
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
ok

to
be

r 
20

23
. D

ow
nl

oa
de

d 
on

 2
1.

 0
2.

 2
02

6 
09

:2
7:

16
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Skeletal rearrang
Department of Chemistry, Indian Institute of

110016, India. E-mail: srr@chemistry.iitd.a

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d3sc04447e

Cite this: Chem. Sci., 2023, 14, 12541

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th August 2023
Accepted 13th October 2023

DOI: 10.1039/d3sc04447e

rsc.li/chemical-science

© 2023 The Author(s). Published by
ement through photocatalytic
denitrogenation: access to C-3 aminoquinolin-
2(1H)-ones†

Swati Singh, Gopal Chakrabortty and Sudipta Raha Roy *

The addition of an amine group to a heteroaromatic system is a challenging synthetic process, yet it is an

essential one in the development of many bioactive molecules. Here, we report an alternative method for

the synthesis of 3-amino quinolin-2(1H)-one that overcomes the limitations of traditional methods by

editing the molecular skeleton via a cascade C–N bond formation and denitrogenation process. We

used TMSN3 as an aminating agent and a wide variety of 3-ylideneoxindoles as synthetic precursors for

the quinolin-2(1H)-one backbone, which demonstrates remarkable tolerance of sensitive functional

groups. The control experiments showed that the triazoline intermediate plays a significant role in the

formation of the product. The spectroscopic investigation further defined the potential reaction pathways.
Introduction

Selective inclusion of amine functionality on the N-hetero-
aromatic ring is always a fascinating tool for pharmaceutical
industries as it is present in one-third of small-molecule mar-
keted drugs.1 In this regard, as a prominent heterocycle, 3-
aminated quinolin-2(1H)-one, exhibits impressive pharmaco-
logical effects, including anticancer activity,2 KCNQ2 channel
opener,3 neuronal maxi-K channel activator,4 antitubercular
agent and inhibitor of the Hsp90 protein (Scheme 1a).5 More-
over, selective N-heteroaromatic amination can also be
a building block of diverse synthetic scaffolds.6 Conventionally,
introducing an amine group on the quinolin-2(1H)-one ring is
conducted by electrophilic aromatic nitration and subsequent
reductive hydrogenation (Scheme 1b).7 The regioselectivity in
this procedure must be precisely controlled, and it demands
extremely acidic conditions.8 Other approaches that are
frequently utilized to synthesize 3-aminated quinolin-2(1H)-
ones are the Hofmann rearrangement of quinolinone-3-
carboxylic acid and the cyclization process of N-chloroacetyl-
ortho-aminobenzophenone derivatives.9 Later, Messaoudi and
group disclosed the copper-catalyzed approach for 3-amino-
quinolinones from 3-bromoquinolinones at elevated tempera-
tures (Scheme 1b).10 As a result, it continues to motivate the
synthetic community to develop new methodologies to over-
come the associated challenges, such as harsh conditions and
site selectivity, and forgo prefunctionalized precursors.
Technology Delhi, Hauz Khas, New Delhi,

c.in

ESI) available. CCDC 2251989. For ESI
other electronic format see DOI:
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In recent years, skeletal editing has drawn attention in the
synthetic community to address inaccessible reactions and
maintain the selectivity that is difficult to achieve with periph-
eral C–H bond editing.11 To meet these demands, several efforts
have been made to synthesize pyridine scaffolds from pyrrole's
backbone, including the well-known Ciamician–Dennstedt
rearrangement, which provides 3-halopyridines through the
haloform-derived carbene. The Dimroth rearrangement is yet
Scheme 1 Photoinduced C-3 amination of quinolin-2-ones and the
reported approaches.
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Table 1 Optimization of the reaction conditions for the amination of
3-ylideneoxindoles with azidotrimethylsilanea

Entry Variations from above Yieldb (%)

1 None 82
2 PC1 instead of PC4 40
3 PC2 instead of PC4 n.r.
4 PC3 instead of PC4 n.r.
5 DABCO/DIPEA/K2CO3 instead of DMAP 33/63/34
6 DCE/tBuOH instead of CH3CN 41/42
7 MeCN without the addition of 40 mL H2O 53
8 NaN3 instead of TMSN3 n.r.
9 No DMAP n.r.
10 No PC4 Trace
11c No light n.r.

