
Photo-Induced Cross-Dehydrogenative Alkylation of Heteroarenes
with Alkanes under Aerobic Conditions
Jun Xu, Heng Cai, Jiabin Shen, Chao Shen, Jie Wu, Pengfei Zhang,* and Xiaogang Liu*

Cite This: J. Org. Chem. 2021, 86, 17816−17832 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report a Minisci-type cross-dehydrogenative
alkylation in an aerobic atmosphere using abundant and
inexpensive cerium chloride as a photocatalyst and air as an
oxidant. This photoreaction exhibits excellent tolerance to
functional groups and is suitable for both heteroarene and alkane
substrates under mild conditions, generating the corresponding
products in moderate-to-good yields. Our method provides an
alternative approach for the late-stage functionalization of valuable
substrates.

■ INTRODUCTION

Heteroarenes are important structural motifs in coordination
complexes, natural products, advanced materials, and pharma-
ceuticals.1 The development of synthetic methods that allow
their rapid derivatization and direct structural modification at a
late stage through C−H functionalization is of great value and
significance.2−4 Minisci-type reactions provide a powerful tool
for the construction of C(sp2)−C(sp3) bonds between
heteroarenes and alkyl radicals. In recent decades, considerable
effort has been made to develop new Minisci-type alkylations
that allow efficient, environmentally friendly formation of alkyl
radicals. Much has been reported on the generation of alkyl
radicals from alkyl carboxylic acids,5 boronic acids,6 alkyl
halides,7 and others;8,9 however, these methods often suffer
from high cost and low atom economy. In contrast, alkanes are
abundant and inexpensive. They represent ideal alkylation
reagents as no prefunctionalization is required, allowing for
atom- and step-economical synthesis. In this context, the direct
generation of alkyl radicals from alkanes for Minisci-type
reactions has recently received considerable attention.10,11

The key to successful cross-dehydrogenative alkylation lies
in the effective activation of the C(sp3)-H bonds of the alkane
to form active open-shell species. A straightforward way to
produce alkyl radicals is through oxidative C−H activation,
which usually requires expensive, strong oxidants. Among
them, thermal cleavage to generate the desired radicals is the
most common approach (Scheme 1a).12,13 Such a process
requires a high reaction temperature, which not only degrades
the selectivity of the reaction but also increases the safety risk,
especially for large-scale syntheses. Recently, photocatalyzed
cross-dehydrogenative coupling (CDC) reactions have opened
up tremendous opportunities for the sustainable modification

or synthesis of various heteroarenes (Scheme 1b).14−16

Although the reaction temperature was lowered to room
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Scheme 1. Cross-Dehydrogenative Alkylation of
Heteroarenes with Alkanes
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temperature, expensive photocatalysts and stoichiometric
strong oxidants were still required, which not only drove up
the cost but also made downstream purification difficult.
Therefore, it would be desirable to develop CDC reactions
under milder conditions by employing cheaper photocatalysts
and more environmentally friendly oxidants.
Rare-earth metals have been used as powerful tools for the

development of breakthrough technologies.17 Indeed, related
technologies have been applied in many fields, such as
optogenetics, biosensing, photothermal therapy, super-reso-
lution imaging, aggregation-induced emission, and organo-
catalysis.18 Recent studies have shown that rare-earth metals
can also act as a unique platform for photocatalytic reactions
due to their unique physical and chemical properties.19,20 On
the other hand, the photocatalytic CDC reactions using
chlorine radicals as a reagent for hydrogen atom transfer have
attracted considerable attention.21,22 For example, Li’s group
recently reported a cobalt-photocatalyzed cross-dehydrogen-
ative heteroarylation of C(sp3)-H bonds.21a In this trans-
formation, chlorine radicals produced in situ are used to
generate alkyl radicals, and cobalt catalysts are used to enable
H2 evolution for catalytic turnover, providing a practical
protocol for the modification of heteroarenes. In sharp
contrast, the CDC reaction facilitated by cerium photocatalysis
has rarely been reported. During the preparation of our article,
Schelter’s groups have made a revolutionary discovery enabling
the C−H amination of alkanes by a cerium-photocatalyzed
ligand-to-metal charge-transfer (LMCT) process.20a While
investigating the mechanism, they gave an example for the
C−H alkylation of heteroarenes using stoichiometric amounts
of (NH4)2S2O8 as an oxidant. Although significant progress has
been made, they are far from achieving green synthesis and
atom economy due to the requirements of strong oxidants.
Compared with harmful oxidants, abundant molecular oxygen
(O2) is considered a clean and cheap oxidant for cerium-
photocatalyzed organic transformations due to its inexpensive
and environmentally friendly properties.23 For example, in
2020, Mashima and co-workers photocatalyzed the aerobic
decarboxylative oxygenation of aliphatic carboxylic acids and
lactonization of 2-isopropylbenzoic acids with cerium.23a Based
on our previous work on C−H functionalization,24 we report
here a cerium-photocatalyzed cross-dehydrogenative alkylation
of heteroarenes with simple alkanes using air as the green
terminal oxidant (Scheme 1c). The chlorine radical generated
in situ serves as a hydrogen atom-transfer reagent. The
coupling between a wide range of heteroarenes and simple
nonfunctionalized alkanes proceeded smoothly and gave the
corresponding products in moderate-to-good yields.

■ RESULTS AND DISCUSSION
The reaction conditions of CDC were optimized by evaluating
the photocatalyst, additive, proton source, solvent, and reaction
time (Table 1 and the Supporting Information, Table S1−S6).
The target product (3) was obtained in 87% yield by reacting
quinoxalin-2(1H)-one (1a)25 (0.2 mmol) with cyclohexane
(2a) (15 equiv), CeCl3 (5 mol %), Bu4N

+Cl− (20 mol %),
CF3CH2OH (50 mol %), and CH3CN (1.0 mL) under 405 nm
light-emitting diode (LED) (10 W) irradiation for 9 h (Table
1, entry 1). In the absence of CeCl3 or visible light, no desired
product was generated (Table 1, entries 2 and 3). It should be
noted that the reaction did not proceed without CF3CH2OH,
probably because protonation of the nitrogen atom with
CF3CH2OH can activate heteroarenes in Minisci trans-

formations (Table 1, entry 4).26 It should be noted that
Bu4N

+Cl− was used because it is a convenient and organically
soluble source of chloride ions. The yield decreased to 18%
without Bu4N

