (Scheme 18).2°
In this transformation, a complex generated in situ from Ni(OTf),
and a newly developed chiral C,-symmetric bipyridine-N,N'-dioxide
ligand (Lig. A) catalyzed the Michael addition/cyclization sequence,
delivering the corresponding adducts in 85-97% yield with up to
99% ee under mild conditions. While no 5-aminopyrazoles bear-
ing an alkyl group at C3 were reported, derivatives featuring aryl
groups of varying electronic properties, heteroaromatic rings, or a
cyclopropyl group at this position reacted efficiently with high
yields and excellent enantioselectivities (typically above 90% ee).
Substituents at N1 of the indole moiety included ter¢-butyl, benzyl,
or substituted phenyl groups, all of which exhibited comparable
yields and enantioselectivities in the reaction. Regarding the acyl
imidazole component, electron-rich and electron-poor aryl groups,
heterocycles, and alkenes attached to the B-position of the double
bond consistently provided excellent results. Furthermore, the
reaction could be successfully scaled up to 1 mmol scale and the
catalyst load decreased to 2 mol%, demonstrating robust perfor-
mance without significant impact on reaction outcomes.

To explain the stereochemical outcome of the reaction, the
authors proposed a mechanism wherein the nickel catalyst acti-
vates the 2-acyl imidazole 27 through bidentate N,0-coordination
facilitating the attack of the 5-aminopyrazole from the Si-face,
leading to an intermediate 29 with high regioselectivity, which

Ph./\

= /
o< T, Oe Go o
N uoN
O3 Lig. AT
R2
H H Ar H
o NH; 5.5 mol % e
Ni(OTf), (5 mol ¥
Rz\ NR3 )2( mol %) N _ N
N o
a7 R1 CHoCly, 1t N W
28 R’
85-97% yield
84-99% ee
OQ o
\\ / Ar BZ
(O Ni--0- -
O — = N ]poH
N =N
S R® H NJ
Scheme 18 Ni/N,N’dioxide-catalyzed asymmetric synthesis of 1H-

pyrazolo(3,4-b]pyridine analogues 28.
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would generate the desired product after releasing water from
compound 28.

3. Electrophilic functionalization of
5-aminoisoxazoles

5-Aminoisoxazole®” is another nitrogen heteroaromatic com-
pound that has focused the attention of pharmaceutical, med-
icinal and agrochemical chemists in recent decades due to the
biological activities presented by compounds that contain this
scaffold.?® Therefore, the asymmetric synthesis of compounds
bearing this N-heterocycle are remarkable for the synthetic
community. However, only a few examples of enantioselective
electrophilic functionalization of isoxazoles have been reported
in the last few years.

3.1 Enantioselective 1,2-addition of 5-aminoisoxazoles

In 2021, the group of Zhang reported the addition of 5-amino-
isoxazoles 30 to isatin-derived ketimines 31 (Scheme 19).>° The
authors used a chiral phosphoric acid (Cat. I) as a catalyst for
this aza-Friedel-Crafts reaction, accessing the desired chiral
3-disubstituted 3-amino-oxindoles 32 in high yields (84-99%)
and moderate to excellent enantioselectivities (53-99% ee). The
reaction tolerates the presence of several alkyl groups at the N-1
of the ketimines, as well as several substituents at the aromatic
ring of 31. Regarding the 5-aminoisoxazoles 30, the enantio-
meric excesses are excellent when the authors tried the reaction
with 3-aryl-substituted isoxazoles. In order to obtain good
enantioselectivities the exocyclic amino group should be sec-
ondary. The authors also provided a plausible stereochemical
model for the reaction where the phosphoric acid acts as a
bifunctional organocatalyst activating at the same time both
reagents by hydrogen bonding. Moreover, they could scale-up
the methodology to a 4 mmol reaction, using only 0.5 mol% of
chiral catalyst and also perform several transformations.

oo
0. O

NI

oP-oH
l g Ar RN,
BOC*N Ar = 2-naphthyl BocHN /\ O
R! Y/ o~
A ) = Cat. | (5 mol%) NHR?
| NHR? + R3= | o)
N~g XN THF, -30 °C N
\ \
30 31 R R*
— . — 32
R 84-99%
53-99% ee

= N
ROG, | o
‘ \)} Si-attack

R'\
N=Boc
O
N _ |
(o]

Scheme 19 Phosphoric acid catalyzed the enantioselective addition of
5-aminoisoxazoles 30 to isatin-derived ketimines 31.
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Scheme 20 Enantioselective addition of 5-aminoisoxazoles 30 to B,y-
alkynyl-a-ketimino esters 5.

