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A visible-light-induced chemoselective reactions of quinoxalin-2(1H)-ones with alkylboronic acids in the
presence of air (O,) and N, atmosphere was developed under transition-metal free conditions, provid-
ing 3-alkylquinoxalin-2(1H)-ones and 3,4-dihydroquinoxalin-2(1H)-ones, respectively. The overall strategy
accommodates a broad scope of substituted quinoxalin-2(1H)-ones and alkylboronic acids with good to

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Quinoxalin-2(1H)-one derivatives represent a privileged class
of nitrogen containing heterocycle that are extensively found in
pharmaceutical molecules, materials, agrochemical industries and
synthetic chemistry [1,2]. In particular, C3-substituted quinoxalin-
2(1H)-ones have attracted increasingly attention because of their
significant biological and pharmaceutical properties [3-5]. For in-
stance as shown in Fig. 1, Caroverine is known to be muscle relax-
ant agent [6], Opaviraline (GW-420867X) is endowed with anti-HIV
activity [7], and Ataquimast can be used to treat chronic obstruc-
tive bronchopulmonary disease [8]. Owing to their unique proper-
ties, numerous efforts have been devoted to the preparation of C3-
substituted quinoxalin-2(1H)-ones. In recent years, the direct C—H
functionalization of available quinoxalin-2(1H)-ones has emerged
as an efficient approach to C3-substituted quinoxalin-2(1H)-ones
and remarkable achievements have been accomplished, including
C3-selective alkylation [9-16], arylation [17-23], trifluoromethyla-
tion [24-27], amination [28-31], phosphonation [32-34], acylation
[35-39] and so on [40-43]. Despite these significant advances, to
the best of our knowledge, the application of quinoxaline-2(1H)-
ones as starting materials for divergent synthesis by simply switch-
ing between anaerobic and aerobic conditions has not been re-
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ported [44]. Considering of the relevance of alkyl groups in life
and materials sciences, the development of an efficient and mild
method to construct C3-alkylated quinoxalin-2(1H)-ones is still
highly desirable.

Visible-light-mediated photocatalysis has witnessed dramatic
developments over the past decade [45-51], and a number of ef-
ficient visible-light-mediated C—H functionalization protocols have
been explored [52-59]. In the recent years, a few examples on the
use of visible light to realize C3-selective alkylation of quinoxalin-
2(1H)-ones have been developed. In 2018, Wei and co-workers re-
ported metal-free visible-light-promoted alkylation of quinoxalin-
2(1H)-ones with simple ethers [13]. He et al. disclosed a de-
carboxylative alkylation of quinoxalin-2(1H)-ones with phenylio-
dine(Ill) dicarboxylates catalysed by Ru(ll) under photoinduced
conditions in 2019 [14]. Yang's group reported lately a practical
protocol for alkylation of quinoxalin-2(1H)-ones with hydrazines
under visible light irradiation [15].

After Frankland’s report in 1860, organoboranes were widely
introduced into the studies on the free-radical reactions [60-
63]. It is well known that alkylboronic acids have been grad-
ually used as low-toxicity and stable alkylation reagents, which
were introduced into quinone moieties [64-65] or N-heteroarenes
[66-69] (Schemes 1a and b). However, transition metal, oxi-
dant or strong acid are usually required in the reported exam-
ples. Very recently, Wang’s group accomplished a mild electro-
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Scheme 1. The reaction of alkylboronic acids as alkylation reagent.
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Fig. 1. Bioactive molecules containing quinoxalin-2(1H)-one motif.

oxidative method for the C3-alkylation of quinoxalin-2(1H)-
ones with alkylboronic acids and esters, and alkyl trifluorob-
orates (Scheme 1c¢) [70]. As part of our continuing efforts in
development of visible-light-promoted green synthesis [71-76],
we report herein a transition-metal-free photoinduced diver-
gent addition/C3-selective alkylation reaction of quinoxalin-2(1H)-
ones with alkylboronic acids under air (O;) and N, atmosphere,
which generated the corresponding 3-alkylquinoxalin-2(1H)-ones
and 3,4-dihydroquinoxalin-2(1H)-ones in high yields, respectively
(Scheme 1d).

