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Enantioselective copper(i) catalysed (4 + 1)
cycloaddition of aza-o-quinone methides and
bromomalonates. Facile access to enantioenriched
indolines
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Optically active indolines are valuable structural motifs present in numerous naturally occurring and bio-
logically active molecules. Although several methodologies have been reported in the literature for the
synthesis of chiral indolines, many of them rely on the hydrogenation of indoles using expensive metal
catalysts. In this report, a copper(i)-catalysed enantioselective (4 + 1) cycloaddition of aza-o-quinone
methides (aza-o-QMs) with bromomalonates to access indolines is described. The reactive aza-o-QMs
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are generated in situ from simple and easily accessible 2-chloromethyl arylsulfonamides under basic con-
ditions, and subsequently undergo cyclization with the in situ formed bromomalonate anion to deliver
diverse chiral indoline derivatives in up to 69% yields and 96 :4 er. Scale up and further derivatizations
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Introduction

Chiral indolines are privileged scaffolds found in many
alkaloids'™ such as strychnine,” as well as in pharmaceutical
compounds such as physostigmine® and pentopril” (Fig. 1).
Structurally, indolines consist of a partially saturated skeleton
in which a benzene ring is fused to a pyrrolidine ring. The
benzene ring can interact with the hydrophobic residues of
proteins through van der Waals interactions, whereas the pyr-
rolidine NH is capable of forming hydrogen bonding inter-
actions with amino acid residues. Notably, in the indoline
structure, the two rings are non-coplanar, which increases
water solubility relative to the corresponding indole scaffold.®
Due to their exceptional bioactive properties, considerable
attention has been devoted in recent years to the development
of novel enantioselective methodologies for the synthesis of
chiral indolines.”** Among these, asymmetric hydrogenation
of indoles is one of the most explored approaches. These pro-
cesses offer significant advantages such as operational simpli-
city and atom economy; however, in many cases, they require
expensive rhodium,"*2° ruthenium®'™* and iridium®*?° cata-
lysts. Other approaches to access optically active indolines
involve their de novo synthesis from different precursors,
thereby avoiding the use of indoles as starting materials. This
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occurred without erosion of enantioselectivity, showing the robustness of this methodology.

strategy mainly relies on the construction of the pyrrolidine
ring through cyclization.*®®

Asymmetric cycloaddition constitutes an efficient and
atom-economical strategy for the synthesis of structurally
diverse cyclic derivatives, which are often difficult to access via
traditional synthetic methodologies utilizing readily available
starting materials.>* ! In particular, the (4 + 1) cycloaddition
of aza-0-QM with C1 synthons provides a highly efficient route
to construct indolines with precise stereocontrol. In this
context, decarboxylative cyclization strategies involving benzox-
azinanones under palladium(0)*> or copper(u)** catalysis have
been developed in recent years for the synthesis of chiral indo-
lines (Scheme 1a and b). In both methodologies, the enantio-
selectivity originates from the coordination of the metal cata-
lyst with the vinyl and alkynyl benzoxazinanone, respectively,
generating in situ a chiral polarized aza-o-quinone methide.
This intermediate then reacts through (4 + 1) cycloaddition
with sulfur ylides to afford 2,3-disubstituted indolines with
high enantioselectivity.

CO,Me

Pentopril (-)-Physostigmine

Strychnine

Fig. 1 Bioactive compounds bearing an indoline skeleton.
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Scheme 1 Previous related studies and proposed approach toward

optically active indolines.

On the other hand, in 2009, Stoltz and co-workers devel-
oped a stereoablative alkylation of 3-halooxindoles with malo-
nates (Scheme 1c).** The reaction proceeds via a pseudo aza-o-
QM intermediate, with a chiral copper(u) complex serving as
the catalyst. The complex not only increases the acidity of the
malonate but also provides a chiral environment, leading to
oxindoles with C3 all-carbon quaternary sterocenters in moder-
ate to excellent enantioselectivities. More recently, Han and co-
workers reported an asymmetric cycloaddition of stabilized
o-quinone methides and bromomalonate in the presence of a
phase transfer organocatalyst (PTC), yielding dihydrobenzofur-
ans with enantioselectivities ranging from moderate to excel-
lent (Scheme 1d).** This study demonstrates that bromomalo-
nate can serve as a C1 synthon, reacting with o-quinone
methides in a (4 + 1) cycloaddition.
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Drawing inspiration from these studies, and in line with
our research program on the synthesis of aza-heterocycles uti-
lizing aza-0-QMs as reactive intermediates,>® we envisioned
that an enantioselective (4 + 1) cycloaddition catalysed by
copper(u) salts could provide an efficient and straightforward
strategy for the construction of optically active indolines,
employing chloromethyl arylsulfonamides as aza-0-QM precur-
sors and bromomalonate as the C1 synthon (Scheme 1e).