The Zhang group also described the addition of these
nucleophiles 30 to B,y-alkynyl-a-ketimino esters 5 using a Cat.
J as the catalyst (Scheme 20).%° The corresponding a-isoxazole-
a-alkynyl amino esters were obtained in high yields (94-99%)
and good to excellent enantioselectivities (84-97% ee). Regard-
ing the isoxazole 30, aryl or alkyl groups are tolerated at the C-3
position. Concerning the reactivity of the electrophile 5 under
the optimized reaction conditions, the authors tested the
reaction with different iminoesters with a variety of substitu-
ents at the alkyne moiety such as aryl rings, heterocycles or
cycloalkyl groups. The -NHR group in the nucleophile 30
proved to be essential for selectivity, pointing towards a bifunc-
tional mode of action of the catalyst. The proposed mechanistic
model is very similar to the one presented in Scheme 19.

The enantioenriched products can be employed in different
synthetic transformations, such as the iodocyclization in the
presence of a silver(r) salt to obtain the corresponding hetero-
cyclic compound 34 in moderate yield, taking advantage of the
exocyclic amino group. The triple bond can be partially hydro-
genated to give the Z-alkene 35 in good yield. Moreover, the
protected aminoalcohol 36 can be prepared in good yield by
reduction with NaBH,. In all these transformations, the optical
purity was preserved (Scheme 21).

 Et0,C, NHBoc
L1

15, AgOAC N/ |
Toluene, rt kol N~ ~Ph
47% IIEt
34, 96% ee
NHBoc Ph
PhEtOZC"' _
7\
N
o~ ~NHEt
35, 93% ee

33a, 96% ee

36, 95% ee

Scheme 21 Synthetic transformations of an a-isoxazole-a-alkynyl amino
ester.
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Scheme 22 Enantioselective addition of 5-aminoisoxazoles 30 to
pyrazole-4,5-diones 37.

Metal catalysis can also be employed for the enantioselective
addition of 5-aminoisoxazole, as reported by the group of Sun
and Wang in 2024.>" In this case, the authors employed a Cu(n)
complex with a prolinol-derived chiral ligand (Lig. B) to carry out
the addition of 5-aminoisoxazoles 30 to pyrazole-4,5-diones 37
(Scheme 22). The corresponding compounds 38 with pyrazolone-
isoxazole scaffolds were obtained in high yields (83-96%) and
with excellent enantioselectivities in most of the cases (75-99%
ee). The reaction exhibited comparable yields and enantioselec-
tivies independently of the electronic character of the substitu-
ents (NO,, halogen, alkyl or MeO) or the position (meta or para) of
the substituents in the aromatic ring attached at the N1 of 37.
However, when the substituent was in ortho-position the enan-
tiomeric excess decreased. The authors also tested a variety of 3-
aryl-5-aminoisoxazoles 30, but did not show any example with an
alkyl group at the C-3 position. In this report, the authors also
observed a lack of reactivity when N,N-dimehtylamino isoxazole
was employed, indicating an interaction between the nucleophile
and the chiral catalyst. Moreover, when the prolinol hydroxyl in
Lig. B was replaced with a methoxy group, only the racemic
product was obtained, showing the importance of both hydroxyl
groups at the ligand to generate the chiral complex. These
hypotheses were supported by DFT calculations.

3.2 Enantioselective 1,4-addition of 5-aminoisoxazoles

Isoxazole-containing heterotriarylmethanes can be prepared in
an enantioselective manner, as reported by the group of Lin in
2023,** by the addition of 30 to 3-methide-3H-pyrroles gener-
ated in situ (Scheme 23). The authors described the treatment of
pyrrol-3-aryl carbinols 39 with a chiral spirocyclic phosphoric
acid (Cat. K), which generates the highly reactive 3-methide-
pyrrole (Int. XII) by dehydration, and subsequent Friedel-
Crafts-type addition to generate the desired products 40 in
good to high yields (71-97%) and with good enantioselectivities
(78-93% ee). In this case, the methodology is efficient with
-NH, and -NHEt substituents on the isoxazole, but reactivity
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Scheme 23 Enantioselective addition of 5-aminoisoxazoles 30 to
3-methide-3H-pyrroles generated in situ.

and stereocontrol are again compromised when -NEt, is tested.
The authors only tested 5-aminoisoxazoles with aryl substitu-
ents at C-3, and they observed that the corresponding products
40 were obtained with good results independently of the elec-
tronic character or the position of the substituents. The authors
proposed a mechanism where the chiral phosphoric acid (Cat.
K) acts as a bifunctional organocatalyst in the reaction.

A spirocyclic chiral phosphoric acid (Cat. L) was also
employed by the group of Luo and Zhou for the atroposelective
arylation®® of 5-aminoisoxazoles 30 with azonaphthalenes 41
(Scheme 24).>* This methodology enables the synthesis of a
wide range of axially chiral heterobiaryl diamines 42 in gen-
erally good yields with excellent enantioselectivities (up to
99%). The reaction tolerates an assortment of aryl groups as
well as an iPr substituent at the C-3 carbon of isoxazole. Control
experiments demonstrated that the presence of the N-H group
is essential for achieving high yield and atroposelectivity, and
the substituent at this nitrogen can be an alkyl, benzyl or allyl
group. Regarding the azonaphthalenes 41, the authors show a
good compatibility of substituents (Br, Me or MeO) at 6 or 7
position of the naphthalene aromatic ring. They could scale-up
the methodology to a 2 mmol reaction with similar results in
terms of yield and enantioselectivity. Furthermore, a linear
effect was observed, suggesting that a monomeric complex of
the catalyst is likely involved in the process for inducing the
asymmetry.