+Cl− (Table 1, entry 5). Other quaternary
ammonium salts such as Bu4N

+F−, Bu4N
+F−, and Bu4N

+OAc−

were tested and gave low yields (Table S2, entries 2−4). These
results show the importance of the chloride ion in the reaction.
Reducing the stoichiometric amount of cyclohexane or
increasing the reaction time did not improve the yield
(Table 1, entries 6 and 7). The reaction did not proceed
under a nitrogen atmosphere, indicating that O2 involved in
this transformation (Table 1, entry 8). Further investigation of
the proton source and solvent did not improve the product
yield (Tables S3−S5).
Under the optimal reaction conditions (Table 1, entry 1),

we investigated the substrate scope of the quinoxalin-2(1H)-
one derivatives (Table 2). The quinoxalin-2(1H)-ones,
comprising a series of N-substituted methyl, ethyl, isopropyl,
n-butyl, cyclopropylmethyl and ester groups, were well
tolerated and gave the corresponding products (3−9) in
good yields. It is worth noting that the labile allyl group, which
could be further functionalized, was also compatible with
standard conditions and afforded the target product (10) in
69% yield. The reactions of a wide range of quinoxalin-2(1H)-
ones with different N-benzyl groups, bearing electron-donating
or electron-withdrawing substituents at the ortho-, meta-, or
para-position, gave the corresponding products (11−24) in
53−78% yield. CDC reactions of cyclohexane with quinoxalin-
2(1H)-ones bearing both electron-donating and electron-
withdrawing groups at the C5- or C6-position gave alkylated
products (25−29) in 55−72% yield.
We next investigated the substrate scope of the simple

alkanes. Alkanes are difficult to subject to selective C−H
functionalization because they contain different types of inert
C (sp3)−H bonds that have similar bond dissociation
energies.27 In our catalytic system, a variety of cycloalkanes
reacted with quinoxalin-2(1H)-one to give products (30−33)
in 70−84% yield. The adamantane containing both secondary
and tertiary C−H bonds in the molecule was tested. The
reaction took place at the tertiary C−H bond and afforded the
target product (34) in 78% yield. n-Pentane reacted with
quinoxalin-2(1H)-one and afforded a mixture of regioisomers

Table 1. Evaluation of Reaction Conditions for Cerium-
Photocatalyzed CDC Reactiona,b

entry variation from given conditions yield (%)b

1 none 87
2 no CeCl3 0
3 no light 0
4 no CF3CH2OH trace
5 no Bu4N

+Cl− 18
6 10 equiv of 2a was used 78
7 reaction time,12 h 86
8 under a N2 atmosphere trace

aReaction conditions: 1a (0.2 mmol), 2a (3.0 mmol), CeCl3 (5 mol
%), Bu4N

+Cl− (20 mol %), CF3CH2OH (50 mol %), CH3CN (1
mL), 405 nm LED (10 W), rt, air, 9 h. bYield of the isolated product.
Note: Cy = cyclohexyl.
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(35) with a ratio of C2/C3 = 3:1 in 72% combined yield,
probably due to more stable alkyl radicals and abundant C−H
bonds at the secondary carbon positions. Ethers, such as
tetrahydrofuran and 1,4-dioxane, also underwent the CDC
reaction, affording 36 and 37 in 56% and 73% yields,
respectively. Moreover, reactions between N-substituted or
N-free quinoxalin-2(1H)-ones and simple alkanes can proceed,
giving the corresponding products (38−49) in 50−76% yield.
We further performed gram-scale synthesis of product 26

(51% yield), which was subsequently chlorinated with POCl3
to give product 50. Cross-coupling of compound 50 with
phenylboronic acid or phenylacetylene or treatment with

nucleophilic reagents such as morpholine, sodium methoxide,
thiophenol, and benzenesulfonyl chloride gave a broad range of
quinoxaline derivatives (51−56) in good yield (Scheme 2).
The success of the cerium-photocatalyzed CDC reactions of

quinoxalin-2(1H)-ones with alkanes prompted us to evaluate
the scope of heteroarenes. Reaction of isoquinoline with
cyclohexane under standard conditions yielded only 15% of the
product (57), probably because the reactivity of isoquinoline is
lower than that of quinoxalin-2(1H)-ones (see the Supporting
Information, Table S7, entry 1). Further optimization of the
reaction conditions was performed by replacing CF3CH2OH
(TFE) with trifluoroacetic acid (TFA) as the proton source,

Table 2. Substrate Scope of the Cerium-Photocatalyzed CDC Reaction of Quinoxalin-2(1H)-ones with Alkanesa,b

aReaction conditions: 1a (0.2 mmol), 2a (3.0 mmol), CeCl3 (5.0 mol %), Bu4N
+Cl− (20.0 mol %), CF3CH2OH (50.0 mol %), CH3CN (1.0 mL),

405 nm LED (10 W), rt, air, 9 h. bYield of the isolated product. cReaction was performed on a 1 mmol scale.
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and the product (57) was obtained in 55% yield by extending
the reaction time to 48 h (Table S7, entry 2). This result shows
that the replacement of TFE with TFA leads to an increase in
yield. Further evaluation of the reaction conditions did not
improve the yield (Table S7, entries 3−10). We then examined
the substrate scope in the presence of TFA as a proton source
(Table 3). CDC reactions of cyclohexane with a wide range of
heteroarenes, including isoquinolines, quinolines, quinoxaline,
quinazoline, and pyridine as well as pyrimidine, afforded the
desired products (57−66) in 26−55% yield. Interestingly, both
mono- and bifunctionalized products (62 and 63) were
generated by using quinoxaline as a substrate. Other
heteroarenes such as indol (1ca), benzoxazole (1cb), and
benzothiazole (1cc) were also tested under optimized
conditions, but no corresponding product was obtained (see
the Supporting Information, Scheme S2). Several cycloalkanes,
including cyclopentane, cycloheptane, cyclooctane, and cyclo-
dodecane, also afforded the corresponding products in
moderate yields (42−63%, 67−70). Notably, the isomers
(71) were obtained in 54% yield with a ratio of C2/C3 = 5:4
when n-hexane was used as a starting material. Our method
was also successfully applied to the late-stage functionalization
of complex pharmaceutical compounds, and the corresponding
alkylation products (72−75) were obtained in 24−51% yield.

Scheme 2. Gram-Scale Synthesis and Further
Derivatizationa

aReaction conditions: (a) 50 (0.2 mmol), (4-methoxyphenyl)boronic
acid (1.5 equiv), Pd(PPh3)4 (5 mol %), K2CO3 (2 M in water, 1.1
mL), toluene (1.5 mL), EtOH (0.5 mL), 115 °C, N2, 12 h; (b) 50
(0.2 mmol), p-tolylacetylene (1.2 equiv), PdCl2(PPh3)2 (5 mol %),
CuI (7 mol %), Et3N (1 mL), 90 °C, N2, 18 h; (c) 50 (0.2 mmol),
morpholine (1.5 equiv), K2CO3 (1.5 equiv), MeCN (1.5 mL), 85 °C,
12 h; (d) 50 (0.2 mmol), MeONa (5.0 equiv), MeOH (1.5 mL), 80
°C, 4 h; (e) 50 (0.2 mmol), p-methylthiophenol (1.1 equiv), H2O (1
mL), 100 °C, 6 h; (f) 50 (0.2 mmol), tosyl chloride (2 equiv), Zn (1
equiv), H2O (1 mL), 100 °C, 12 h.