Initial attempts at C3-selective alkylation were carried out by
using 1-methylquinoxalin-2(1H)-one (1a) and cyclohexylboronic
acid (2a) as a model reaction under various conditions (Table
1). When the reaction was conducted in the presence of photo-
catalyst Ru(bpy);Cl, under blue light irradiation for 12h in 1,2-
dichloroethane (DCE) at room temperature, the C3-alkylated prod-
uct 3a was obtained in 64% isolated yield (entry 1). We were de-
lighted to find that the reaction performed well without any pho-
tocatalyst (entry 2). Then, different solvents were screened and the
results suggested that N,N-dimethylformamide (DMF) is critical for
obtaining high yield (entries 3-8). When the reaction was carried
out in dark (entry 9), no product 3a was observed. When the reac-
tion was conducted under a nitrogen atmosphere, the yield of 3a
was 0% (entry 10), but afford another addition product 4a in 85%
yield. The structure of 4a has been characterized by '"H NMR and
13C NMR, and further confirmed by X-ray single crystal analysis
(Scheme 4). A 90% yield of 3a was achieved when an oxygen bal-
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Table 1
Optimization of the

@l@

reaction conditions.?

Photocatalyst

2 mol%) §
Sovlent rt.8h
CH3 3a CH

1a 3 4a .
Light Yield (%)
Entry Photocatalyst source Solvent 3a 4a
1 Ru(bpy);Cl,  440—445nm DCE 64 0
2 / 440-445nm DCE 61 0
3 / 440-445nm DCM 54 0
4 / 440-445nm PhCl 47 0
5 / 440—445nm MeCN 60 0
6 / 440-445nm THF 86 0
7 / 440—-445nm DMF 92 0
8 / 440-445 nm DMSO 79 0
9 / in dark DMF 0 0
10 |/ 440-445 nm  DMF 0 85¢
1 440-445 nm  DMF 90 0
12 380-385 nm  DMF 33 0
13 410-415 nm  DMF 64 0
14 | 420-425 nm  DMF 75 0
15 460-465 nm  DMF 68 0
16 |/ 480-485 nm  DMF trace 0
17 520-525 nm  DMF 0 0
18 |/ White light DMF trace 0
19 | 440-445 nm  DMF 60°,93 0
20 |/ 440-445 nm  DMF 80¢,92" 0

2 Reaction conditions: 1-Methylquinoxalin-2(1H)-one (0.20 mmol),
cyclohexylboronic acid (2 equiv., 0.40 mmol), solvent (2.0 mL) at room
temperature under LED irradiation in air for 12 h.

b Isolated yield.

¢ N, atmosphere.

4 0, atmosphere.

¢ 2a (0.20 mmol).

f 2a (0.60 mmol).

€ 10 h.

h 15 h.

loon was used instead of air atmosphere (entry 11). Further screen-
ing of light sources showed that the C3 alkylation of quinoxalin-
2(1H)-ones was drove by visible light, and blue LED (440—445 nm,
1.5 W) was the most effective light source for the reaction (entries
7 and 12-18). Finally, the ratio of 1a to 2a, and the reaction time
were optimized and presented in Table 1 (entries 19-20).