N-Q
I
Ar = 1-pyrenyl R\ "NHR?
R Ns-COR® cat 1 (10 mol%) 3
Ty« =g e 0o r Yy OR
o 3, - A

30 M
42
53-99%
81-99% ee
Scheme 24 Atroposelective arylation of 5-aminoisoxazoles 30 with azo-

naphthalenes 41 catalyzed by a chiral phosphoric acid.
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3.3 [3+2] cyclizations using 5-aminoisoxazoles

5-Aminoisoxazoles can also be used as substrates in an enantio-
selective dearomative [3+2] annulation. In 2020, Wang, Zhang
and their coworkers described a novel synthesis of chiral
isoxazoline-fused dihydrobenzofurans 44 bearing two contigu-
ous quaternary stereocenters (Scheme 25).>> This was achieved
through the [3+2] annulation of 5-aminoisoxazoles 30 with
quinone monoimines 43, catalyzed by a chiral phosphoric acid
Cat. I. The products were obtained in moderate to good yields
(35-87%) and with excellent enantioselectivities (81-94%). To
determine the absolute configuration of the synthesized pro-
ducts, X-ray crystal structural analyses were employed. The
stereochemistry of the products provided valuable insights into
the reaction mechanism. Based on the absolute configuration
of the [3+2] annulation products 44, the authors proposed a
plausible reaction mechanism where the first step is the double
activation of both electrophile and nucleophile by hydrogen
bonding with Cat. I. 5-Aminoisoxazole 30 attacked quinone
monoimine 43 to give intermediate Int. XIII, which immedi-
ately underwent aromatization to give phenol Int. XIV. Lastly,
intramolecular acetalization generated the final product 44.

Notably, the approach also provides access to a variety of
bridged isoxazoline-fused dihydrobenzofurans 46 through a
tandem process (dearomative [3+2] annulation-cyclization) of
ethyl 4-acetate-isoxazol-5-amines 45 with quinone imine 43,
highlighting its versatility (Scheme 26).

3.4 Formal [3+3] cyclizations using 5-aminoisoxazoles

5-Aminoisoxazoles have been used to construct spiro-isoindo-
linone-dihydropyridines 48 through the cyclization with
o-(3-isoindolinonyl) propargylic alcohols 47 (Scheme 27).*® This
interesting process, catalyzed by a racemic phosphoric acid
(Cat. M) and a silver salt, yielded the corresponding racemic
compounds 48 with moderate to high yields and was reported
by Zhang in 2024. The authors explored the asymmetric
reaction of 30a with 47a using the chiral phosphoric acid Cat. C

Ar

, R2 “N Ar = 2-naphthyl
R Cat. 1 (10 mol%)
T )—NH, * 3 —
DME, 0 °C
30 0o
l 43
— (e} — acetalization

1,4-addition
R!

N~g" "NH

Int. XIlI

Int. XIV

Scheme 25 Enantioselective dearomative [3+2] annulation of 5-amino-
isoxazoles 30 with quinone monoimines 43.
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Scheme 26 Enantioselective synthesis of isoxazoline-fused dihydro-
benzofurans.
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Scheme 27 Formal [3+3] cycloaddition of 5-aminoisoxazoles 30 with
a-(3-isoindolinonyl) propargylic alcohols 47.

((S)-TRIP) as a catalyst, but the product 48a was obtained with low
enantiomeric excess (39% ee). The authors proposed a reaction
mechanism based on the control experiments performed. The
mechanism consists on protonation and dehydration of o-(3-
isoindolinonyl) propargylic alcohol 47, forming an iminium Int.
XV. This intermediated is then attacked by 5-aminoisoxazole,
followed by cyclization promoted by silver salt leading to a spiro
intermediate Int. XVI which undergoes ring cleavage resulting in
the final aromatic product 48.

Recently, a variety of enantioselective methodologies have
emerged for formal [3+3] cycloadditions employing 5-amino-
isoxazoles 30 as substrates. For example, Wang and coworkers
described the synthesis of chiral six-membered ring N,O-
hemiaminals 50 using an enantioselective functionalization of
30 with high yields, moderate to excellent diastereoselectivities
and excellent enantiomeric excesses (Scheme 28).%” Specifically,
the authors developed a Michael/N-hemiacetalization cascade
reaction involving 5-aminoisoxazoles 30 and B,y-unsaturated
a-ketoesters 49, catalyzed by a chiral Cu(u) complex generated
from Cu(OTf), and Lig. C. Under the optimized reaction condi-
tions, the reaction tolerated a wide range of PB,y-unsaturated
a-ketoesters 49 bearing heteroaryl and phenyl groups with
diverse electronic properties and substitution patterns at the
v-position of the double bond. However, when the y-substituent
was an alkyl group the reaction did not take place. Additionally,
various aryl substituents or a ¢Bu group at position 3 of the
isoxazole ring provided good results with good to excellent
enantioselectivities (92-98% ee). Although, when a fluorine
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Scheme 28 Enantioselective Michael/N-hemiacetalization cascade reac-
tion with 5-aminoisoxazoles and B,y-unsaturated o-ketoesters.

atom was placed at the para position, product 50 was isolated in
96% yield and 75% ee. Moreover, the authors could perform the
reaction to 5 mmol scale obtaining excellent results. The authors
proposed a reaction mechanism based on control experiments
such as nonlinear experiments among others and DFT calculations.