a Reaction conditions: unless otherwise specied, 3-ylideneoxindoles
(1a) (0.2 mmol), 2 (0.4 mmol), DMAP (0.24 mmol), and PC (2 mol%)
in 40 mL of water and 1.6 mL solvent irradiated with a blue LED (455
nm) for 24 h under an argon atmosphere. b yields determined by
NMR using trichloroethylene as a standard. c Under dark conditions.
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another skeletal editing reaction in which the endocyclic and
exocyclic nitrogen substituents switch their place to form a six-
membered N-heterocycle.12 Similarly, synthetic procedures
using an isatin moiety as a skeletal editing precursor have been
reported for the synthesis and subsequent functionalization of
quinolin-2-ones.13 Encouraged by these skeletal editing strate-
gies, we envisioned that easily accessible 3-ylideneoxindoles
could also serve as a synthetic precursor for the quinolin-2-one
backbone, and thus, the development of a method for obtaining
selective 3-aminated quinolin-2(1H)-ones from 3-ylideneox-
indoles under milder conditions remains an intriguing
objective.

Moreover, with the ability to act as electrophilic, nucleo-
philic, and radical acceptors, azides are a potent synthon for
introducing amines into the organic framework through the
irreversible expulsion of dinitrogen.14 Additionally, it has been
demonstrated that azides efficiently undergo a 1,3-dipolar
cycloaddition reaction with alkenes and alkynes constituting
triazoline and triazole rings, respectively.15 However, the feasi-
bility of using azide as an amine precursor in skeletal editing
has not been extensively investigated. Thus, while the syner-
gistic effect of the cycloaddition and ring expansion process for
amination is appealing, converting the intermediate triazoline
ring into an amine moiety at ambient temperature is still
challenging.16 Our perception was that the inclusion of a pho-
tocatalyst would turn the nucleophilic skeletal expansion
process into a radical one, making the endeavor possible. The
discovery by Li and Yang of visible-light mediated deni-
trogenative coupling using benztriazoles for radical amination
provided strong support for our hypothesis.17 Here, we present
a novel photoinduced skeletal expansion strategy for regiose-
lective denitrogenative amination to access C-3 aminoquinolin-
2(1H)-ones (Scheme 1c).

Results and discussion

To evaluate the viability of the photoinduced amination process
along with the search for suitable reaction conditions, we
initiated our investigations employing ethyl (E)-2-(1-methyl-2-
oxoindolin-3-ylidene)acetate (1a) as a model substrate and azi-
dotrimethylsilane (TMSN3) (2) as an aminating agent (Table 1,
see the ESI† for more details). Aer a thorough investigation of
commercially available photocatalysts (Table 1, entries 1–4), we
found that Ir(dFppy)3 (PC4), using 4-dimethylaminopyridine
(DMAP) as the base in MeCN/H2O mixed solvent and irradiated
with a 3 W blue LED, gave us the desired product 3a in an 82%
yield. With [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (PC1), however, the
desired product was obtained in a yield of 40%. The desired
product could not be obtained using alternative photocatalysts,
including Ru(dtbbpy)3(PF6)2 (PC2) or MesAcr+BF4

− (PC3). We
found no signicant improvement when we replaced DMAP
with other common bases, such as the organic bases DABCO
and DIPEA or the inorganic base K2CO3 (Table 1, entry 5).
Subsequently, evaluation of different solvents, such as DCE and
tBuOH demonstrated that MeCN consistently produced
a higher yield (Table 1, entry 6). The addition of water was
notable, which had a substantial benecial effect on the
12542 | Chem. Sci., 2023, 14, 12541–12547
formation of 3a (Table 1, entry 7). In addition, when we used
sodium azide (NaN3) as an alternate aminating agent, it did not
provide the expected product (Table 1, entry 8). The signicance
of a base, a photocatalyst, and light on our model reaction
(Table 1, entry 9–11) to generate the desired aminated product
3a was implied by control experiments.

