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Regioselective C-3-alkylation of quinoxalin-2(1H)-
ones via C—N bond cleavage of amine derived
Katritzky salts enabled by continuous-flow
photoredox catalysisT
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An efficient, transition metal-free visible-light-driven continuous-flow C-3-alkylation of quinoxalin-2(1H)-
ones has been demonstrated by employing Katritzky salts as alkylating agents in the presence of eosin-y as
a photoredox catalyst and DIPEA as a base at room temperature. The present protocol was accomplished by
utilizing abundant and inexpensive alkyl amine (both primary and secondary alkyl) and as well as this a few
amino acid feedstocks were converted into their corresponding redox-active pyridinium salts and
subsequently into alkyl radicals. A wide variety of C-3-alkylated quinoxalin-2(1H)-ones were synthesized
in moderate to high yields. Further this environmentally benign protocol is carried out in a PFA
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rsc.li/rsc-advances yields (72% to 91%) and shorter reaction times (0.81 min) as compared to a batch system (16 h).

conditions.* Yang and co-workers developed direct C-H cya-
noalkylation of quinoxalin-2(1H)-ones.” Wei® and Suryavanshi’
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Quinoxalin-2(1H)-ones represent a structurally privileged class
of heterocyclic skeleton and widely exist in various classes of
bioactive natural products, pharmaceutical agents and material
science.' In particular, installation of functional groups at the
C-3-position of quinoxalin-2(1H)-ones has attracted consider-
able attention from chemists because of its extensive utilization
in agrochemicals, pharmaceutical and organic materials and
because it exhibits significant bioactive properties including
antiviral, antidiabetic, antimicrobial, antibacterial, anticancer,
anti-inflammatory and protein kinase inhibitory activities.> A
few representative drugs with a quinoxalinone skeleton are
depicted in Fig. S1.1

Due to the wide range of applications in several fields, much
effective strategies targeting their synthesis have been estab-
lished,® such as introducing aryl, acyl, phosphonate, thioether,
trifluoromethyl and amino groups into C-3 position of quinox-
alin-2(1H)-ones to acquire valuably functional quinoxalin-2(1H)-
ones. However, C-H alkylation of quinoxalin-2(1H)-ones is still
under explored (Scheme 1). In this context, Qu and co-workers
reported alkylation, oxyalkylation and hydroxyalkylation of
quinoxalin-2(1H)-ones under micro-wave irradiation
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developed visible light induced transformations to deliver
functionalized quinoxalin-2(1H)-ones. Jin, He and Liu's group
achieved the alkylation of quinoxalin-2(1H)-ones via a visible-
light-driven decarboxylation process.® Roy's group also
explored the alkylation using di-ter¢-butyl peroxide (DTBP) as an
alkoxyl radical mediator for hydrogen atom transfer (HAT).°
More recently, Xuan et al. explored a method for alkylation of

o%
&
] /

Scheme 1 C-3-alkylation of quinoxalin-2(1H)-one derivatives in the
reported works and this work.
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quinoxalin-2(1H)-ones that utilizes 4-alkyl-1,4- dihydropyridines
(R-DHPs) as alkyl radical precursors via visible light photoredox
catalysis.’ Several research groups, including Zhang," Yu,"
Zhao," Li,"* Wang® and Yang'® were developed different strat-
egies for functionalizing quinoxalin-2(1H)-ones, which are well
documented in the current literature.