Table 3. Substrate Scope of the Cerium-Photocatalyzed CDC Reaction of Heteroarenes with Alkanesa,b

aReaction conditions: 1 (0.2 mmol), 2 (3.0 mmol), CeCl3 (5 mol %), Bu4N
+Cl− (20 mol %), TFA (100 mol %), CH3CN (1 mL), 405 nm LED

(10 W), rt, air, 48 h. bYield of the isolated product. cThe reaction was performed for 72 h.
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We next performed control experiments to elucidate the
reaction mechanism. Performing cerium photocatalysis with
cyclohexane (2a) and cyclohexane-d12 (2a−d12) independently
in separate reactors gave a kinetic isotope effect (KIE) of 3.5
(Scheme 3a). A competing experiment with cyclohexane (2a)
and cyclohexane-d12 (2a−d12) gave a ratio of 3.8 (Scheme 3b).
Both methods show that a kinetically relevant isotope effect is
involved in the reaction, suggesting that cleavage of the
C(sp3)-H bond may be the rate-determining step.28 The
transformation was completely inhibited when two equivalents
of radical scavengers, such as 1,1-diphenylethylene (DPE) or
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), were added
(Scheme 4a). The formation of adducts (A) and (B) indicates

the generation of chlorine and cyclohexyl radicals. In addition,
adduct C was also detected, probably because a radical adduct
[Cl−OHCH2CF3]

•, formed from the chlorine radical and
CF3CH2OH, was eventually trapped by DPE.20a,22 Overall, a
radical pathway appears to be involved. Since the reaction did
not occur under a nitrogen atmosphere and superoxide radicals
were detected under standard conditions by using electron
spin resonance (ESR) spectroscopy (Figure 1a), O2 in air plays
a central role in this transformation. Moreover, the results of
fluorescence spectroscopy (Figure S3), UV−visible absorption
(Figure S4), and ESR spectroscopy (Figure 1b) of the
substrate (1a) suggest that singlet oxygen (1O2) may play an
important role in the catalytic system.29 However, it was found

Scheme 3. KIE Study of the Cerium-Photocatalyzed CDC Reaction

Scheme 4. Control Experiments of the Cerium-Photocatalyzed CDC Reaction
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that isoquinoline derivatives do not absorb 405 nm LED light
to sensitize oxygen,30 which was also confirmed by ESR
(Figure 1c).
On the other hand, oxygen in the ground state is known to

auto-oxidize cerium(III) complexes to cerium(IV) complex-
es.20d In this regard, we hypothesized that the transformation is
mainly mediated by oxygen, and singlet oxygen (1O2) would
likely accelerate this process. To test this assumption, cross-
dehydrogenative alkylation of isoquinoline (1ab) with cyclo-
hexane (2a) was conducted with one equivalent of compound
3 (Scheme 4b), which proved as a singlet oxygen (1O2)
sensitizer (Figure S6c). However, the absence of any change in
product yield indicates that singlet oxygen (1O2) is
insignificant for the transformation.
Based on the experimental results, a possible mechanism for

cerium-photocatalyzed CDC reactions was proposed (Scheme
5). First, oxygen reacts with CeIIICln−1 by a single-electron

transfer to form CeIVCln, which undergoes a photoinduced
LMCT to generate a chlorine radical with simultaneous
regeneration of CeIIICln-1.

20b Meanwhile, protonation of the
nitrogen atom with a proton source activates the heteroarene
(1). The chlorine radical then undergoes hydrogen-atom
transfer with an alkane to form an alkyl radical, which
subsequently attaches to a protonated heteroarene to form an
intermediate (A).22 Subsequent aromatization-driven single-
electron oxidation and deprotonation yield the target product
(3) and H2O2.

31

■ CONCLUSIONS
In summary, we have reported a cerium-photocatalyzed
strategy for facile cross-dehydrogenative alkylation of hetero-

arenes with simple alkanes. A variety of heteroarenes can be
alkylated with simple alkanes in moderate-to-good yields. This
protocol offers many advantages, including an excellent step
sequence from abundant alkanes, inexpensive catalysts, the use
of air as a green oxidant, ambient conditions, and a wide range
of substrates.

■ EXPERIMENTAL SECTION
General Information. All reagents and deuterated solvents were

commercially available and used without further purification. All
alkanes and heteroarenes in Table 3 were purchased from Energy
Chemical. All quinoxalin-2(1H)-ones are known compounds and
were prepared according to the corresponding literature.25,32 All
products were purified by silica gel (200−300 mesh) column
chromatography using petroleum ether (PE) (60−90 °C) and ethyl
acetate (EA) as the eluent.33 1H, 13C, and 19F NMR spectra were
recorded using a Bruker ADVANCE 500 spectrometer at room
temperature with CDCl3 and CD3SOCD3 as solvents and
tetramethylsilane as an internal standard. Melting points were
determined on an X-5 Data microscopic melting point apparatus.
Analytical thin-layer chromatography (TLC) was performed on Merk
precoated TLC (silica gel 60 F254) plates. Compounds for high-
resolution mass spectrometry (HRMS) were analyzed by positive
mode electrospray ionization (ESI) using an Agilent 6530 QTOF
mass spectrometer. ESR spectra were recorded using a JES X320
spectrometer (JEOL Co). Fluorescence quenching experiments were
recorded using an F-7000 FL spectrophotometer. The photoreactor
(PL-SX100A) was purchased from Beijing Princess Technology Co.,
Ltd. The Schlenk tube used for photocatalysis was purchased from
Beijing Synthware Glass.

General Procedure for the Synthesis of Quinoxalin-2(1H)-
ones. A mixture of 1,2-phenylenediamines (5.0 mmol, 1.0 equiv),
ethyl glyoxalate (6.0 mmol, 1.2 equiv), and ethanol (40.0 mL) was
stirred under reflux until the crude material disappeared. Then, the
mixture was filtered and washed by ethanol. The solid was dried in
vacuo. For further alkylation, the corresponding haloalkane (4.8
mmol, 1.6 equiv) was added to a suspension of quinoxalin-2(1H)-one
(3.0 mmol, 1.0 equiv) and potassium carbonate (3.6 mmol, 1.2 equiv)
in DMF (15.0 mL). The mixture was stirred overnight at room
temperature. After the reaction was complete, brine was added and
the mixture was extracted with DCM. The collected organic layer was
washed with brine and dried with MgSO4. The solvent was removed
in vacuo, and the residue obtained was further purified by silica gel
column chromatography (200−300 mesh silica gel).

1-Methylquinoxalin-2(1H)-one (1a).31a Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.31 (s, 1H),
7.89 (dd, J = 8.0, 1.2 Hz, 1H), 7.64−7.58 (m, 1H), 7.39−7.34 (m,
2H), 3.70 (s, 3H).

Figure 1. Determination of reactive species by ESR spectroscopy of cerium-photocatalyzed cross-dehydrogenative alkylation. (a) ESR spectra of
superoxide radicals; (b) ESR spectra of singlet oxygens photosensitized by substrate 1a; and (c) ESR spectra of singlet oxygens photosensitized by
substrate 1ab.