The use of formal [3+3] cycloaddition reactions employing 5-
aminoisoxazoles 30 has also been highlighted for synthesizing
chiral dihydroisoxazolo[5,4-b]pyridin-6-ones 51, underscoring
the versatility of 5-aminoisoxazoles as 1,3-bisnucleophiles
(Scheme 29).*® This methodology utilizes o-bromoenals 22
catalyzed by a N-heterocyclic carbene (NHC) Cat. ent G, deliver-
ing the corresponding products 51 in high yields and excellent
enantioselectivities. The authors described 42 examples where
a wide range of 2-bromoenals 22 bearing alkyl, heteroaryl, and
phenyl groups with diverse electronic properties and substitu-
tion patterns were used. In most described examples, the
pyridin-6-ones 51 were obtained in good yields (up to 99%)
with enantiomeric excesses well above 93%. Additionally, var-
ious alkyl, cycloalkyl, aryl and heteroaryl substituents at the C-3
of the isoxazole 30 delivered excellent enantioselectivities as
well. However, when the substituent was a ¢Bu group the
corresponding product was obtained with low yield (19%). To
demonstrate the practical application of this method, a scale-
up reaction yielded the target product with comparable effi-
ciency. Further synthetic transformations of the resulting com-
pound were explored, including O-methylation, reduction of the

o
0 Cat. ent G (10 mol%)
R! )
A Na,COj3 (1.2 equiv.)
w|/>—NH2 *RRY H —————— o X YR?

= Br THF, 4 AMS, rt =
30 22 R!

51
19-99%

93-99% ee

Scheme 29 Enantioselective cycloaddition of 5-aminoisoxazoles 30 with
a-bromoenals 22 using NHC catalysis.
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lactam using LiAlH,, and N-benzylation, and all these transforma-
tions occurred in high yields and without detrimental effects on the
optical purity. Moreover, the authors proposed a plausible mecha-
nism similar to the one using aminopyrazoles.”*?*

4. Electrophilic functionalization of
5-aminoisothiazoles

Isothiazole®® is another interesting nitrogen heteroaromatic
scaffold important in medicinal or agrochemical industries.
The enantioselective functionalization of 5-aminoisothiazoles 52 is
underdeveloped and only one example has been reported so far. In
2023, Zhang’s group developed a methodology to synthesize
isothiazole-containing axially chiral biaryls 53 with moderate to
good yields and enantioselectivities.*® This method utilizes chiral
phosphoric acid catalysis (Cat. B) for the atroposelective® arylation
of 5-amino-isothiazoles 52 with methyl p-quinone carboxylate 11
(Scheme 30). In order to reduce the oxidized compound, sodium
borohydride was added to the reaction mixture. The reaction only
tolerates several 3-(hetero)aryl-5-amino-isothiazoles 52 obtaining
good enantioselectivities (70-90% ee) and high yields (89-95%).
However, if the aryl group at C-3 presented a substituent at the
ortho position, the corresponding chiral biaryls 53 were obtained
with very low enantioselectivities (0-15% ee). The structures of the
products were confirmed via X-ray crystal structural analysis.

5. Electrophilic functionalization of
3-aminobenzofuran

Benzofurans*' are significant electron-rich heteroaromatic
compounds that are present in natural products and biologi-
cally active compounds. Habitually, electron-rich aromatic het-
eroaromatic compounds such as benzofuran can be used as
nucleophiles to participate in asymmetric electrophilic functio-
nalizations. However, most of these reactions are limited at the
nucleophilic C3-position of the aromatic heterocyclic ring. A
strategy for the asymmetric electrophilic aromatic substitution
at the C2-position of these heteroaromatic molecules is the
introduction of an exocyclic amino substituent at C-3. Several
examples have been described for the enantioselctive functio-
nalization of 3-aminobenzofuran.