Despite these elegant achievements, several drawbacks still
remain in the previous reports including expensive starting
materials, longer reaction times, limited substrate scope and
use of transition metal catalysts. The ester alkyl groups cannot
be introduced into quinoxalin-2(1H)-one framework through
these methods. Thus it is also highly desirable to develop
a novel, environmentally benign, more sustainable and metal
free pathway to access C-3-functionalized quinoxalin-2(1H)-one
frameworks to further promote its application in drug discovery
and development. On the other hand, the generation of alkyl
radical precursors from naturally and widely abundant, inex-
pensive alkyl amine derivatives'” via cleavage of C-N bond are
less far investigated because of high bond dissociation energy
and high stability of inactivated C-N bonds.'® In 1980's, the
bench-stable Katritzky salts' discovered by Katritzky have
become an alternative and effective tool for the generation of
alkyl radical precursors through a single-electron reduction and
fragmentation via de-aminative pathway. Watson® and other
research groups have demonstrated the utility of these redox-
active amines as sources of alkyl radical precursors in C-H
arylation,”*  borylation,* allylation** and
dicarbofunctionalization.*

Photoredox catalysis has emerged as a flexible and powerful
platform for the manufacture of radical reactions via single-
electron-transfer (SET) process under mild reaction condi-
tions.”* To promote the organic transformations in a clean,
inexpensive, renewable pathway and as a part of our continuing
investigations with the visible-light photoredox organic reac-
tions,”” we herein disclose a novel, environmentally benign,
metal-free and continuous-flow photoredox protocol to access
C-3-alkylated quinoxalin-2(1H)-ones via C-N bond cleavage of
amine/amino acid derived Katritzky salts with low catalyst
loading under mild reaction conditions.

Accordingly, our initial investigation commenced with qui-
noxalin-2(1H)-ones (1) and alkyl amine derived Katritzky salt
(2a) as the model reaction substrates by using rosebengal
(2 mol%) as a photocatalyst (Table 1, entry 1). The reaction was
conducted in CH;CN solvent, N, atmosphere with 3 W blue LED
lamp irradiation at room temperature. To our delight, the
desired product 3a was obtained in 28% yield after 16 h (Table
1, entry 1). There was no further increase in the yield of the
product when the reaction time was further prolonged. The
structure of 3a was characterized by 'H and *C NMR and mass
spectroscopic studies. Encouraged by this result, a series of
photocatalysts such as eosin-y, Na,-eosin-y, rhodamine B,
fluorescein, TiO,, Ir(ppy); and acridine red were examined to
enhance the yield of the reaction (Table 1, entries 2-8). Among
the above photocatalysts examined, eosin-y was found to
demonstrate the highest catalytic activity leading to the desired
alkylated product 3a in 43% yield (Table 1, entry 8), which may
be accredited to stronger absorption capability of eosin-y in the

alkynylation,>
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Table 1 Optimization of reaction conditions in batch for alkylation of
quinoxalin-2(1H)-ones via C—N bond scission of amine/amino acid
derived Katritzky salts®

PC

Ph Base
@NIH . | +\ Ligsl?!w;:l:’rce @NI\@
21 0 Ph N _4Ph g 21 o)
1 2a 3a

Entry  Photocatalyst Base (equiv.) Solvent  Yield (%)”
1 Rose bengal — ACN 28

2 Tio, — ACN 13

3 Fluorescein — ACN 30

4 Ir(ppy)s — ACN 10

5 Acridine red — ACN 21

6 Na,-Eosin-y — ACN 33

7 Rhodamine B — ACN 26

8 Eosin-y — ACN 43

9 Eosin-y Na,CO; (2.0) ACN 58
10 Eosin-y Cs,CO; (2.0) DMF 53
11 Eosin-y 2,6-Lutidine (2.0)  DMSO 52
12 Eosin-y K,CO; (3.0) DMSO 51
13 Eosin-y DBU (2.0) DMSO 56
14 Eosin-y DIPEA (2.0) ACN 65
15 Eosin-y DIPEA (3.0) ACN 72
16 Eosin-y DIPEA (4.0) ACN 71
17° Eosin-y DIPEA (3.0) ACN 71
184 Eosin-y DIPEA (3.0) ACN 60
19¢ — DIPEA (3.0) ACN N.D.
20" Eosin-y DIPEA (3.0) ACN 60
218 Eosin-y DIPEA (3.0) ACN 57
22" Eosin-y DIPEA (3.0) ACN N.D.
23! Eosin-y DIPEA (3.0) ACN 67
24/ Eosin-y DIPEA (3.0) ACN 72
25* Eosin-y DIPEA (3.0) ACN 51

“ Standard reaction conditions: 1 (1 mmol), 2a (1 mmol), catalyst
2 mol%, base (3.0 equiv), solvent (3 mL), stirred for 16 h. 3 W Blue
LED light kept at a distance of 3 cm from the reaction flask. ” Isolated
yields. © catalyst 3 mol%. ¢ Catalyst 1 mol%. ¢ Catalyst was not used.