Furthermore, X-ray crystallography and NMR analysis
conrmed the formation of 3a and also helped us to pinpoint
the amine moiety on the quinolin-2(1H)-one ring. Though Croix
et al. revealed the cycloaddition-ring expansion of the 3-
substituted 1H-pyrrolo[2,3-b]pyridin-2(3H)-one derivative with
an azide source at elevated temperature under microwave irra-
diation, they produce mixtures of the two regioisomeric ami-
nated product 3- and 4-amino-naphthyridin-2(1H)-one
derivatives with less preference towards the 3-aminated one.18

Therefore, aer optimizing the reaction conditions, we
explored the scope of ethyl (E)-2-oxoindolin-3-ylidene acetate
derivatives to produce a 3-aminated quinolin-2(1H)-one deriv-
ative in order to establish the generality of the photoinduced
heteroaryl amination process (Scheme 2). To begin, we evalu-
ated our standard reaction conditions on a series of N-alkylated
3-ylideneoxindole derivatives in the presence of TMSN3. N-Iso-
propyl, N-benzyl 3-ylideneoxindoles, and N-cyclopropyl methyl
3-ylideneoxindoles, in addition to our model substrate 1a,
which afforded the corresponding aminated heteroarenes (3a–
d). Intriguingly, the cyclopropyl ring was preserved in the nal
product when ethyl (E)-2-(1-(cyclopropylmethyl)-2-oxoindolin-3-
ylidene)acetate was used. Furthermore, even an unprotected 3-
ylideneoxindole derivative was tolerated under optimized reac-
tion conditions and provided the desired product 3e in 85%
yield. In addition, N-alkyl groups containing double and triple-
bond functional moieties were preserved during the course of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of the 3-ylidene oxindoles. Reaction conditions:
unless otherwise specified, 3-ylideneoxindoles (1) (0.2 mmol), 2 (0.4
mmol), DMAP (0.24 mmol), and PC4 (2 mol%) in 40 mL of water and
1.6 mL acetonitrile irradiated with a blue LED (455 nm) for 24 h under
an argon atmosphere.

Scheme 3 Scope of the 3-ylidene oxindoles. Reaction conditions:
unless otherwise specified, 3-ylideneoxindoles (1) (0.2 mmol), 2 (0.4
mmol), DMAP (0.24 mmol) and PC4 (2 mol%) in 40 mL of water and
1.6 mL acetonitrile irradiated with a blue LED (455 nm) for 24 h under
an argon atmosphere.
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the photoinduced reaction, and moderate to good yields of the
desired products (3f–g) were obtained.

Also, 3-ylideneoxindoles containing N-alkyl group having an
electron-withdrawing substituent (–CH2CO2Et) were capable of
producing the aminated product (3h) with a yield of 72%. In our
optimized reaction system, N-phenyl 3-ylideneoxindoles fur-
nished the expected product (3i) with excellent yield. Unfortu-
nately, N-benzoyl 3-ylideneoxindoles failed to provide the
desired product (3j) in our developed strategy.

Then, we tried to understand the impact of the electronic
effect on our reaction strategy by anchoring electron-rich to
electron-poor systems with 3-ylideneoxindole derivatives. We
were gratied to nd that our developed protocol was successful
in producing good to excellent yields of the corresponding
product (3k–l) from 3-ylideneoxindoles bearing –Me and –OMe
groups. Moreover, 3-ylideneoxindoles substituted with –OCF3, –
F, –Cl, and –Br groups were well tolerated, affording the desired
3-amino quinolone derivatives (3m–q) in decent yield. It was
worth mentioning that the position of the halo groups on the
aromatic ring did not restrict the ring expansion process, which
was the crucial step in the synthesis of 3-amino quinolone
derivatives. To investigate the synthetic potential of our ami-
nation methodology in a more efficient manner, a tenfold scale-
© 2023 The Author(s). Published by the Royal Society of Chemistry
up reaction was conducted under optimized reaction condi-
tions, and to our delight, we obtained a 75% yield of the ami-
nated product 3a, demonstrating the practical applications of
our reaction system.

Subsequently, we studied the scope of various functionalities
on the olenic bond of oxindoles. As shown in Scheme 3, ester-
substituted 3-ylideneoxindoles with alkyl as well as aryl groups
were well tolerated in the system giving the desired product (3r–
u) with 71 to 87% yield.

