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mong all nitrogen-containing heterocycles, the quinoxalin-
2(1H)-one skeleton, in particular, is widely distributed in
an enormous range of compounds (Figure 1)." As an important
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Figure 1. Selected structures bearing a 3-arylquinoxalin-2(1H)-one
unit.

subclass, most compounds featuring the 3-arylquinoxalin-
2(1H)-one scaffold have b1010g1ca1 activities; examples include
aldose reductase inhibitors,” FXa coagulation inhibitors,’ PDGF
inhibitors,* VEGF inhibitors,’ prolyl ol1gopept1dase 1nh1b1tors,
SCD inhibitors,” CDK, 1,2,4,6 inhibitors,” STK33 inhibitors,”
antitumor agents/antimicrobials,10 and CFTR activators."' In
addition, 3-arylquinoxalin-2(1H)-one polymers can act as
semiconductors in the field of materials science.'> Moreover,
the 3-arylquinoxalin-2(1H)-one derivatives are very popular
substrates employed extensively in transformations to form
other subclasses of quinoxaline derivatives as well as in various
(organo)catalytic transfomations."

Because of their fascinating profiles, extensive efforts have
been devoted to the synthesis of diverse 3-arylquinoxalin-
2(1H)-ones (Scheme 1);*'*'> for instance, the classical
thermal condensation from aryl-substituted precursors (Scheme
1, strategy a),"’*'* the Cu-catalyzed oxidative cyclization of
terminal alkynes (Scheme 1, strategy b),">* and the Suzuki/
Heck coupling of 3-haloquinoxalin-2(1H)-ones with arylbor-
onic acid (Scheme 1, strategy c) have been well documen-
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Scheme 1. Reported Strategies for Synthesizing 3-
Arylquinoxalin-2(1H)-ones
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ted.”"*"* Despite the significance of these compounds, several
drawbacks still remain in the aforementioned methods,
including the requirement for prefunctionalized substrates,
production of isomers, limited substrate scope, expense of the
reactants, and use of transition-metal catalysts. Hence, direct
strategies for the efficient synthesis of diverse 3-arylquinoxalin-
2(1H)-ones are still highly desired. In this regard, the direct
arylation of C—H bonds in organic compounds has recently
emerged as a powerful and ideal method for the formation of
carbon—aryl bonds.'® However, only a handful of examples of
direct arylation of quinoxalin-2(1H)-ones have been described.
In 2013, Messaoudi et al. developed a method for the effective
coupling between quinoxalin-2(1H)-ones and arylboronic acids
using a Pd catalyst under an O, atmosphere (Scheme 1,
strategy d). >4 Yuan et al. disclosed a TfOH-catalyzed direct
arylation with indoles in air at 80 °C (Scheme 1, strategy e).'*
Chupakhin et al. also described direct arylation with indoles
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using TiO, as photocatalyst in HOAc at 120 °C (Scheme 1,
strategy e).>f Although these methods represent important
advances, they leave room for improvement. For instance,
strongly acidic conditions are corrosive; high temperatures are
not energy efficient; and Pd agents are expensive and toxic as
well as being commonly undesired residual impurities in
pharmaceutical products. Therefore, the search for a milder
method for synthesizing quinoxalin-2(1H)-one derivatives
remains an important scientific topic.

In recent years, iodine(IlI) compounds have been widely
studied as mild and environmentally benign agents in modern
synthesis because of their advantages, which include good
availability, good stability, low toxicity, high reactivity, easy
handling,' ™ and good tolerance of diverse functional group-
s.'7%1%% Recently, diaryliodonium salts have been employed
particularly as arylating agents in various methodologies, ™’
even in transition-metal-free reactions.”’ Nevertheless, in these
approaches for aryl—aryl bonds formation, most substrates
coupled with diaryliodonium salts were electron-rich or
unbiased arenes.”’*™¢ In addition, high temperatures were
required during these processes.”’ To the best of our
knowledge, direct C—H arylation of quinoxalin-2(1H)-ones at
room temperature without transition-metal catalyst has not
been reported. Herein, we developed extremely mild conditions
to access the direct arylation of quinoxalin-2(1H)-ones with
diaryliodonium salts. This protocol could serve as an effective
complement for current methods.