JThe reaction was carried out with white LED light source. & The

reaction was carried out with green LED light source. ” No light.
"2 mL of ACN was used.’ 4 mL of ACN was used. © The reaction was
carried out in an open atmosphere. N.D. = product 3a was not
detected on TLC. DBU = 1, 8-diazabicyclo [5.4.0] undec-7-ene, DIPEA
= N, N-diisopropylethylamine. All the reactions were performed in the
nitrogen atmosphere.

range of blue light. An improved yield of 3a was observed with
an additional base i.e., Na,CO; (Table 1, entry 9). This prompted
us to investigate the effect of various bases such as Cs,CO; in
dimethylformamide, 2,6-lutidine, K,CO; and DBU were in
dimethylsulfoxide, DIPEA in acetonitrile and it was found that
3.0 equiv. of DIPEA gave the best result (Table 1, entries 9-14).

3a could be obtained in 72% yield when 2.0 mol% of eosin-y
was used (Table 1, entry 15). Changing the amount of catalyst
used also did improve the yields further (Table 1, entries 17 and
18). Notably, in the absence of photocatalyst or light (Table 1,
entry 19 & 22) no product formation was observed. Further
experiment results revealed that the yield of 3a did not increase
when the source of light was changed to white LED or green LED
(Table 1, entries 20 & 21). And also investigated the reaction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with different concentrations (Table 1, entry 23 and 24). In
addition, low yield was observed when the reaction was con-
ducted in an open atmosphere (Table 1, entry 25). Finally, the
best yield (72%) was achieved by using 2 mol% of eosin-y as
a catalyst and 3.0 equiv. of DIPEA as a base at room temperature
under the irradiation of 3 W blue LED in nitrogen atmosphere
for 16 h (for details, see ESI Scheme S4+).

Under the optimized conditions, we then turned our atten-
tion to investigate the substrate scope of C-3-alkylation of qui-
noxalin-2(1H)-ones via C-N bond cleavage of amine derived
Katritzky salts under eosin-y catalyzed photoredox protocol and
the results are summarized in Table 2. At the beginning, we
evaluated the substrate scope with respect to quinoxalin-2(1H)-
Quinoxalin-2(1H)-ones bearing electron-withdrawing
(-Fluoro) as well as electron-donating (-Methyl) substituents
at 6 and 7 positions on phenyl ring underwent smoothly and
leading to the desired alkylated products in excellent yields
(Table 2, entries 3a-3e). Furthermore, quinoxalin-2(1H)-ones
bearing N-protecting groups such as alkynes, ketones and esters
were also successfully converted to the corresponding alkylated

ones.

Table 2 Substrate scope in batch reactor with respect to amine

derived Katritzky salts®
O
P
N” 0
Ri

3a-z and 3ab
and 3ac

Ph Eosin-y (2 mol%),
DIPEA ( 3.0 Equiv.)
Blue LED,CH,CN

+ —_—
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g ©
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Bn Me
3b (70 %)°
F. N,
TLLO
NS0
!
Bn
3e (85 %)
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Ph
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M hll DF lld 0 £ M Pll 0 Cl
Meb Bn Bn
b
3s (70 %)’ 3t (57 %)° 3u (71 %)

.
b S
i
N 0
Me T
3v (60 %)
coC
r;l 0
Bn

3y (0%)°

searellih voas

Ve
3w (65 %)°
Me
¢ OOCO
N"So N"So
- =
3ab (65%)°

32(0 %)