Scheme 5. Plausible Mechanism of the Cerium-
Photocatalyzed CDC Reaction
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1-Ethylquinoxalin-2(1H)-one (1b).31a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.30),
white solid. 1H NMR (500 MHz, CDCl3): δ 8.31 (s, 1H), 7.90 (d, J =
7.9 Hz, 1H), 7.64−7.57 (m, 1H), 7.40−7.34 (m, 2H), 4.33 (q, J = 7.2
Hz, 2H), 1.39 (t, J = 7.2 Hz, 3H).
1-Butylquinoxalin-2(1H)-one (1d).2b Purified by silica gel column

chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.32),
colorless liquid. 1H NMR (500 MHz, CDCl3): δ 8.29 (s, 1H), 7.89
(dd, J = 8.3, 1.4 Hz, 1H), 7.62−7.56 (m, 1H), 7.38−7.33 (m, 2H),
4.27−4.22 (m, 2H), 1.75 (tt, J = 7.9, 6.7 Hz, 2H), 1.49 (dd, J = 15.1,
7.5 Hz, 2H), 1.01 (t, J = 7.4 Hz, 3H).
1-(Cyclohexylmethyl)quinoxalin-2(1H)-one (1e).2b Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA
= 10:1, Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.30
(s, 1H), 7.89 (dd, J = 8.2, 1.4 Hz, 1H), 7.61−7.55 (m, 1H), 7.38−
7.32 (m, 2H), 4.14 (d, J = 7.3 Hz, 2H), 1.97−1.85 (m, 1H), 1.78−
1.64 (m, 5H), 1.18 (t, J = 7.8 Hz, 5H).
Methyl-2-(2-oxoquinoxalin-1(2H)-yl)acetate (1f).32a Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
10:1, Rf = 0.27), white solid. 1H NMR (500 MHz, CDCl3): δ 8.35 (s,
1H), 7.95−7.88 (m, 1H), 7.60−7.53 (m, 1H), 7.38 (t, J = 7.4 Hz,
1H), 7.11 (d, J = 8.3 Hz, 1H), 5.04 (s, 2H), 3.79 (s, 3H).
tert-Butyl-2-(2-oxoquinoxalin-1(2H)-yl)acetate (1g).31a Purified

by silica gel column chromatography (200−300 mesh silica gel, PE/
EA = 10:1, Rf = 0.25), white solid. 1H NMR (500 MHz, CDCl3): δ
8.27 (s, 1H), 7.83 (dd, J = 8.0, 1.4 Hz, 1H), 7.53−7.46 (m, 1H),
7.34−7.25 (m, 1H), 7.04 (dd, J = 8.4, 0.7 Hz, 1H), 4.86 (s, 2H), 1.38
(s, 9H).
1-Allylquinoxalin-2(1H)-one (1h).31a Purified by silica gel column

chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.35),
white solid. 1H NMR (500 MHz, CDCl3): δ 8.34 (s, 1H), 7.90 (dd, J
= 8.0, 1.4 Hz, 1H), 7.60−7.52 (m, 1H), 7.38−7.31 (m, 2H), 5.94
(ddt, J = 17.2, 10.3, 5.1 Hz, 1H), 5.28 (d, J = 10.4 Hz, 1H), 5.17 (d, J
= 17.2 Hz, 1H), 4.90 (dt, J = 5.0, 1.6 Hz, 2H).
1-Benzylquinoxalin-2(1H)-one (1i).31a Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.41 (s, 1H),
7.89 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H), 7.28 (ddd, J = 19.2,
14.0, 7.3 Hz, 7H), 5.49 (s, 2H).
1-(4-Methylbenzyl)quinoxalin-2(1H)-one (1j).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.40 (s, 1H),
7.88 (d, J = 7.7 Hz, 1H), 7.49−7.43 (m, 1H), 7.32 (dd, J = 11.9, 4.4
Hz, 2H), 7.13 (q, J = 8.3 Hz, 4H), 5.45 (s, 2H), 2.30 (s, 3H).
1-(4-Fluorobenzyl)quinoxalin-2(1H)-one (1k).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.33), white solid. 1H NMR (500 MHz, CDCl3): δ 8.40 (s, 1H),
7.90 (dd, J = 8.0, 1.3 Hz, 1H), 7.51−7.47 (m, 1H), 7.36−7.32 (m,
1H), 7.28 (s, 1H), 7.26−7.22 (m, 2H), 7.01 (t, J = 8.6 Hz, 2H), 5.46
(s, 2H).
1-(4-Chlorobenzyl)quinoxalin-2(1H)-one (1l).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.40 (s, 1H),
7.90 (dd, J = 8.0, 1.2 Hz, 1H), 7.51−7.46 (m, 1H), 7.35 (d, J = 7.2
Hz, 1H), 7.29 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.3 Hz, 1H), 7.19 (d, J
= 8.4 Hz, 2H), 5.45 (s, 2H).
1-(3-Methylbenzyl)quinoxalin-2(1H)-one (1n).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.41 (s, 1H),
7.89 (d, J = 7.9 Hz, 1H), 7.47 (dd, J = 11.5, 4.2 Hz, 1H), 7.31 (dd, J =
16.7, 8.2 Hz, 2H), 7.20 (t, J = 7.5 Hz, 1H), 7.05 (dd, J = 17.8, 7.7 Hz,
3H), 5.45 (s, 2H), 2.30 (s, 3H).
1-(3-Chlorobenzyl)quinoxalin-2(1H)-one (1o).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.33), white solid. 1H NMR (500 MHz, CDCl3): δ 8.41 (s, 1H),
7.91 (dd, J = 8.0, 1.4 Hz, 1H), 7.52−7.46 (m, 1H), 7.37−7.32 (m,
1H), 7.27−7.22 (m, 4H), 7.16−7.10 (m, 1H), 5.46 (s, 2H).
1-(3-Nitrobenzyl)quinoxalin-2(1H)-one (1q).2b Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.23), white solid. 1H NMR (500 MHz, CDCl3): δ 8.43 (s, 1H),

8.18−8.14 (m, 2H), 7.94 (dd, J = 8.0, 1.3 Hz, 1H), 7.58 (d, J = 7.8
Hz, 1H), 7.52 (ddd, J = 8.5, 3.4, 1.9 Hz, 2H), 7.40−7.35 (m, 1H),
7.21 (d, J = 8.4 Hz, 1H), 5.58 (s, 2H).

1-(2-Fluorobenzyl)quinoxalin-2(1H)-one (1r).2b Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.41 (s, 1H),
7.90 (dd, J = 8.0, 1.2 Hz, 1H), 7.53−7.46 (m, 1H), 7.36−7.32 (m,
1H), 7.30−7.26 (m, 2H), 7.15−7.09 (m, 1H), 7.03 (d, J = 4.3 Hz,
2H), 5.55 (s, 2H).

1-(2-Chlorobenzyl)quinoxalin-2(1H)-one (1s).2b Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid. 1H NMR (500 MHz, CDCl3): δ 8.43 (s, 1H),
7.92 (dd, J = 8.0, 1.4 Hz, 1H), 7.51−7.43 (m, 2H), 7.38−7.31 (m,
1H), 7.22 (td, J = 8.0, 1.4 Hz, 1H), 7.14−7.05 (m, 2H), 6.77 (d, J =
7.5 Hz, 1H), 5.58 (s, 2H).

1-(2-Bromobenzyl)quinoxalin-2(1H)-one (1t).2b Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.32), white solid. 1H NMR (500 MHz, CDCl3): δ 8.43 (s, 1H),
7.92 (d, J = 7.3 Hz, 1H), 7.68−7.60 (m, 1H), 7.51−7.43 (m, 1H),
7.34 (t, J = 7.3 Hz, 1H), 7.19−7.11 (m, 2H), 7.06 (d, J = 8.4 Hz, 1H),
6.77−6.68 (m, 1H), 5.54 (s, 2H).