OH
MeO,C
) MeOLC Cat.B, Ar=9-anthryl o1 2
RW 2 (15 mol%) >
| NHR2 - N
N~g * CHCl3, 3BAMS, -30°C g ) O
0 then NaBH, NHR
52 1
53
81-95%
0-86% ee

Scheme 30 Atropoenantioselective arylation of 5-amino-isothiazoles
with methyl p-quinone carboxylate.
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5.1 Enantioselective 1,2-addition of 3-aminobenzofurans

A quinine-derived thiourea Cat. N was used by the group of
Zhou and Xu in 2023 to obtain 3-aryl-3-aminooxindoles 55.*> In
this case 3-aminobenzofurans 54 were reacted with isatin-derived
ketimines 31 in an aza-Friedel-Crafts type reaction, obtaining the
desired tetrasubstituted stereocenter-containing products in
good to excellent yields (72-95%) and high to excellent enantio-
selectivities (48-97% ee) in most of the cases (Scheme 31). In
order to have high enantioselectivities, the N-1 of compounds 31
should have a trityl (Tr) substituent. The reaction tolerates
substituents at the 5, 6 or 7 position of the aromatic ring of 31
obtaining good enantioselectivities (86-92% ee), but the presence
of strong electron-withdrawing groups such as the NO, group
decreased the enantioselectivity of the reaction (71% ee). Regarding
the 3-aminobenxofuran derivatives 54, the authors studied the
scope of the reaction with substituents at 5, 6 or 7, showing excellent
enantioselectivities in all the cases (87-97% ee). The absolute
configuration of the products was assigned by X-ray crystallography
analysis. The author proposed that the chiral thiourea acts as a
bifunctional organocatalyst activating at the same time the electro-
phile and the nucleophile by hydrogen bonding.

The authors showed the robustness of their methodology by
the scale-up of the reaction at the gram scale. Moreover, they
used the exocyclic amino group to synthesize the spyrocyclic
compound 56 through the treatment of product 55a with
triphosgene (Scheme 32).

5.2 Enantioselective 1,4-addition of 3-aminobenzofurans

1,4-Conjugate addition products can be achieved for the reac-
tion of 3-aminobenzofurans with o,B-unsaturated carbonyl
compounds using metal catalysis. The group of Kang and Du
took advantage of the ability of chiral-at-metal rhodium(u)
complex Cat. O to activate 2-acylimidazoles 27 (Scheme 33),
generating the desired 2-substituted 3-aminobenzofurans 57 in
high yields (76-99%) and enantioselectivities (87-98% ee).**

NHTs
cat.N 9
R N\ . el B at. N (20 mol%)
Z~0 Z N 1,2-DCE, rt
54 31 R?
_ 72-95%
48-97% ee
FaC
1
N
FaC N 4,
By \
I
N/ N-Ts

Ph
Ph” pp

o]
&
% ©
c
O.
I
|

Scheme 31 Organocatalytic 1,2-addition of 3-aminobenzofurans 54 to
isatin-derived ketimines 31 catalyzed by a chiral thiourea.
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Scheme 32 Synthesis of a chiral
triphosgene.

spirocyclic compound 56 with

3-Aminobenzofurans with substituents of different electronic
nature at positions 5 or 6, as well as different protecting groups
at the nitrogen such as Ts, Ns or Ms also yielded good results.
Regarding the acyl imidazole component, electron-rich and
electron-poor aryl substituents, heterocycles, alkenes, alkyl or
CF; attached to the B-position of the double bond delivered
excellent results in terms of enantioselectivity (85-96% ee) and
conversions. The authors also showed that 2-acylpyridine deri-
vatives can be used as electrophiles obtaining good results.
Gram scale reactions were also successful, delivering the
desired product in 95% yield and 95% ee, with only 0.5 mol%
catalyst loading. Interestingly, the acylimidazole moiety can be
converted into an aldehyde or ester without compromising the
optical purity of the sample. The authors proposed a plausible
mechanistic pathway, where the rhodium catalyst activates the
2-acyl imidazole 27 through bidentate N,O-coordination facil-
itating the attack of the 3-aminobenzofuran 54 from the Re-
face.

In a report presented by the group of Biju in 2020, an NHC
catalyst was used for the enantioselective C2-functionalization
of 3-aminobenzofurans 54 with 2-bromoenals 22 (Scheme 34).**
The intermediate chiral dihydropyridinones 58 were ring-
opened with Mg/MeOH to obtain the corresponding d-amino

Ar o —|+_PF6
8 tBu
N
.| WNCMe
e
| “SNeMe
¥
tBu
NHSO,R? o Ar= 3,5-(CF3),Ph o R
o 1 o)
R1® X RB% Cat.O (10mol%) R \I P
T
Z~0 27 o / csyco, NHSO,R? )=N
R THF, 25 °C 4N
54 57 RN
_ _ 76-99%
87-98% ee
Ar o
S tBu
N —
o | i VR
‘Rh P
| 0

(I \ g3
~
Bu Re-face approach
Ar O o]
N Y
Ry

\ —
SO,R?

Scheme 33 Chiral Rh-catalyst for the addition of 3-aminobenzofurans
54 to 2-acylimidazoles 27.
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Scheme 34 NHC-catalyzed reaction between 3-aminobenzofurans 54
and 2-bromoenals 22.

acid derivatives 59 in moderate to excellent yields (40-94%) and
good to excellent enantioselectivities (72-98% ee). The authors
tested the reaction with a wide range of bromoenals 22, with
different aryl, heteroaryl and alkyl substituents at the f-
position. Interestingly, if the treatment with Mg/MeOH is not
performed, the chiral intermediates dihydropyridinones 58 can
be isolated in high optical purity (74-98% ee), although with
diminished yields (44-79%).