Initially, we used 1-methylquinoxalin-2(1H)-one (la) and
Ph,IBE, (2a) for the model reaction; the results are illustrated
in Table 1. The reaction mixture was made up in methyl
cyanide (MeCN) (0.1 M) under N, at room temperature. The
desired product (3a) was isolated in 47% vyield with 1la
remaining after 48 h (Table 1, entry 1). The structure of 3a was
confirmed unambiguously by NMR spectral analysis and single-
crystal X-ray analysis and was in accordance with the
literature.”* To improve the transformation, DMF, with better
dissolving capacity, was used instead. Unexpectedly, the yield
decreased sharply to 17% (Table 1, entry 2). Bases have been
reported to improve reactions employing diaryliodonium salts
as reagents.'””'>**3 To our delight, the yield increased greatly
to 70% when NaHCO; (3.0 equiv) was added, although the
reaction time was synchronously prolonged to 72 h (Table 1,
entry 3). Inspired by this result, we investigated the solvent
effect again. As a result, MeCN was still found to be the best
choice (Table 1, entries 4—6). Then, the concentration effect
was also tested. Poor phenylation was observed in a reaction
conducted using an MeCN concentration of 0.05 M, resulting
in 52% vyield of 3a and considerable unreacted la (Table 1,
entry 7). In addition, a reaction conducted with an MeCN
concentration of 0.2 M did not go to completion during 72 h
because of emulsification (Table 1, entry 8).

We next examined the alkali effect (Table 1, entries 9—15).
In most cases, the yields increased greatly regardless of
K,HPO,. In addition, Cs,CO; was found to be the best choice
for the reaction, resulting in increased yield (80%) compared to
NaHCOj, (Table 1, entry 12). Accordingly, the OTf and OTs
anions were investigated, resulting in slightly decreased yields
(Table 1, entries 16 and 17). As previously reported, aryl radical
formation can be promoted smoothly through visible-light
photoredox catalysis at room temperature.”* Inspired by these
previous results, we conducted several parallel experiments.
The obtained results (Table 1, entries 20 and 21) show that
Ru(bpy);Cl,-6H,0 and blue light alone both slightly improved

Table 1. Optimization of 1-Methylquinoxalin-2(1H)-one
with Diphenyliodonium Salts”

AN Cs,C0; (3.0 equiv) AN

+ PhylX I
N o MeCN (0.1 M) N So
| |

t, 72 h, N,

X = BF,, OTf, OTs

1 2 3
entry solvent (mL) base X yieldb (%)
1° MeCN (3.0) BF, 47
2°¢ DMEF (3.0) BF, 17
3 MeCN (3.0) NaHCO, BF, 70
4 DCE (3.0) NaHCO, BF, 49
S DMSO (3.0) NaHCO, BF, 46
6 dioxane (3.0) NaHCO, BF, 14
7 MeCN (6.0) NaHCO, BF, 52
8 MeCN (1.5) NaHCO, BF, 58
9 MeCN (3.0) Li,CO, BF, 73
10 MeCN (3.0) Na,CO, BF, 66
11 MeCN (3.0) K,CO, BF, 72
12 MeCN (3.0) Cs,CO;, BF, 80
13 MeCN (3.0) K,HPO, BF, 45
14 MeCN (3.0) t-BuOK BE, 74
15 MeCN (3.0) DBU BF, 58
16 MeCN (3.0) Cs,CO, OTf 65
17 MeCN (3.0) Cs,CO; OTs 77
187 MeCN (3.0) Cs,CO, BF, 62
19¢ MeCN (3.0) Cs,CO; BF, 78
20 MeCN (3.0) Cs,CO, BF, 83
218 MeCN (3.0) Cs,CO; BF, 85

“Reaction conditions: 1 (0.3 mmol), 2 (1.5 equiv), Cs,CO; (3.0
equiv), dry solvent, N,, rt, 72 h. YIsolated yields. “48 h. 480 °C, 24 h.
‘Irradiation under blue LEDs (12 W, ~2 cm distance) with
Ru(bpy);Cl-6H,0 (5 mmol %). "Ru(bpy);Cl,-6H,0 (5 mmol %).
8lrradiation under blue LEDs (12 W, ~2 cm distance).

the yield. However, when both were employed, the photoredox
process increased the formation of byproducts and decreased
the formation of the desired products (Table 1, entry 19). In
addition, thermal conditions slightly decreased the yield,
although the reaction time was shorter (Table 1, entry 18).
Opverall, the optimal reaction conditions were set as follows: 1
(0.3 mmol), 2 (1.5 equiv), and Cs,CO; (3.0 equiv) under N, in
MeCN (0.1 M) at room temperature for 72 h.