Having established the optimized reaction conditions, the gen-
erality of direct C3-alkylation of different substituted quinoxalin-
2(1H)-ones with alkylboronic acids was examined. First, as
shown in Scheme 2, a series of N-protected quinoxalin-2(1H)-
ones, including N-methyl, N-ethyl, N-benzyl, N-acetyate, N-2-0xo0-
2-phenylethyl, N-allylic, and N-propynyl, could react with cyclo-
hexylboronic acid (2a) and the corresponding products (3a-3g)
were obtained in good to excellent yields. Then, a wide range of
substituted 1-methylquinoxalin-2(1H)-ones were explored, and to
our pleasure, the substrates with electron-donating groups such
as MeO, Me or electron-withdrawing groups such as F, Cl, CFs,
CN, CO,Me, NO,, reacted smoothly to generate the anticipated
products (3h-3r) in high yields. In addition, quinoxalin-2(1H)-
one without N-protected group was also matched with the re-
action, providing the product (3s) in 72% yield. It is worth not-
ing that 2H-benzo[b][1,4]oxazin-2-one also underwent the alky-
lation reaction to generate the product 3t in 75% yield. En-
couraged by these results, reactions of various alkylboronic acids
(2) with 1a were carried out, and the results were also out-
lined in Scheme 2. When cyclopropylboronic acid, cyclobutyl-
boronic acid, cyclopentylboronic acid, isopropylboronic acid, sec-
butylboronic acid and tert-butylboronic acid were used as the
alkyl precursors, all reactions proceeded smoothly to produce the
expected products (3u—3z) in 56%-80% yields. Employing tert—
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Scheme 2. The reaction of 1 with 2 under air. Quinoxalin-2(1H)-one (1, 0.20 mmol), alkylboronic acid (2, 0.40 mmol), DMF (2.0 mL), at room temperature under 1.5W blue

LED (440-450 nm) irradiation for 12 h; isolate yield of the product.

butylboronic acid as one of the starting material, the reaction
occurred in moderate yield, steric hindrance has no obvious ef-
fect on the reaction. However, propylboronic acid and phenyl-
boronic acid could not deliver the corresponding products 3aa
and 3ab, and the staring material was recovered. Allyl and benzyl
boronic acids were used to react with 1a, the corresponding prod-
ucts, 3ac and 3ad were obtained in 86% and 79% yields, respec-
tively. To extend the substrate scope, alkylboronic esters, such as
2-cyclohexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2a’) and 2-
(tert-butyl)—4,4-dimethyl-1,3,2-dioxaborolane (2b’) were used to
react with 1a under the optimized reaction conditions, and no de-
sired product was observed. When trifluoroacetic acid (1.0 equiv.)
was added, the products 3a and 3z were obtained in 77% and 61%
yields, owing to the hydrolysis of esters. In addition, the reaction of
1a with 2-allyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2¢’) and 2-
benzyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2d’) generated the
products 3ac and 3ad in 81% and 73% yields (Scheme 3).

Subsequently, the substrate scope of the addition reaction in ni-
trogen atmosphere under the optimized reaction conditions (Table
1, entry 10) was investigated (Scheme 4). Most quinoxalin-2(1H)-
ones could react with alkylboronic acids to give the desired addi-
tion products in moderate to good yields.

The established reaction conditions can accommodate N-
methyl, N-ethyl, N-benzyl and N-2-oxo-2-phenylethyl quinoxalin-
2(1H)-ones, furnishing the products (4a-4d) in good yields.
Quinoxalin-2-ones with substituents at the phenyl ring under-
went smoothly and delivered the products (4e-4i) in 71%-86%
yields. Remarkably, disubstituted derivates were also suitable for
the transformation (4g-4i). The generality of alkylboronic acids
was also examined. The results were indicated that cyclopentyl-
boronic acid and isopropylboronic acid were compatible under the
optimal conditions, providing the products 4j and 4k in 68% and
72% vyield, respectively. The further study found that the current
reaction condition was also suitable for the addition reaction of
2H-benzo[b][1,4]oxazin-2-one with cyclohexylboronic acid, and the

440—445 nm

DMF (2 mL)

air,rt.,12h
TFA (1.0 equiv.)

3a, 77%

Ny 0

+ B,

N 0] 0
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. \O air,rt.,12h

2d Hs  3ad, 73%

Scheme 3. The reaction of 1a with alkylboronic esters under air.

product (41) was obtained in 77% yield. However, propylboronic
acid and phenylboronic acid failed to give the addition products
4m and 4n.