5.3 Formal [3+3] cyclizations using 5-aminobenzofurans

The first formal [3+3] cycloaddition through an enantioselective
conjugate addition with 3-aminobenzofurans 54 to o,f-
unsaturated aldehydes was reported by the group of Yang and
Deng in 2018 (Scheme 35).*> A prolinol organocatalyst Cat. P
served for the activation of enals 24 towards the nucleophilic
addition of 3-aminobenzofurans, delivering the aza-[3+3]
cycloaddition products 60 in high yields (49-95%) and with
excellent enantioselectivities (91-99% ee). The method was
effective with enals having either an aryl or an alkyl substituent
at the B-position, although when the substituent was an alkyl
group the corresponding products were obtained with moder-
ate yields (49-55%). The authors also tested different substi-
tuted 3-aminobenzofuran derivatives 54 at C-5, C-6 and C-7
with excellent results in yields and perfect enantioselectivities
(99% ee in almost all cases). The reaction also tolerates scale up
to multi-gram amounts. The authors proposed a plausible
transition state model where the chiral secondary amine Cat.
P activated o,B-unsaturated aldehyde 24 generating the

=
Ph
Ts, =OH

N oTBS ;
NHTSs H N
_ e} Cat. P (20 mol%) / N
N\ —_— L | 2
R1©E> C RSy MeCN, 0 °C R0 R

st 2 3,5-(NO,)CqH3COH 60
49-95%

[ ] 91-99% ee

1) enamine/iminium
transformation

2) hydrolysis and
cyclization

Ts

2 N Ph
CNFT ot
R T\ Int. XvH
\ > ——
® Si-face attack 7 N0 Int. xvill

%

Scheme 35 Prolinol-catalyzed enantioselective addition of 3-amino-
benzofurans 54 to enals 24.
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61 THF, 25 °C
54 Ar=4-NO,CgH,

69-95%
94-99% ee

Scheme 36 NHC-catalyzed addition of 3-aminobenzofurans 54 to B,B-
disubstituted o,B-unsaturated esters 61.

iminium ion Int. XVII which enabled a Si-face attack by 54 to
give intermediate enamine/iminium Int. XVIIL. This intermedi-
ate underwent a reversible enamine/iminium transformation
followed by spontaneous hydrolysis and intramolecular cycliza-
tion to afford cyclic chiral hemiaminal 60.

3-Aminobenzofuran nucleophiles 54 can also be reacted
with B,B-disubstituted o,B-unsaturated esters 61 by means of
NHC-catalysis, as reported by the group of Xu and Chen
(Scheme 36)."° The final products 62 bearing a quaternary
stereocenter were obtained in moderate to excellent yields
(69-99%) and excellent enantioselectivities (94-99% ee). A
number of esters 61 with different substitution patterns at
the B-position were tested, obtaining good results indepen-
dently of the electronic character of the substituents (94-99%
ee). The reaction also tolerates substituents at the C-5 and C-6
of aminobenzofurans 54. The absolute configuration of the
products was established by X-ray crystallographic analysis and
a 3 mmol scale reaction was performed, obtaining the product
in 91% yield and with 98% ee. The tosyl protecting group can
be removed using Na/naphthalene and the obtained secondary
lactam was treated with DIBAL-H generating a dihydropyridin-
3-one by benzofuran ring opening.

The authors propose a mechanistic pathway for the formal
[3+3] cycloaddition reaction that is depicted in Scheme 37. The

ArO”
R4
/=N 9
—N__N*.
R2 =N~ 37X N
N R q >
N/
(0] Ve
N4 Int. XIX
0 R,
Int XXI
= NHR?
/=N
=N N\
H transfer o

conjugate 1,4-addition

Scheme 37 Proposed mechanism for the synthesis of §-lactams 62.
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Scheme 38 Enantioselective formal [3+3] annulation reaction of 3-
aminobenzofuran 54 with 2-alkynylenones 63 catalyzed by a chiral
thiourea.

chiral NHC Cat. ent G activates the electrophile by the for-
mation of an acylazolium Int. XIX. Then, the nucleophile adds
selectively to the f-carbon of Int. XIX, generating Int. XX with a
quaternary stereocenter. Subsequent lactamization of Int. XXI
generates the observed o-lactams 62 and regenerates the
catalyst.