3x(s5%)”n
L
Me,
k// Me
3ac (66 %)®
“ Standard reaction conditions: all reactions were carried out on
0.3 mmol of 1a and 0.3 mmol of 2a and 3.0 equiv. of DIPEA and

2 mol% of eosiny in 3 mL of CH3CN. ”Isolated yields of
chromatographically pure products.
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products in good yields (Table 2, entries 3f-3h). We then eval-
uated the scope of this C-3-alkylation of quinoxalin-2(1H)-ones
with respect to amine derived Katritzky salts under our opti-
mized conditions. It was found that this reaction proceeded
smoothly with Katritzky salts bearing the benzyl groups with
either electron-withdrawing and electron-donating substituents
at ortho, para and meta positions on the phenyl ring and deliver
the alkylated derivatives in good to excellent yields (Table 2,
entries 3i-3w, 3ab, 3ac). This also indicated that there is no
effect of steric hindrance on this reaction. It is worth mention
that the hetero aromatic ring substituent was found to be well
tolerated affording the desired product in satisfactory yield
(Table 2, entries 3x). The reaction did not work well with the
corresponding Katritzky salts derived from cyclohexyl amine
when quinoxalin-2(1H)-ones protected with benzyl and methyl
groups (Table 2, entries 3y-3z). We attempted the reaction with
N-free quinoxalin-2(1H)-one, but it was unsuccessful. This may
be due to the extraction of proton from the N-free quinoxalin-
2(1H)-one in presence of base. In the case of phenyl amine
derived Katritzky salt, we are unable to get the desired product.
Electron withdrawing groups such nitro, cyano groups attached
quinoxalin-2(1H)-ones failed to give the desired alkylated
products. We then focused on the scope of Katritzky salts, which
have been synthesized from the corresponding amino acid
derivatives and the results showed that this reaction was well
compatible and furnished the desired alkylated products in
moderate to good yields (Table 3, entries 4a-4d). In addition to
this, quinoxalin-2(1H)-ones derived from natural products such
as o-vanillin and vanillin afforded the corresponding products
in excellent yields (Table 3, entries 4e-4f).

Remarkably, Katritzky salts derived from a broad range of
unactivated secondary alkyl amines such as cyclohexyl, cyclo-
pentyl, 2,3-dihydro-1H-indene and isopropyl functionalities
were compatible under the standard reaction conditions and
leading to the desired alkylated products in good to excellent
yields (Table 3, entries 4h-4n). In the case of different amine
acid derived Katritzky salts, we were unable to obtain the
desired alkylated products; a clear conversation of Katritzky salt
emerged on TLC to its by product, but the starting quinoxalin-
2(1H)-ones were not converted into desired alkylated products
(Table 3, entries 40-4q). 4-Methoxy benzyl amine derived
Katritzky salts failed to offer the desired alkylated product, this
may be due to electronic effect of the substituent. While in the
case of tertiary amines, we are unable to synthesize the Katritzky
salts.

Continuous-flow reaction

During the last decade, continuous-flow reactions have gained
significant attention from the researchers in academia and
industry due to increased productivity, selectivity, safety, yield
and scale-up possibilities.”® Particularly the usage of micro
reactors in photochemical reactions have emerged as alterna-
tives to batch chemistry because of their significant features
such as very high surface to volume ratio, high heat and mass
transfer efficiency and enhanced illumination homogeneity.*
Considering these advantages, a continuous-flow protocol for

RSC Adv, 2022, 12, 12235-12241 | 12237
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Table 3 Substrate scope in batch reactor with respect to in batch
reactor with respect to amino acid derived Katritzky salts (4a—4d) and
some complex molecules (4e—4f) and secondary alkyl amine derived
Katritzky salts(4h—4n)*

Ph Eosin-y (2 mol%),
DIPEA ( 3.0 Equiv.)
Blue LED, CH;CN

CE;I:

Me l:ie

4b (62%)° 4c (54%)°

fecacliveqs

SN

0. CHO °j©

4e (80%)° 4f (80%)°

@zr@ @[f@

0\

4d (64%)°

4h (60% )n 4 (62%)" 4j (54%)°

@cro Cif @EIQQIEQ

4K (60%)® 41 (62%)° 4m (54%)° 4n (54%)"
Me Me
@ENI\WO\W @NﬁO\Et @Nr\fowe
N"o © NNo © No ©
kl=n k|=h I\Ph

40 (0 %)® 4p (0 %)° 4q (0 %)°

“ Standard reaction conditions: all reactions were carried out on
0.3 mmol of 1a and 0.3 mmol of 2a and 3.0 equiv. of DIPEA and
2 mol% of eosin-y in 3 mL of CH;CN. ’Isolated yields of
chromatographically pure products.

the photoredox catalysed C-3 alkylation of quinoxalin-2(1H)-
ones was established. The optimal conditions established by
batch process were directly translated to a continuous-flow
microfluidic reactor and investigated. To this end, a contin-
uous-flow set up was arranged by employing two syringes, T-
mixer, syringe pump and PFA (id = 500 um, length = 2.5 m)
capillary micro reactor. Initially, the amine/amino acid derived
Katritzky salt and quinoxalin-2(1H)-ones, photocatalyst, base in
CH;CN solvent under nitrogen atmosphere were introduced
through two 5 mL NORM-JECT plastic syringes and introduced
into the photo micro reactor through a syringe pump which
were passing through T-mixer and further passed through
visible light transparent PFA capillary tubing wrapped over
a glass test tube and this capillary wrapped test tube was
exposed to irradiation with blue LED light source (For details,

12238 | RSC Adv,, 2022, 12, 12235-12241
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Table 4 Effect of retention time on photocatalytic de-aminative
radical alkylation of amine/amino acid derived Katritzky salts with
quinoxalin-2(1H)-ones in continuous-flow microreactor®

Glass
test tube

Blue LED

in ACN
PFA Capillary micro reactor <

3ain ACN
Flow rate (uLmin ")
la Residence time
Entry 2a + PC + Base (min) Yield (%)?
1 100 100 2.45 86
2 200 200 1.22 84
3 250 250 0.98 91
4 300 300 0.81 91
5 350 350 0.70 79
6 400 400 0.61 65
7 500 500 0.49 43

¢ Standard reaction conditions: all reactions were carried out on
0.3 mmol of 1a and 0.3 mmol of 2a and 3.0 equlv of DIPEA and
2 mol% of eosiny in 3 mL of CH;CN. ”Isolated yields of
chromatographically pure products. PFA microreactor with serpentine
microchannel (length 2.5 meter, width 500 pm)®.

see ESI Scheme S5%). Schematic illustration of the photo-
chemical reaction in flow micro reactor is depicted in Table 4.
By employing different flow rates, the efficiency of the reaction
was monitored over PFA capillary based micro reactor at various
residence times (Table 4). Gratifyingly, full conversion of 1a was
observed within 0.81 min residence time with flow a rate of 300
uL min~". Significant progress in the improvement of the yield
of the desired product 3a (91%) was also obtained when
compared to the batch reaction (72%) that took very long
reaction time (16 h).

This indicates that the narrow channel of the micro reactor
provides opportunity to enhance uniform irradiation of the
complete reaction mixture resulting in improved yield along
with shorter reaction time. To prove the prospective applica-
bility of the reaction, a gram scale reaction was carried out
under standard optimized reaction conditions. Notably, the
scalability procedure was established using 5 mmol of 1a,
5 mmol of 2a and PFA tubing (id = 500 um, length = 8 m) under
continuous-flow conditions over blue LED irradiation and
resulting in 80% yield of 3h (1.120 g). In addition, we also
employed our protocol for the synthesis of antidiabetic drug
candidate® 4g by further transformation of 3h as shown in
Scheme 2.