Considering the synthetic application of this method, the scala-
bility of the reaction was performed. A gram-scale experiment was
conducted using 1a (5.0 mmol) with 2a (10.0 mmol), providing 3a
in 78% yield (Scheme 5), which shows great potential of this photo-
induced reaction.

To further clarify the mechanism of this transformation, several
control experiments were conducted, as shown in Scheme 6. When
the model reaction was carried out in the presence of a radical
scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 2.0 equiv.)
under the standard conditions, the addition or substitution reac-
tion was completely inhibited, no 3a or 4a was observed and the
corresponding adduct (II) of cyclohexyl radical and TEMPO was de-
tected by HRMS analysis, suggesting that a radical process might
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Scheme 4. The reaction of 1 with 2 under N, atmosphere. Quinoxalin-2(1H)-one (1, 0.20 mmol), alkylboronic acid (2, 0.40 mmol), DMF (2.0 mL), at room temperature under

1.5W blue LED (440-450 nm) irradiation for 12 h; isolate yield of the product.
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Scheme 5. Gram-scale experiment.
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Scheme 6. The control experiments.

be involved in the reaction (Scheme 6a). Additionally, 4a can be
converted to 3a completely under blue LED (440-445nm) irra-
diation in presence of air (Scheme 6b). In order to understand
the role of oxygen in the reaction, the electron paramagnetic res-
onances (EPR) were recorded using 2,2,6,6-tetramethylpiperidine
(TEMP) and 5,5-dimethyl-pyrroline-N-oxide (DMPO) to capture 10,
and 02—, respectively, and the resulting EPR spectra are presented
in Fig. S1 (Supporting information). A strong characteristic signal of
an 0%~ adduct with DMPO was observed when DMPO was added
into a solution of 4a in air-saturated DMF was irradiated with LED
440-445nm. While no signal of the 10, adduct with TEMP was
found when the above solution was irradiated with a LED (440-
445 nm), illustrating that 02~ might be a key intermediate in this
transformation.

Based on the experimental results and literature reports [77-
79], a plausible mechanism is proposed as shown in Scheme 7.
First, 1a reacts with 2a to produce the complex I, which was ex-
cited by visible-light irradiation (blue LED) to generate the excited-
state (I*). Subsequently, a homolytic cleavage of the excited-state
I* generates a pair of radicals, and the cyclohexyl radical added to
C=N bond, generates a N-centred free radical, which then capture
a hydrogen atom from hydroxyl group, produces the addition prod-
uct 4a. Next, 4a acts as an electron donor to undergo SET to oxy-
gen, producing a new N-centred free radical Il and a hydroperoxyl
radical along with the deprotonation. Finally, capture of the hydro-
gen radical by hydroperoxyl radical from II produces 3a as the final
product.

HO, HO - N
: L QB(OH& o' B{> ho'k
CHy L
& | CH3

1a
J I*

)
107# o rof@

" -~
o e
CH3 3a

Scheme 7. The proposed mechanism.

CHy 4a CH3

Trapped by TEMPO
& detected by HRMS

Detected by EPR

In summary, we have developed a visible light-promoted
switchable synthetic procedure for the synthesis of 3-
alkylquinoxalin-2(1H)-ones and 3,4-dihydroquinoxalin-2(1H)-ones
under photoredox catalyst free and transition-metal-free con-
ditions, using the readily available quinoxalin-2(1H)-ones and
alkylboronic acids as starting materials. The selectivity of the reac-
tion could be easily tuned by the aerobic or anaerobic conditions.
When the reaction was performed in air, that is aerobic condition,
a wide range of 3-alkylquinoxalin-2(1H)-ones can be obtained
with good to excellent yields. When the reaction was performed
in nitrogen atmosphere, that is anaerobic condition, the products
3,4-dihydroquinoxalin-2(1H)-ones were obtained in high yields.
Further investigation on the reaction mechanism and applications
of photocatalyst-free system are underway in our laboratory.
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