Zhou’s group described in 2021 the reaction between
3-aminobenzofurans 54 with 2-alkynyl enones 63 to obtain
tetracyclic compounds 64 using a quinine-derived thiourea
Cat. N as the catalyst (Scheme 38).” The corresponding dihy-
dropyridines 64 were obtained in moderate to good yields
(43-82%) and with high to excellent enantioselectivities
(83-99% ee). The authors tested several 2-alkynyl enones 63.
Analyzing the results, for the alkynyl moiety in substrate 63,
both electron-rich and electron-deficient substitutions at the
ortho, meta or para position in the aromatic rings were toler-
ated, giving products 64 in good yields with excellent ee values
(up to 92%). When aliphatic substituents such as n-butyl and
cyclopropyl were incorporated, due to the low reactivity, a
higher temperature (60 °C) had to be applied to achieve better
conversions, and the products were obtained with lower yields
(43% and 50%, respectively), but with good enantiomeric
excesses (92% ee and 83% ee, respectively). The ring size of
substrate 63 was also evaluated under the standard reaction
conditions, and cyclopentenone- and cycloheptenone-derived
2-(1-alkynyl)-2-alken-1-ones 63 gave the corresponding fused
products 64 with slightly lower yields and enantioselectivities
compared with the cyclohexanone. Substituents at C-5 and C-6
were tolerated in nucleophiles 54, and good results were
obtained independently of the electronic character of the sub-
stituents. More than a gram of final product was obtained when
the reaction was scaled-up to 3 mmol (71%, 95% ee).

As reported by the group of Zhou and Xu, the formal [3+3]
annulation occurs as depicted in Scheme 39 where the chiral
thiourea Cat. N acts as a bifunctional organocatalyst. The
conjugated addition of the heterocycle to the thiourea-
activated enone forms a new C-C bond (Int. XXII) and after a
proton transfer, an allenyl ketone intermediate Int. XXIII is
formed. After a rearomatization, this intermediate (Int. XXIV)
undergoes cyclization to form the new heterocycle Int. XXV,
after the addition of the amino group to the sp carbon in the
allene. Finally, y-protonation of intermediate Int. XXV afforded
the polycyclic 1,4-dihydropyridine 64 and releases the catalyst.

In 2024, the group of Wang reported the reaction between 3-
aminobenzofurans 54 and isatin-derived enals 25, using an NHC
catalyst (Cat. ent G) under oxidative conditions (Scheme 40).*®

This journal is © The Royal Society of Chemistry 2024
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Scheme 39 Proposed mechanism for the formal [3+3] annulation with
alkynyl enones.
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Scheme 40 NHC-catalyzed asymmetric formal [34+3] annulation

between 3-aminobenzofurans 54 and isatin-derived enals 25.

3,4-Piperidinoyl spirooxindoles 65 with a quaternary stereocenter
were obtained in good yields (80-89%) and high enantioselec-
tivities (80-97% ee). This strategy permitted a wide range of
substituted isatin derivatives possessing diverse electronic prop-
erties, as well as either a benzyl, phenyl or methyl protecting
group at the N1 position of 25. Regarding the nucleophile 54, the
authors only tested 3-aminobenzofurans substituted at C-5 and
C-6. The authors suggested a mechanism in which the reactive
a,B-unsaturated acylazolium is generated by oxidation of the
Breslow intermediate formed by the addition of the catalyst to
the enal similar to the mechanism depicted in Scheme 16.

6. Electrophilic functionalization of
3-aminobenzothiophene

Benzothiophene is another electron-rich heteroaromatic com-
pound that exhibits interesting biological activities and is
present in several drugs.*® Although benzothiophenes have an
electron-rich heteroaromatic framework, they have been much
less studied in electrophilic enantioselective functionalization

Chem. Commun., 2024, 60, 12270-12286 | 12283
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Scheme 41 Chiral Rh-catalyzed the asymmetric addition of 3-amino-
benzothiophene 66 to 2-acylimidazoles 27.

than other heteroaromatic compounds. There are few examples
reported in the literature using the strategy of the incorporation
of an amino group at the C-3 position to increase the nucleo-
philicity of this heterocycle.

6.1 Enantioselective 1,4-addition of 3-aminobenzothiophenes

There is one example of the addition of 3-aminothiophene 66 to
2-acylimidazoles 27 (Scheme 41) catalysed by the chiral-at-
metal rhodium(i) complex Cat. O obtaining the corresponding
product 67 in 76% yield and 76% enantiomeric excess."®
Compared with 3-aminobenzofurans, 3-aminothiophene 66
gave poorer results.

In the report presented by the group of Biju,** for the
enantioselective C2-functionalization of 3-aminobenzofurans 54
with 2-bromoenals 22, they also reported three examples using
3-aminothiphene derivatives 66 obtaining similar yields for com-
pounds 68 but lower enantioselectivities (64-88% ee) than when
3-aminobenzofuran derivatives were used (Scheme 42).