1-(2,4-Difluorobenzyl)quinoxalin-2(1H)-one (1u).2b Purified by
silica gel column chromatography (200−300 mesh silica gel, PE/EA =
10:1, Rf = 0.25), white solid. 1H NMR (500 MHz, CDCl3): δ 8.40 (s,
1H), 7.90 (d, J = 7.9 Hz, 1H), 7.52 (dd, J = 11.5, 4.1 Hz, 1H), 7.35 (t,
J = 7.4 Hz, 1H), 7.27 (d, J = 7.8 Hz, 1H), 7.08 (dd, J = 14.9, 8.5 Hz,
1H), 6.92−6.83 (m, 1H), 6.78 (dd, J = 11.5, 4.9 Hz, 1H), 5.49 (s,
2H).

6-Methoxy-1-methylquinoxalin-2(1H)-one (1w).32e Purified by
silica gel column chromatography (200−300 mesh silica gel, PE/EA =
10:1, Rf = 0.27), white solid. 1H NMR (500 MHz, CDCl3): δ 8.31 (s,
1H), 7.35 (d, J = 2.8 Hz, 1H), 7.27 (d, J = 4.9 Hz, 1H), 7.22 (dd, J =
9.1, 2.8 Hz, 1H), 3.90 (s, 3H), 3.69 (s, 3H).

Quinoxalin-2(1H)-one (1x).32a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 2:1, Rf =
0.26), white solid. 1H NMR (500 MHz, DMSO): δ 12.45 (s, 1H),
8.19 (s, 1H), 7.79 (dd, J = 8.0, 1.1 Hz, 1H), 7.59−7.54 (m, 1H),
7.35−7.30 (m, 2H).

General Procedure for Cerium-Photocatalyzed, Cross-
Dehydrogenative Alkylation of Quinoxalinone with Alkane.
A mixture of quinoxalinone (1) (0.2 mmol), alkane (2) (3.0 mmol,
15.0 equiv), CeCl3 (5.0 mol %), Bu4N

+Cl− (20.0 mol %),
CF3CH2OH (50.0 mol %), and CH3CN (1.0 mL) in a 15 mL tube
was stirred under the irradiation of 405 nm LED (10 W) for 9 h. After
completing the reaction as indicated by TLC, a saturated NaHCO3
solution was added to the residue to neutralize the acidic compounds.
The mixture was then extracted with DCM, and the collected organic
layer was washed with brine and dried with MgSO4. The solvent was
removed in vacuo, and the obtained residue was further purified by
silica gel column chromatography (200−300 mesh silica gel).

Procedure for the Synthesis of Product 6 on a 1 mmol
Scale. A mixture of quinoxalinone (1d) (1.0 mmol), cyclohexane
(2a) (15.0 mmol, 15.0 equiv), CeCl3 (5.0 mol %), Bu4N

+Cl− (20.0
mol %), CF3CH2OH (50.0 mol %), and CH3CN (5.0 mL) in a 15 mL
tube was stirred under the irradiation of 405 nm LED (10 W) for 9 h.
After completing the reaction as indicated by TLC, a saturated
NaHCO3 solution was added to the residue to neutralize the acidic
compounds. The mixture was then extracted with DCM, and the
collected organic layer was washed with brine and dried with MgSO4.
The solvent was removed in vacuo, and the obtained residue was
further purified by silica gel column chromatography (200−300 mesh
silica gel).

Procedure for the Gram-Scale Synthesis of Product 26. A
mixture of quinoxalinone (1h) (10.0 mmol), alkane (2a) (150.0
mmol, 15.0 equiv), CeCl3 (5.0 mol %), Bu4N

+Cl− (20.0 mol %),
CF3CH2OH (50.0 mol %), and CH3CN (30.0 mL) in a 100 mL flask
was stirred under the irradiation of 405 nm LED (10 W) for 9 h. After
completion of the reaction as indicated by TLC, a saturated NaHCO3
solution was added to the residue to neutralize the acidic compounds.
The mixture was then extracted with DCM, and the collected organic
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layer was washed with brine and dried with MgSO4. The solvent was
removed in vacuo, and the obtained residue was further purified by
silica gel column chromatography (200−300 mesh silica gel).
3-Cyclohexyl-1-methylquinoxalin-2(1H)-one (3). Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 6:1,
Rf = 0.35), white solid (42 mg, 87% yield), mp 92−93 °C (lit.12c 91−
92 °C); 1H NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 8.0, 1.4 Hz,
1H), 7.48 (ddd, J = 8.6, 7.4, 1.5 Hz, 1H), 7.33−7.28 (m, 1H), 7.26
(dd, J = 8.4, 0.7 Hz, 1H), 3.68 (s, 3H), 3.34 (tt, J = 11.6, 3.3 Hz, 1H),
1.98−1.93 (m, 2H), 1.90−1.83 (m, 2H), 1.80−1.73 (m, 1H), 1.58
(ddd, J = 24.3, 12.5, 2.9 Hz, 2H), 1.51−1.42 (m, 2H), 1.37−1.28 (m,
1H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.2, 154.5, 132.9,
132.9, 129.8, 129.3, 123.3, 113.4, 40.8, 30.5, 29.0, 26.3, 26.2.
3-Cyclohexyl-1-ethylquinoxalin-2(1H)-one (4). Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 6:1,
Rf = 0.33), white solid (42 mg, 82% yield), mp 113−114 °C. 1H NMR
(500 MHz, CDCl3): δ 7.84 (dd, J = 8.2, 0.9 Hz, 1H), 7.52−7.46 (m,
1H), 7.30 (dd, J = 7.6, 6.8 Hz, 2H), 4.31 (q, J = 7.2 Hz, 2H), 3.35 (tt,
J = 11.6, 3.2 Hz, 1H), 1.96 (d, J = 11.8 Hz, 2H), 1.90−1.83 (m, 2H),
1.79−1.74 (m, 1H), 1.58 (ddd, J = 24.3, 12.5, 2.8 Hz, 2H), 1.51−1.42
(m, 2H), 1.37 (t, J = 7.2 Hz, 3H), 1.35−1.27 (m, 1H); 13C{1H} NMR
(126 MHz, CDCl3): δ 164.3, 154.0, 133.2, 131.8, 130.1, 129.3, 123.2,
113.3, 40.7, 37.3, 30.6, 26.4, 26.2, 12.4; HRMS (ESI−TOF) m/z: [M
+ Na]+ Calcd for C16H20N2ONa, 279.1468; found, 279.1459.
3-Cyclohexyl-1-isopropylquinoxalin-2(1H)-one (5). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
6:1, Rf = 0.33), white solid (46 mg, 85% yield), mp 107−108 °C 1H
NMR (500 MHz, CDCl3): δ 7.94 (dd, J = 8.1, 0.9 Hz, 1H), 7.74 (dd,
J = 8.1, 0.7 Hz, 1H), 7.57−7.51 (m, 1H), 7.50−7.44 (m, 1H), 5.55
(dt, J = 12.4, 6.2 Hz, 1H), 3.16 (tt, J = 11.8, 3.3 Hz, 1H), 1.96 (d, J =
11.9 Hz, 2H), 1.92−1.87 (m, 2H), 1.77 (d, J = 12.6 Hz, 1H), 1.69
(qd, J = 12.6, 3.1 Hz, 2H), 1.48 (dt, J = 12.7, 3.3 Hz, 2H), 1.43 (d, J =
6.2 Hz, 6H), 1.38−1.31 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3):
δ 155.1, 155.1, 139.6, 138.5, 128.5, 128.4, 126.6, 125.8, 68.8, 40.7,
30.7, 26.6, 26.2, 21.9; HRMS (ESI−TOF) m/z: [M + H]+ Calcd for
C17H23N2O, 271.1805; found, 271.1806.
1-Butyl-3-cyclohexylquinoxalin-2(1H)-one (6). Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 6:1,
Rf = 0.35), white solid (208 mg, 73% yield), mp 118−119 °C. 1H
NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.4 Hz, 1H), 7.52−
7.45 (m, 1H), 7.29 (td, J = 8.5, 2.7 Hz, 2H), 4.27−4.22 (m, 2H), 3.34
(tt, J = 11.6, 3.2 Hz, 1H), 1.96 (d, J = 11.8 Hz, 2H), 1.90−1.84 (m,
2H), 1.79−1.71 (m, 3H), 1.58 (ddd, J = 24.4, 12.5, 2.9 Hz, 2H),
1.51−1.42 (m, 4H), 1.36−1.28 (m, 1H), 1.00 (t, J = 7.4 Hz, 3H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.2, 154.2, 133.1, 132.0,
130.0, 129.3, 123.2, 113.5, 42.1, 40.7, 30.5, 29.3, 26.4, 26.2, 20.3, 13.8;
HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C18H24N2ONa,
307.1781; found, 307.1786.
3-Cyclohexyl-1-(cyclohexylmethyl)quinoxalin-2(1H)-one (7). Pu-