Next, we examined the compatibility of benzoyl substitution
on the olenic bond of oxindoles to produce 3-amino-4-benzoyl-
1-methylquinolin-2(1H)-one (3v). It is crucial to recognize that
such moieties have never been synthesized. Subsequently, we
looked into the amination reaction using (E)-1-methyl-3-(2-oxo-
2-phenylethylidene)indolin-2-one attached with an electron-
donating (–OMe and –Me) group, which gave us good to excel-
lent yields of the desired compound (3w–x). Moreover, 3-amino-
4-phenyl-1-methylquinolin-2(1H)-one (3y) was also obtained by
the developed amination strategy with (E)-3-benzylidene-1-
methylindolin-2-one. When (Z)- and (E)-3-(4-
bromobenzylidene)-1-methylindolin-2-one were treated sepa-
rately with our optimized conditions, we were pleased to know
that a halogen (–Br) group substituted on the phenyl ring of the
olenic bond of oxindoles was well tolerated to give the ex-
pected product (3z) in good yield, regardless of the stereo-
chemistry of the 3-ylideneoxindoles. It is evident from the
literature that 3-benzylidene-1-methylindolin-2-one derivatives
could function as a photo-switch when exposed to light;19

therefore, photoisomerization of (Z)- and (E)-3-(4-
bromobenzylidene)-1-methylindolin-2-one during the opti-
mised reaction conditions cannot be ruled out to get the desired
product 3z (see the ESI†).
Chem. Sci., 2023, 14, 12541–12547 | 12543
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Scheme 4 Control experiments.
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The signicance of continuous visible-light irradiation was
also demonstrated by means of subsequent light on/off studies,
and the graph illustrates the requirement for light radiation for
Fig. 1 (A) Combined Stern–Volmer plot of a solution of PC4 (0.02 M) in
quencher. (B) Fluorescence quenching spectra of a solution of PC4 (0.02
progress data. (D–E) Surface spectral changes in the ReactIR reaction pro
~n 1556 cm−1, E), and 6 (~n 1317 cm−1, blue dotted line).

12544 | Chem. Sci., 2023, 14, 12541–12547
this skeletal editing approach (see the ESI† for details). The
reaction process and the purpose of the photocatalyst or other
additives were then investigated through a series of control
experiments (Scheme 4). When the model reaction was per-
formed using the radical scavenger BHT, the reaction was
completely suppressed, and the involvement of radical inter-
mediacy during this transformation was ascertained. Moreover,
the BHT-adduct of radical intermediate (4) was detected by HR-
MS (Scheme 4a).

In addition, we were able to detect the radical intermediate
adduct (5) by introducing 1,1-diphenylethylene into the model
reaction and analyzing an aliquot of the reaction mixture with
HR-MS (Scheme 4b). We then performed our model reaction
with and without PC4 in the dark for 3 h; in both cases, we
obtained a triazoline intermediate (6), which was isolated and
characterized by NMR spectroscopy, demonstrating that the
photocatalyst does not play a substantial role in this step
(Scheme 4c). In addition, when isolated triazoline interme-
diate (6) was used under optimized conditions, the desired
product was produced in 96% yield, providing additional
evidence that the reaction pathway included a triazoline
intermediate (Scheme 4d). Moreover, when we performed the
model reaction in the absence of the base, there was no
formation of any product aer 3 h (Scheme 4e). However, aer
24 h, we observed the 2 + 2 cycloaddition product 7 rather than
the desired product 3a, demonstrating the essential role of the
base.20
acetonitrile with 6 (blue line), DMAP (red line), and 2 (black line) as the
M) in acetonitrile with 6 (0.2 M) as the quencher. (C) ReactIR reaction