6.2 Formal [3+3] cyclizations using 3-aminobenzothiophenes

In the reported methodology by Yang and Deng,*’ the nucleo-
philic addition of 3-aminobenzothiophenes to enals catalyzed
by the prolinol organocatalyst was also evaluated (Scheme 43).
In this case, the authors re-optimised the reaction conditions
using Cat. Q as an organocatalyst and EtOAc as the solvent and
performing an acetylation to facilitate purification and char-
acterization of the reaction products 69. Under these condi-

tions, the corresponding [3+3]-cyclization products 69 were

O 1)Cat. G (5 mol%), HTs
R NHTs DABCO, LiOAG,0°C 0°C
N\ + A H \
Br 4 A MS, Toluene, 25 °C
s Mmeo ” 2) Mg, MeOH, 25 °C Q
66

R= H, Me, Br R=H, 98% 88%ee  OMe
R= Me, 96%, 84% ee
R= Br, 70%, 64% ee

COo,Me

Scheme 42 NHC-catalyzed the
thiophene 66 and 2-bromoenals 22.

reaction between 3-aminobenzo-

Ar
EHAr

N ™
N OTMS

Ar=3,5-(t-Bu),CeHs :OAC

NHTs 1) Cat. Q (20 mol%)

R O DMAP, EtOAc, 0°C
S o
» H  2)Ac0 (1.5 eq), O
DMAP (10 mol%)
66 Br 2 EtsN (2 eq), DCM, rt 69 Br
R=H, 87%, 82% ee
R=H, Me, Br R= Me, 85%, 85% ee

R=Br, 81%, 81% ee

Scheme 43 Prolinol-catalyzed addition of 3-aminobenzothiophenes to
enals 24.
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Scheme 44 NHC-catalyzed oxidative annulation between 3-amino-
benzothiophene and isatin-derived enals.

obtained with lower results compared with aminobenzofurans
(81-87%, 81-85% ee).

In the described synthetic method by Wang in 2024,
3-aminobenzothiophene was also evaluated as a nucleophile,
in the [3+3] annulation with isatin-derived enals catalysed
by chiral NHC catalyst Cat ent G. The corresponding 3,4-
piperidinoyl spirooxindoles 70 were obtained in 80% yield with
91% ee (Scheme 44). This result is similar to that obtained with
3-aminobenzofuran.

7. Electrophilic functionalization of
3-aminoindole

Indoles are the most studied heteroaromatic compound in the
asymmetric functionalization with electrophiles,” and the most
reactive position in this scaffold is the C-3 carbon. However,
there are several strategies to functionalize the C-2 position.>°
The introduction of an amino group at the C-3 position can be
used for the asymmetric functionalization at the C-2 position of
indoles. In fact, there is one example using this strategy
reported by Du and his group in 2022. They investigated the
nucleophilic addition of 3-aminoindoles 71 to bromoenals 22
catalyzed by NHC catalyst Cat. G (Scheme 45).>" The corres-
ponding d-carbolinones 72 were obtained in moderate to
excellent yields (63-95%) and excellent enantioselectivities in
most of the cases (82-98% ee). In this methodology a wide
range of o-bromoenals 22 were tested, obtaining the corres-
ponding products 72 with good results when the B-substituents
are aryl or heteroaryl groups, but the reaction did not take place
when an alkyl group is present. Interestingly, the same pro-
ducts can be obtained using simple cinnamaldehyde under
oxidative conditions, using 1 equivalent of a diphenoquinone
(DQ) as the oxidant. The authors proved the scalability of the
process up to 1 mmol scale and they showed that the tosyl
protecting group can be removed by treatment with SmI,.

NHTs o] 1) Cat. G (10 mol%),
o e NN DABCO
N Br 4 AMSs, DCM, 1t
71 R? 22
63-95%
82-98% ee

Scheme 45 NHC-catalyzed oxidative [3+3] annulation between 3-amino-
indoles 71 and a-bromoenals 22.
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Conclusions

As summarized in this review, we have shown that highly remark-
able and important nitrogen heteroaromatic compounds such as
pyrazoles, isothiazoles and isoxazoles can be functionalized with
electrophiles in an estereoselective way by the introduction of an
exocyclic amino group. Several successful electrophilic functionaliza-
tion methodologies for the enantioselective synthesis of these chiral
nitrogen heterocycles have been described in the literature over the
last four years. Most of the developed methods used organocatalysis
to achieve this goal. Generally, the examples reported involve the
nucleophilic 1,4-additions of these nitrogen heterocycles to o,p-
unsaturated aldehydes using chiral NHC catalysis followed by an
intramolecular lactam formation leading to a formal [3+3] cycloaddi-
tion. Interestingly, three atroposelective arylations have been
described through organocatalytic 1,4-additions using quinone deri-
vatives or azonaphthalenes as electrophiles. Moreover, several 1,2-
additions to ketimines have been described. However, the number
of electrophiles is still low (activated ketimines, quinone derivatives,
ao,B-unsaturated aldehydes, o,B-unsaturated 2-acyl imidazoles or B,y-
unsaturated o-ketoesters). Therefore, there is still room for the
development of new electrophilic functionalization reactions using
other electrophiles such as ketones and activated ketones, aldehydes,
aldimines, nitroalkenes or simply o,B-unsaturated ketones. Regard-
ing N-heteroaromatic compounds, aminopyrazoles and aminoisox-
azoles have been the most explored nucleophiles, while the use of
5-aminoisothiazoles is still underdeveloped with only one example
described in the literature. Therefore, there are future possibilities of
research with this nitrogen heterocycle.
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