To unambiguously elucidate into the mechanistic details of
the present C-3-alkylation of quinoxalin-2(1H)-ones induced by
photocatalytic protocol, a few control experiments were carried
out in batch condition as shown in Scheme 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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S -

Eosin-y ( 2 mol%)
DIPEA ( 3 equv.), 3h
Blue LED, 40 mL (1.120 gr, 80 %)

(5.0 mmol 1.160 gr) (5.0 mmol 2.425 gr)

seqe

3h

LiOH/HCI
R

soqe
kgon

4g
(0.800 gr, 82 %)
Antidiabetic drug candidate

Scheme 2 Scale-Up experiment and synthetic application.

Eosin Y (2 mol%), R!
blue LED
N DIPEA (3 0 equlv)

BF,
R! J\R‘

2 Ry R
2 3 Recovery

73% 0%

N, H

cLX -
ll\l (¢]
Ry

No scavenger

TEMPO (1.5 equiv.) trace (< 5 %) 69%
TEMPO (3 equiv.) trace (< 5 %) 66 %

Scheme 3 Control experiments.

The detrimental effect on reaction output was observed
when we introduced 1.5 equiv. or 3 equiv. of 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) into the reaction mixture as a radical-
trapping agent because of the formation of alkylated TEMPO
product (detected by Mass, See ESI for details, Fig. S2t) and
a considerable amount of starting material was recovered.
These results clearly implied that the alkylation process might
proceed through a radical pathway. To know the quenching
property, we have conducted the UV-vis and photoluminescence
studies (see ESI for details, Fig. S31). As expected, the intensity
of excited state of eosin-y could be gradually quenched with the
increasing concentration of 2a. This suggests that an energy
transfer process exists between the eosin-y & 2a and resulted
amine/amino acid derived Katritzky salt (2a) could quench the
photoexcited eosin-y effectively.

Based on these controlled experiments and related literature
reports,***** a plausible reaction mechanism for this trans-
formation is illustrated in Scheme 4. Under the irradiation of
blue LED's, the photocatalyst eosin-y will be reversibly con-
verted into its excited state and generate the eosin-y* species.
Subsequently a single electron transfer (SET) from eosin-y*
species to 2a affords pyridyl radical A, which further undergoes
fragmentation to give alkyl radical C and a rearomatized pyri-
dine B with the generation of eosin Y'* complex.

The alkyl radical species C adds on to C-3 position of qui-
noxalin-2(1H)-one(1a), thus affording a nitrogen radical inter-
mediate D, which undergo 1,2-hydrogen shift to generate
carbon radical E. This intermediate E is oxidized by eosin-y"* to
produce the carbon cation intermediate F through a SET
manner to complete the redox cycle. Finally, the resulting cation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Plausible mechanistic pathway.

F undergo deprotonation in the presence of base to deliver the
desired alkylated product 3.

Conclusions

In conclusion, we have developed a new, environmental benign,
visible-light-induced continuous-flow pathway for the C-3-
alkylation of quinoxalin-2(1H)-one derivatives. Redox-active
pyridinium salts derived from abundant and inexpensive alkyl
amines (both primary and secondary) and few of amino acids
were used as alkyl radical precursors for the construction of C-3-
alkylated quinoxalin-2(1H)-one derivatives in the presence of
eosin-y catalyst under visible light irradiation at room temper-
ature. Moreover, this sustainable pathway was further carried
out in continuous-flow conditions using PFA capillary micro
reactor that probed the efficiency with higher yields and shorter
duration of reaction time ie., 0.81 min residence time
compared to the batch condition that took 16 h with slightly
little lower yields. A scale-up experiment was successfully
demonstrated by utilizing PFA capillary tube micro reactor.
Compared to the previous methods, the present novel protocol
has some advantages including simple operation, fast reaction
in continuous-flow manner, mild reaction condition and scal-
ability which makes this method a promising tool for the
synthesis of natural products and diverse bio-active molecules.
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