Results and discussion

To initiate the investigation, and based on our experience in
cycloadditions involving aza-0-QM intermediates, N-(2-(chloro
(phenyl)methyl)phenyl)-4-methylbenzenesulfonamide 1a was
selected as the model substrate. Diethyl 2-bromomalonate 2a
was employed as the coupling partner, together with N,N-diiso-
propylethylamine (DIPEA) as the base, 20 mol% Cu(OTf), as
the catalyst, and bis(oxazoline) I as the ligand, using dichloro-
methane (DCM) as the solvent. The resulting reaction mixture
was stirred at room temperature for 18 h; however, analysis of
the crude reaction mixture revealed a complex mixture of pro-
ducts in this initial experiment (Table 1, entry 1). We next
examined different bases, such as Cs,CO;, K,CO; or DBU,
under the same reaction conditions. However, in all cases,
complex mixtures were observed (see full optimization in the
SI). To our delight, the use of sodium hydride as the base
afforded the desired indoline 3a, albeit as a racemic mixture
(Table 1, entry 2). Encouraged by this result, we then screened
a series of bis(oxazoline) ligands II-IV and a pyridine-oxazo-
line ligand V (Table 1, entries 3-6), observing the appearance
of enantioselectivity with ligands II, III and V. Among them,
ligand III bearing a phenyl substituent provided the highest
enantiomeric ratio (58:42 er). A subsequent temperature
screening with ligand III revealed that lowering the tempera-
ture enhanced the enantioselectivity (Table 1, entries 7 and 8),
with —20 °C giving the best result (68:32 er). We then per-
formed a solvent evaluation using a wide variety of solvents,
including toluene, ethyl acetate and MeOH (see full optimiz-
ation in the SI), which revealed that ethereal solvents were ben-
eficial for the reaction (Table 1, entries 9 and 10). In particular,
methyl tert-butyl ether (MTBE) provided the highest yield and
enantioselectivity (70% yield, 89:11 er). Reproducibility tests
under the latter conditions initially showed variations in yield
and enantioselectivity (see the SI). To circumvent this issue,
commercially available sodium hydride (90% purity) was used
instead of 60% NaH on paraffin. This subtle modification led
to a reproducible reaction, affording indoline 3a in 69% yield
and 95:5 er (Table 1, entry 11). Accordingly, the optimal reac-
tion conditions were established as follows: copper(u) triflate
(20 mol%) and bis(oxazoline) ligand III (20 mol%) with sub-
strate (1.0 equiv.), diethyl 2-bromomalonate (3.0 equiv.), and
MTBE as solvent at —20 °C for 23 h.

With the optimal conditions in hand, we explored the sub-
strate scope of the transformation (Scheme 2). First, we exam-
ined the influence of an electron-donating substituent at the

This journal is © The Royal Society of Chemistry 2026
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Table 1 Optimization of the catalytic reaction
O O
EtOMOEt
Br
2a (3 equiv.)
NaH (2.0 equiv.)
NHTs  Cu(OTf), (20 mol%) Is -
o L* (20 mol%) ©[>< 2
Solvent, 18 h { COEt
1a Ph Temperature, 3 A MS 3a Ph
rn
N N N N
I /'T Ph— 1 Ph
\—N N N N—/ N 0
Ph i Ph v v
Entry Base Ligand Solvent Temperature Yield® er’
1 DIPEA I DCM r.t. n.d. n.d.
2 NaH* I DCM r.t. 68 50:50
3 NaH°® 1I DCM r.t. 67 55:45
4 NaH* I DCM r.t. 66 58:42
5 NaH°® v DCM r.t. 77 50:50
6 NaH* \'% DCM r.t. 63 53:47
7 NaH°® 111 DCM —50 °C 31 67:33
8 NaH* I DCM —-20°C 30 68:32
9 NaH°¢ 11 Et,O —20 °C 52 81:19
10 NaH* 1 MTBE —20°C 70 89:11
11° NaH’ I MTBE —-20°C 69 95:5