file for 1a decreasing (black line, ~n 1201 cm−1, D), 3a increasing (red line,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Synthetic applications of the amination reaction.
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To substantiate the results obtained from control experi-
ments, various spectroscopic studies were performed. UV-vis
studies exclude the possibility of complex formation between
PC4, 1a, TMSN3, and DMAP at the ground state (see the ESI†
for details). To ascertain the exact role of a photocatalyst
during this photoinduced skeletal rearrangement amination
process, we studied the steady-state emission spectra of the
photocatalyst (PC4) in the presence of TMSN3 (2), DMAP, and
the 6 separately and conceived the Stern–Volmer plot (Fig. 1A
and B). The sequential addition of 6 to a solution of PC4 (0.02
M) resulted in a steady decrease in the uorescence intensity
of PC4. In contrast, the sequential addition of 2 or DMAP
showed only a minor decrease in the emission intensity of
PC4. In addition, a higher level of quenching of PC4 emission
intensity was observed with 1a (see the ESI†), which further
supported the possibility of a [2 + 2] cycloaddition product as
a side product obtained during control experiments. However,
we can anticipate that the faster rate of triazoline intermediate
formation perhaps completely suppressed the [2 + 2] cyclo-
addition reaction as we observed from control experiments
(Scheme 4c and e). Furthermore, the Stern–Volmer plots of
PC4 with increasing concentrations of triazoline intermediate
(6), DMAP, and TMSN3 revealed that 6 contributes signi-
cantly to the steady-state uorescence quenching of PC4 in the
excited state.

In addition, in situ FTIR analysis revealed that as the reaction
progresses, there is rapid consumption of 1a to form triazoline
intermediates 6 (Fig. 1C–E). The reaction prole depicted in
Fig. 1C shows that the peak for 1a (black line, ~n: 1201 cm−1)
gradually decreases, whereas the peak for 6 (blue dotted line, ~n:
1317 cm−1) rst increased gradually and then decreased,
demonstrating the involvement of intermediate 6 which trans-
formed into the product 3a (red line, ~n: 1556 cm−1).

Based on the aforementioned mechanistic studies and
literature precedents, a plausible mechanism for the amination
Scheme 5 Plausible reaction mechanism for the photoinduced ami-
nation of 3-ylideneoxindoles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
strategy is depicted in Scheme 5. Initially, we reasoned that
TMSN3 reacts with H2O and DMAP generates an azide anion
(N3

−), which further participates in [3 + 2] cycloaddition with
the exocyclic olenic bond of 1a to generate the triazoline
intermediate 6. Then, upon irradiation with light, Ir(III) trans-
formed into Ir(III)* which was then involved in SET with the 6 to
form the triazoline radical cation A. This procedure conforms to
the results of the uorescence quenching experiment. Then, the
deprotonation of A with the assistance of DMAP leads to the
formation of the corresponding radical intermediate B.
Furthermore, the ring-expansion process facilitates the forma-
tion of another radical intermediate C, and, subsequently, the
elimination of nitrogen (N2) to generate an intermediate D,
which further rearranges and is involved in SET with a reduced
Ir(II) to produce anionic intermediate F. Finally, the protonation
process gave intermediate G followed by the enolization
process, which delivers the desired aminated product 3a.

Finally, the applicability of this skeletal rearrangement
reaction to synthesize C-3 aminoquinolin-2(1H)-one derivatives
was showcased by the post-transforming reactions (Scheme 6).
The decarboxylation of 3a produces 3-amino quinolin-2(1H)-one
(8), while benzoylation of the amine group yields the corre-
sponding amide product (9).21 In addition, the pharmaceutical
utility of our protocol was demonstrated by the synthesis of an
HSP90 protein inhibitor (10) in moderate yield.5b

Conclusion

In summary, an intriguing approach was disclosed for
peripheral editing of 3-ylideneoxindoles with TMSN3 driven by
visible light. This methodology utilized a step-economic and
milder approach for regioselective C-3 amination of quinolin-
2(1H)-one compared to the literature precedents, which
require elevated temperature or extreme acidic conditions.
Along with broad functionality on 3-ylideneoxindoles, the
benzoyl group and aryl group on the olenic bond of 3-ylide-
neoxindoles were also compatible providing the C-4 benzoyl/
aryl substituted 3-aminoquinolin-2(1H)-one. Mechanistic
investigation was carried out to comprehensively view the
reaction path and photocatalytic involvement in the skeletal
editing of the triazoline intermediate to deliver the 3-aminated
quinolin-2(1H)-one.
Chem. Sci., 2023, 14, 12541–12547 | 12545
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Data availability
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