With the optimal conditions in hand, we next examined the
scope of various quinoxalin-2(1H)-ones bearing substituents on
the arene rings (Scheme 2, 3a—n). As shown in Scheme 2,
several kinds of carbon—halogen bonds (3c—d,3,j) for further
functionalization were tolerated under the present conditions.”
For electron-rich substrates, moderate to good yields were
obtained (3a,b,g,i,k), with the exception of the naphthyl moiety
(3h), which might be due to the poor solubility of 1h. For
electron-deficient substrates, the transformation was realized in
low yield (3e). However, halogen moieties were tolerated well
with moderate to good yields (3c—dfj). Additionally, we
screened different protecting groups (3l-n). All of the
protecting groups tested were tolerated. In addition, a phenyl
group was suitable for this reaction with 90% yield (31)
regardless of its steric hindrance. These results indicate that the
planarity or lack of planarity of the conjugated system did not
strongly affect the transformation.

Furthermore, we examined different dia?fliodonium salt
reagents (Scheme 2, 30—z and 3aa—ad).”® First, 1b was
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Scheme 2. Substrate Scope of Arylation of Quinoxalin-
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“Conditions: 1 (0.3 mmol), 2 (15 equlv), Cs,CO; (3.0 equiv), MeCN
(3.0 mL), rt, 72 h. YIsolated yield. “1.0 mmol scale. 9One week.

employed to examine the effect of deuteration on the arylation.
However, it hardly affected the reaction (3b). As shown in
Scheme 2, both para- and meta-substituted diaryliodonium salts
were suitable for this transformation (Scheme 2, 30—u,z,aa). In
addition, the arylation proceeded well in moderate to good
yields. For halide moieties, the yield was as high as 81%
(Scheme 2, 30—q,z). Notably, for diaryliodonium salts bearing
an electron-withdrawing group, a longer reaction time was
required (Scheme 2, 3t,u). A strong steric hindrance effect was
obviously observed for ortho-substituted diaryliodonium salts
(Scheme 2, 3v—y). Even if the group was a fluoro atom, the
yield still decreased remarkably. Because of the double effects of
the 0-CF; moiety, the yield decreased severely, even if the
reaction time was prolonged (Scheme 2, 3y). As shown in
Scheme 2, polyfunctional products could also be synthesized in
good yields (Scheme 2, 3ab—ad). Then, cross-coupling
reaction of 3ac with phenylboronic acid was explored (see
the Supporting Information for details), giving 90% yield and
providing an example for further functionalization.”

As reported previously, diaryliodonium salts have been
known to transform into aryl radicals via decomposition, and
radical mechanisms have been 1posed in reactions involving
high-valence iodonium salts."”>*'*****” To unambiguously
elucidate this transformation, we conducted a preliminary
mechanism study. First, TEMPO was introduced into the
phenylation process as a radical scavenger (Scheme 3). Only
trace desired product was found in the presence of 1.5 or 3.0
equiv of TEMPO, and a considerable amount of la was

Scheme 3. Controlled Experiments for Preliminary
Mechanism Study

X\ H CSZCO3 (3.0 equiv) Ph
+PhlBFy — —— ———> I
T o dry MeCN (0.1 M)

rt, 72 h, N,
1 2 3 Recovery
X =N, No Scavenger 80% 0%
X =N, TEMPO(1.5 equiv) trace(<3%) 69%
X =N, TEMPO(3.0 equiv) trace(<3%) 64%
X = CH, No Scavenger 18% 60%

recovered in 69% or 64% yield, respectively. These results
indicate that a radical intermediate was involved during this
reaction, consistent with the reported aryl radical mechanism
(Scheme 4).2'*™® To determine whether rearrangement had

Scheme 4. Proposed Mechanism for Arylation of Quinolin-
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occurred, 3r was characterized by single-crystal X-ray analysis.
The crystal analysis of 3r clearly revealed that no obvious
rearrangement of the aryl radical could be proposed during the
reaction. To clarify whether the imine unit was beneficial for
the transformation, 1-methylquinolin-2(1H)-one was then
examined. As a result, 1-methyl-3-phenylquinolin-2(1H)-one
was isolated in only 18% yield, and 60% of the starting material
1-methylquinolin-2(1H)-one was recovered. This result reveals
that the imine unit could be helpful for the formation of the
phenyl radical via coordination between the nitrogen atom and
organic iodide cation.'””

In summary, we developed an alternative method for the
synthesis of diverse 3-arylquinoxalin-2(1H)-ones with diary-
liodonium salts via transition-metal-free direct C—H arylation
under extremely mild conditions. This reaction has a broad
scope of substrates and provides a convenient process with
respect to the preparation of 3-arylsubstituted quinoxalin-
2(1H)-ones. Moreover, various carbon—halogen bonds were
well-tolerated, and the halide handles allowed for additional
cross-coupling reactions. Mechanistic studies, including radical
trapping experiments, revealed that the arylation occurs
through an aryl radical mechanism. Our future work will
extend this functionalization strategy to other C—H bonds.
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