Reaction conditions: Cu(OTf), (20 mol%), L (20 mol%) and 3 A molecular sieves (32.0 mg) were stirred in the solvent (0.1 M) at r.t. for 30 min.
Then 1a (0.1 mmol, 1.0 equiv.), diethyl 2-bromomalonate (0.3 mmol, 3.0 equiv.) and base (0.2 mmol, 2.0 equiv.) were added. The reaction
mixture was stirred for 18 h. “Isolated yields. ” The enantiomeric ratio was determined by analytical chiral HPLC. “60% NaH on paraffin was

used. ¢ 90% NaH was used. ° The reaction mixture was stirred for 23 h.

aromatic ring of aniline 1. A methoxy substituent at positions
4- and 3- led to indolines 3b and 3c, respectively, with dimin-
ished enantioselectivity. In contrast, the methyl substituted
aza-quinone precursors 1d-f delivered the corresponding indo-
lines with excellent enantioselectivities for 3d bearing a
methyl substituent at position 5- and with slightly lower
enantioselectivities for the 6- and 7-substituted derivatives 3e
and 3f. Next, we evaluated the effect of a fluoro substituent at
different positions of the aniline ring; in all cases, indolines
3g-i obtained with excellent enantioselectivities.
Similarly, the chloro substituted aza-0-QM precursor 1j led to
indoline 3j in 93:7 er and 62% yield. However, the analogous
substrates 1k and 11 bearing chloro or fluoro substituents at
the ortho position of the benzylic phenyl ring gave slightly
lower enantioselectivities in 3k and 3l. We also investigated
the influence of other electron-withdrawing groups on the
benzene ring. Derivatives 3m and 3n bearing CF; substituents
at positions 5- and 6- were formed in excellent enantioselectivi-
ties, whereas the analogous 5-nitroindoline 30 was obtained in

were

This journal is © The Royal Society of Chemistry 2026

63% yield and 82:18 er. The influence of the substituent at
the benzylic position of the chloromethyl arylsulfonamide was
also examined. The methyl substituted derivative 3p showed
high yield and enantioselectivity. Expanding the alkyl scope at
the benzylic position, an isopropyl-substituted aniline deriva-
tive led to indoline 3q in 60% yield and 95:5 er, while a sub-
strate bearing both an isopropyl group at the benzylic position
and a methoxy group on the aromatic ring produced 3r in 63%
yield and 83.5:16.5 er. This result is particularly noteworthy
when compared to that obtained for 1c, which bears a phenyl
group at the benzylic position; in that case, the enantiomeric
ratio of the corresponding indoline 3c is significantly lower
(60:40 er). Moreover, a butyl-substituted substrate 1s furn-
ished 3s in 90.5:9.5 er, while an allyl-substituted aza-o-QM
precursor 1t gave 3t in 92.5:7.5 er. Finally, we performed the
reaction with the extended-conjugation derivative 1u, which
afforded indoline 3u in a low yield and enantioselectivity
caused by the higher steric hindrance due to the extended con-
jugation of the aromatic ring.
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Scheme 2 Substrate scope. Reaction conditions: Cu(OTf), (20 mol%) and L Il (20 mol%) were stirred in MTBE (0.1 M) at r.t. for 30 min. Then the
mixture was cooled down to —20 °C and the substrate (0.1 mmol, 1.0 equiv.), diethyl 2-bromomalonate (0.3 mmol, 3.0 equiv.) and NaH (0.2 mmol,
2.0 equiv.) were added. The reaction mixture was stirred at —20 °C for 23 h. @ Scale up was performed on a 1 mmol scale.

Furthermore, we also studied the effect of the 2-bromomalo-
nate on the reaction. While the reaction of dimethyl 2-bromoma-
lonate with the aza-0-QM precursor 1a gave indoline 3v in 99%
yield and 70 : 30 er, diisopropyl 2-bromomalonate led to indoline
3w in 55% yield and 68: 32 er, indicating the reaction is sensi-
tive to a higher or lower steric hindrance of the malonate.