rified by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.32), yellow solid (51 mg, 79% yield), mp 111−
112 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.3 Hz,
1H), 7.53−7.43 (m, 1H), 7.28 (dd, J = 14.4, 8.0 Hz, 2H), 4.13 (d, J =
7.1 Hz, 2H), 3.34 (tt, J = 11.6, 3.2 Hz, 1H), 1.96 (d, J = 11.7 Hz, 2H),
1.93−1.84 (m, 3H), 1.79−1.63 (m, 6H), 1.57 (ddd, J = 24.3, 12.5, 2.8
Hz, 2H), 1.51−1.42 (m, 2H), 1.36−1.28 (m, 1H), 1.18 (d, J = 6.2 Hz,
5H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.3, 154.7, 133.1,
132.5, 130.0, 129.1, 123.1, 113.9, 48.1, 40.8, 36.6, 31.0, 30.5, 26.4,
26.2, 25.8; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C21H28N2ONa, 347.2094; found, 347.2085.
Methyl 2-(3-Cyclohexyl-2-oxoquinoxalin-1(2H)-yl)acetate (8).

Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.30), white solid (44 mg, 73% yield), mp
118−119 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 8.0, 1.4
Hz, 1H), 7.46 (ddd, J = 8.5, 7.4, 1.5 Hz, 1H), 7.36−7.29 (m, 1H),
7.04 (dd, J = 8.3, 0.8 Hz, 1H), 5.03 (s, 2H), 3.77 (s, 3H), 3.32 (tt, J =
11.6, 3.3 Hz, 1H), 2.01−1.95 (m, 2H), 1.90−1.84 (m, 2H), 1.79−
1.74 (m, 1H), 1.58 (ddd, J = 24.5, 12.6, 3.0 Hz, 2H), 1.50−1.41 (m,
2H), 1.36−1.28 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ
167.8, 164.1, 154.1, 133.0, 132.0, 130.2, 129.6, 123.7, 112.9, 52.8,

43.5, 40.8, 30.5, 26.3, 26.1; HRMS (ESI−TOF) m/z: [M + Na]+

Calcd for C17H20N2O3Na, 323.1366; found, 323.1365.
tert-Butyl 2-(3-Cyclohexyl-2-oxoquinoxalin-1(2H)-yl)acetate (9).

Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.30), white solid (49 mg, 72% yield), mp
113−114 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (d, J = 8.0 Hz,
1H), 7.49−7.43 (m, 1H), 7.31 (t, J = 7.6 Hz, 1H), 7.04 (d, J = 8.4 Hz,
1H), 4.93 (s, 2H), 3.33 (tt, J = 11.6, 3.0 Hz, 1H), 1.97 (d, J = 12.5 Hz,
2H), 1.86 (d, J = 12.9 Hz, 2H), 1.76 (d, J = 12.8 Hz, 1H), 1.58 (dt, J
= 12.2, 10.1 Hz, 2H), 1.49−1.42 (m, 11H), 1.35−1.28 (m, 1H);
13C{1H} NMR (126 MHz, CDCl3): δ 166.3, 164.1, 154.1, 132.9,
132.1, 130.0, 129.5, 123.6, 112.9, 83.0, 44.3, 40.8, 30.5, 28.0, 26.3,
26.1; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C20H26N2O3Na,
365.1836; found, 365.1817.

1-Allyl-3-cyclohexylquinoxalin-2(1H)-one (10). Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 6:1,
Rf = 0.36), white solid (37 mg, 69% yield), mp 89−90 °C (lit.32b 87−
89 °C); 1H NMR (500 MHz, CDCl3): δ 7.86 (dd, J = 8.0, 1.4 Hz,
1H), 7.50−7.44 (m, 1H), 7.33−7.29 (m, 1H), 7.27 (s, 1H), 5.94 (ddt,
J = 17.1, 10.4, 5.2 Hz, 1H), 5.26 (d, J = 10.4 Hz, 1H), 5.17 (d, J =
17.2 Hz, 1H), 4.94−4.86 (m, 2H), 3.36 (tt, J = 11.6, 3.2 Hz, 1H),
1.97 (d, J = 11.6 Hz, 2H), 1.90−1.84 (m, 2H), 1.77 (d, J = 12.8 Hz,
1H), 1.62−1.54 (m, 2H), 1.51−1.42 (m, 2H), 1.32 (ddd, J = 12.6,
8.1, 3.6 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.1,
133.0, 132.1, 130.8, 129.8, 129.4, 123.4, 118.0, 114.0, 44.6, 40.8, 30.5,
26.3, 26.2.

1-Benzyl-3-cyclohexylquinoxalin-2(1H)-one (11). Purified by
silica gel column chromatography (200−300 mesh silica gel, PE/EA
= 6:1, Rf = 0.29), white solid (48 mg, 75% yield), mp 132−133 °C
(lit.32b 134−135 °C); 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J =
7.9, 1.0 Hz, 1H), 7.39−7.35 (m, 1H), 7.32−7.28 (m, 2H), 7.28−7.21
(m, 5H), 5.49 (s, 2H), 3.40 (tt, J = 11.6, 3.2 Hz, 1H), 2.01 (d, J = 11.8
Hz, 2H), 1.93−1.86 (m, 2H), 1.78 (d, J = 12.8 Hz, 1H), 1.61 (ddd, J
= 24.6, 12.6, 3.0 Hz, 2H), 1.53−1.43 (m, 2H), 1.37−1.30 (m, 1H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.6, 135.5, 133.2,
132.2, 129.9, 129.4, 128.9, 127.6, 126.9, 123.5, 114.3, 46.0, 40.9, 30.6,
26.4, 26.2.