The absolute configuration of the newly formed -chiral
center was determined by X-ray diffraction analysis of 3i and

Org. Biomol. Chem.

3s, confirming the R-configuration in both cases. The configur-
ation of the remaining indolines was assigned by analogy.
Finally, a scale up of the model substrate 1a to the 1 mmol
scale afforded 3a in 61% yield with a 96:4 er, demonstrating
the robustness of the developed methodology.

It is worth noting that the synthesis of 2-substituted chiral
indolines has been widely explored using various precursors.®”
In contrast, installing a chiral centre at the 3-position is more

This journal is © The Royal Society of Chemistry 2026
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challenging, and in the few cases where it has been success-
fully achieved, the scope of substituents at this position is
limited. Furthermore, to the best of our knowledge, the syn-
thesis of optically active indolines bearing only a chiral centre
at the 3-position has not yet been reported using aza-o-
QM,*** highlighting the novelty of the transformation
reported herein.

To demonstrate the synthetic applicability of the syn-
thesized indolines, further derivatizations were carried out
(Scheme 3). First, reduction with lithium aluminium hydride
afforded diol 4 in 95% yield. Selective reduction of an ester
group was achieved using sodium borohydride as the reducing
agent in the presence of lithium chloride as the additive, yield-
ing derivative 5 in 64% yield as a single diastereomer.
Additionally, treatment with magnesium in methanol furn-

Ts f Ts
¥ o LiAIH, I§ o
(L CO,Et THF / OH

Ph 0°Ctor.t. Ph
3a 16 h
96t 4, 95% yield
“er 96:4 e.r.
Mg
NaBH,, LiCl
MeOH
THF, EtOH 60°C, 1h
16h

H
Ts
N, CO,Et / "COEt
OH Ph

= 6, 82% vyield
Ph 96:4 err.
5, 64% vyield 41dr.
955 eur.
Only major
diastereomer
observed

Scheme 3 Derivatizations of indoline 3a.

O 0}

.
i NaH, EtO)J\HJ\OEt Ts
NH & @EN><COZEt
cl
Cu(ll), Box { CO,Et

pe)
o

Scheme 4 Proposed mechanism.
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ished indoline 6, bearing a free NH group and a carboxylic
acid, in 82% yield with 4:1 dr. All transformations occurred
with retention of enantioselectivity.

A proposal for the mechanism is depicted in Scheme 4.
First, the chloromethyl arylsulfonamide is deprotonated by
NaH, generating the aza-0o-QM intermediate A with the release
of a molecule of hydrogen. On the other hand, based on
Evans’ studies,***" we propose that the bromomalonate is acti-
vated by the copper complex, which coordinates in a bidentate
manner, increasing its acidity. Furthermore, the copper
complex may also coordinate with the nitrogen atom of the
aza-0-QM intermediate, promoting an effective approach of the
bromomalonate toward the reactive methylene moiety. Upon
deprotonation of the bromomalonate by NaH, it is converted
into a nucleophile that reacts with the aza-0-QM intermediate
in an enantioselective fashion, leading to intermediate B,
which subsequently undergoes intramolecular cyclization to
afford indoline 3.

Conclusions

In this work, we report a copper(u)-catalysed enantioselective
(4 + 1) cycloaddition between in situ-generated aza-0-QMs,
derived from readily available chloromethyl arylsulfonamides
and bromomalonates, providing facile access to chiral indo-
lines under mild conditions. This method, which expands the
use of copper bis(oxazoline) complexes in asymmetric catalysis
for the synthesis of chiral indolines, features a broad substrate
scope, high enantioselectivity, and operational simplicity,
offering a practical and scalable route to indoline frameworks.
The developed methodology enables the synthesis of 3-substi-
tuted optically active indolines bearing a wide variety of substi-
tuents at this position. However, some limitations remain,
such as the use of electron rich substrates, which leads to
lower enantioinductions. Further derivatizations show the syn-
thetic applicability of the synthesized indolines, allowing
access to various alcohol derivatives and N-unsubstituted indo-
lines. Ongoing investigations in our laboratory aim to expand
this methodology toward the synthesis of novel heterocycles.
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