3-Cyclohexyl-1-(4-methylbenzyl)quinoxalin-2(1H)-one (12). Pu-
rified by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.29), yellow solid (52 mg, 78% yield), mp 145−
146 °C. 1H NMR (500 MHz, CDCl3): δ 7.90−7.74 (m, 1H), 7.41−
7.32 (m, 1H), 7.27−7.23 (m, 2H), 7.15−7.09 (m, 4H), 5.44 (s, 2H),
3.40 (tt, J = 11.7, 3.2 Hz, 1H), 2.29 (s, 3H), 2.01 (d, J = 11.9 Hz, 2H),
1.91−1.85 (m, 2H), 1.77 (d, J = 12.8 Hz, 1H), 1.60 (ddd, J = 24.5,
12.6, 2.9 Hz, 2H), 1.52−1.44 (m, 2H), 1.37−1.28 (m, 1H); 13C{1H}
NMR (126 MHz, CDCl3): δ 164.4, 154.6, 137.3, 133.2, 132.5, 132.3,
129.9, 129.6, 129.3, 127.0, 123.4, 114.3, 45.7, 40.9, 30.6, 26.4, 26.2,
21.1; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C22H24N2ONa,
355.1781; found, 355.1777.

3-Cyclohexyl-1-(4-fluorobenzyl)quinoxalin-2(1H)-one (13). Puri-
fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (50 mg, 73% yield), mp 160−
161 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 1.4 Hz,
1H), 7.43−7.34 (m, 1H), 7.30−7.26 (m, 1H), 7.25−7.17 (m, 3H),
7.02−6.97 (m, 2H), 5.44 (s, 2H), 3.39 (tt, J = 11.6, 3.2 Hz, 1H), 2.00
(d, J = 11.8 Hz, 2H), 1.91−1.85 (m, 2H), 1.80−1.74 (m, 1H), 1.60
(ddd, J = 24.5, 12.6, 3.0 Hz, 2H), 1.52−1.43 (m, 2H), 1.33 (ddt, J =
12.8, 9.2, 4.6 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.4,
162.2 (d, J = 247.0 Hz), 154.5, 133.2, 132.1, 131.3 (d, J = 3.8 Hz),
130.0, 129.4, 128.8 (d, J = 8.8 Hz), 123.6, 115.8 (d, J = 21.4 Hz),
114.0, 45.3, 40.9, 30.6, 26.3, 26.2; 19F{1H} NMR (471 MHz, CDCl3):
δ −114.5. HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C21H21FN2ONa, 359.1530; found, 359.1521.

1-(4-Chlorobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (14). Puri-
fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (48 mg, 68% yield), mp 157−
158 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 8.0, 1.4 Hz,
1H), 7.42−7.36 (m, 1H), 7.31−7.26 (m, 3H), 7.18 (dd, J = 7.9, 5.8
Hz, 3H), 5.44 (s, 2H), 3.38 (tt, J = 11.6, 3.2 Hz, 1H), 2.00 (d, J = 11.8
Hz, 2H), 1.92−1.86 (m, 2H), 1.78 (d, J = 12.8 Hz, 1H), 1.60 (ddd, J
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= 24.5, 12.6, 3.0 Hz, 2H), 1.52−1.43 (m, 2H), 1.34 (ddd, J = 12.7,
8.1, 3.6 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.5,
134.0, 133.6, 133.2, 132.0, 130.0, 129.5, 129.1, 128.4, 123.6, 114.0,
45.4, 40.9, 30.6, 26.3, 26.2; HRMS (ESI−TOF) m/z: [M + H]+ Calcd
for C21H22ClN2O, 353.1415; found, 353.1413.
1-(4-Bromobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (15). Puri-

fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (58 mg, 73% yield), mp 152−
153 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (d, J = 7.5 Hz, 1H),
7.40 (dt, J = 15.7, 8.1 Hz, 3H), 7.30−7.25 (m, 1H), 7.16 (d, J = 8.3
Hz, 1H), 7.12 (d, J = 7.4 Hz, 2H), 5.42 (s, 2H), 3.37 (dd, J = 12.7,
10.5 Hz, 1H), 2.00 (d, J = 11.8 Hz, 2H), 1.88 (d, J = 12.3 Hz, 2H),
1.77 (d, J = 12.6 Hz, 1H), 1.60 (dd, J = 25.0, 12.7 Hz, 2H), 1.47 (dd, J
= 23.8, 12.2 Hz, 2H), 1.37−1.29 (m, 1H); 13C{1H} NMR (126 MHz,
CDCl3): δ 164.4, 154.5, 134.6, 133.2, 132.0, 132.0, 130.1, 129.5,
128.8, 123.6, 121.6, 114.0, 45.4, 40.9, 30.6, 26.3, 26.2; HRMS (ESI−
TOF) m/z: [M + Na]+ Calcd for C21H21BrN2ONa, 419.0729; found,
419.0719.
3-Cyclohexyl-1-(3-methylbenzyl)quinoxalin-2(1H)-one (16). Pu-

rified by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), white solid (51 mg, 77% yield), mp 134−
135 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.3 Hz,
1H), 7.40−7.35 (m, 1H), 7.29−7.22 (m, 2H), 7.18 (t, J = 7.7 Hz,
1H), 7.04 (dd, J = 16.8, 7.6 Hz, 3H), 5.45 (s, 2H), 3.41 (tt, J = 11.6,
3.2 Hz, 1H), 2.29 (s, 3H), 2.01 (d, J = 11.8 Hz, 2H), 1.92−1.86 (m,
2H), 1.78 (d, J = 12.8 Hz, 1H), 1.61 (ddd, J = 24.6, 12.6, 3.0 Hz, 2H),
1.53−1.44 (m, 2H), 1.34 (ddt, J = 12.7, 9.2, 4.6 Hz, 1H); 13C{1H}
NMR (126 MHz, CDCl3): δ 164.4, 154.6, 138.7, 135.5, 133.1, 132.3,
129.8, 129.4, 128.8, 128.4, 127.6, 124.0, 123.4, 114.3, 46.0, 40.8, 30.6,
26.4, 26.2, 21.5; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C22H24N2ONa, 355.1781; found, 355.1789.
1-(3-Chlorobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (17). Puri-

fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (45 mg, 64% yield), mp 152−
153 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 7.9, 1.2 Hz,
1H), 7.41−7.36 (m, 1H), 7.28 (dd, J = 11.2, 4.0 Hz, 1H), 7.22 (d, J =
4.0 Hz, 3H), 7.16 (d, J = 8.3 Hz, 1H), 7.10 (dd, J = 6.4, 3.5 Hz, 1H),
5.44 (s, 2H), 3.39 (tt, J = 11.6, 3.2 Hz, 1H), 2.01 (d, J = 11.8 Hz, 2H),
1.91−1.86 (m, 2H), 1.77 (d, J = 12.8 Hz, 1H), 1.65−1.57 (m, 2H),
1.48 (tdd, J = 12.9, 9.7, 3.2 Hz, 2H), 1.33 (ddt, J = 12.7, 9.2, 4.6 Hz,
1H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.5, 137.6,
134.9, 133.2, 132.0, 130.2, 130.1, 129.5, 128.0, 127.1, 125.1, 123.7,
114.0, 45.5, 40.9, 30.6, 26.4, 26.2; HRMS (ESI−TOF) m/z: [M +
H]+ Calcd for C21H22ClN2O, 353.1415; found, 353.1413.
1-(3-Bromobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (18). Puri-

fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), white solid (50 mg, 63% yield), mp 148−
149 °C. 1H NMR (500 MHz, CDCl3): δ 7.86 (dd, J = 8.0, 1.3 Hz,
1H), 7.47−7.36 (m, 3H), 7.32−7.28 (m, 1H), 7.21−7.10 (m, 3H),
5.45 (s, 2H), 3.39 (tt, J = 11.6, 3.2 Hz, 1H), 2.01 (d, J = 11.8 Hz, 2H),
1.92−1.86 (m, 2H), 1.78 (d, J = 12.8 Hz, 1H), 1.61 (dt, J = 12.6, 9.6
Hz, 2H), 1.53−1.44 (m, 2H), 1.34 (ddd, J = 12.7, 8.1, 3.5 Hz, 1H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.5, 137.9, 133.2,
132.0, 130.9, 130.5, 130.1, 130.0, 129.5, 125.5, 123.7, 123.0, 114.0,
45.4, 40.9, 30.6, 26.3, 26.2; HRMS (ESI−TOF) m/z: [M + H]+ Calcd
for C21H22BrN2O, 397.0910; found, 397.0914.
3-Cyclohexyl-1-(3-nitrobenzyl)quinoxalin-2(1H)-one (19). Puri-

fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.22), white solid (39 mg, 54% yield), mp 203−
204 °C. 1H NMR (500 MHz, CDCl3): δ 8.14 (d, J = 9.0 Hz, 2H),
7.88 (dd, J = 8.0, 1.4 Hz, 1H), 7.56 (d, J = 7.8 Hz, 1H), 7.50 (t, J =
7.8 Hz, 1H), 7.45−7.38 (m, 1H), 7.36−7.29 (m, 1H), 7.20−7.12 (m,
1H), 5.57 (s, 2H), 3.38 (tt, J = 11.6, 3.2 Hz, 1H), 2.01 (d, J = 11.6 Hz,
2H), 1.93−1.86 (m, 2H), 1.81−1.76 (m, 1H), 1.64 (dd, J = 12.8, 3.2
Hz, 2H), 1.53−1.44 (m, 2H), 1.34 (ddd, J = 12.7, 8.2, 3.6 Hz, 1H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.4, 154.5, 148.6, 137.7,
133.2, 133.0, 131.8, 130.3, 130.1, 129.7, 123.9, 122.9, 122.1, 113.6,
45.3, 40.9, 30.6, 26.3, 26.2; HRMS (ESI−TOF) m/z: [M + H]+ Calcd
for C21H22N3O3, 364.1656; found, 364.1647.

3-Cyclohexyl-1-(2-fluorobenzyl)quinoxalin-2(1H)-one (20). Puri-
fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.32), yellow solid (46 mg, 68% yield), mp 139−
140 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (d, J = 7.9 Hz, 1H),
7.38 (dd, J = 11.5, 4.1 Hz, 1H), 7.23 (ddd, J = 18.6, 14.3, 8.2 Hz, 3H),
7.11−7.07 (m, 1H), 7.03−6.96 (m, 2H), 5.53 (s, 2H), 3.40 (tt, J =
11.6, 3.1 Hz, 1H), 2.02 (d, J = 13.2 Hz, 2H), 1.88 (d, J = 12.9 Hz,
2H), 1.77 (d, J = 12.7 Hz, 1H), 1.65−1.57 (m, 2H), 1.52−1.44 (m,
2H), 1.37−1.29 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ
164.3, 160.4 (d, J = 245.7 Hz), 154.7, 133.2, 131.9, 130.0, 129.6,
129.4 (d, J = 8.8 Hz), 128.5 (d, J = 2.5 Hz), 124.7 (d, J = 3.8 Hz),
123.6, 122.6 (d, J = 13.9 Hz), 115.5 (d, J = 21.4 Hz) 113.9 (d, J = 1.3
Hz), 40.9, 39.4 (d, J = 5.0 Hz), 30.6, 26.4, 26.2; 19F{1H} NMR (471
MHz, CDCl3): δ −118.3; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd
for C21H21FN2ONa, 359.1530; found, 359.1538.

1-(2-Chlorobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (21). Puri-
fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (41 mg, 58% yield), mp 136−
137 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (d, J = 7.9 Hz, 1H),
7.42 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.27 (t, J = 7.6 Hz,
1H), 7.18 (t, J = 7.7 Hz, 1H), 7.07 (t, J = 7.6 Hz, 1H), 7.00 (d, J = 8.3
Hz, 1H), 6.73 (d, J = 7.7 Hz, 1H), 5.55 (s, 2H), 3.40 (tt, J = 11.7, 3.1
Hz, 1H), 2.02 (d, J = 10.2 Hz, 2H), 1.88 (d, J = 13.0 Hz, 2H), 1.77
(d, J = 12.6 Hz, 1H), 1.62 (ddd, J = 24.9, 12.7, 2.9 Hz, 2H), 1.52−
1.43 (m, 2H), 1.37−1.29 (m, 1H); 13C{1H} NMR (126 MHz,
CDCl3): δ 164.3, 154.6, 133.2, 132.7, 132.5, 132.0, 129.9, 129.7,
129.6, 128.8, 127.3, 126.9, 123.7, 114.1, 43.6, 40.9, 30.6, 26.4, 26.2;
HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C21H21ClN2ONa,
375.1235; found, 375.1228.

1-(2-Bromobenzyl)-3-cyclohexylquinoxalin-2(1H)-one (22). Puri-
fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), white solid (50 mg, 63% yield), mp 179−
180 °C. 1H NMR (500 MHz, CDCl3): δ 7.97 (dd, J = 8.1, 1.4 Hz,
1H), 7.82 (dd, J = 8.2, 1.3 Hz, 1H), 7.64−7.56 (m, 3H), 7.55−7.49
(m, 1H), 7.34 (td, J = 7.6, 0.9 Hz, 1H), 7.20 (td, J = 7.7, 1.5 Hz, 1H),
5.63 (s, 2H), 3.29−3.21 (m, 1H), 2.01 (d, J = 11.9 Hz, 2H), 1.92−
1.86 (m, 2H), 1.79−1.67 (m, 3H), 1.51−1.41 (m, 2H), 1.39−1.31
(m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 155.0, 154.7, 139.3,
139.0, 136.3, 132.9, 129.7, 129.4, 128.8, 128.5, 127.5, 126.8, 126.4,
123.4, 67.5, 40.7, 30.8, 26.5, 26.2; HRMS (ESI−TOF) m/z: [M +
H]+ Calcd for C21H22BrN2O, 397.0910; found, 397.0919.

3-Cyclohexyl-1-(2,4-difluorobenzyl)quinoxalin-2(1H)-one (23).
Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.21), yellow solid (45 mg, 63% yield), mp
151−152 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 8.0, 1.4
Hz, 1H), 7.41 (ddd, J = 8.6, 7.4, 1.5 Hz, 1H), 7.32−7.27 (m, 1H),
7.20 (dd, J = 8.4, 0.8 Hz, 1H), 7.05 (td, J = 8.6, 6.3 Hz, 1H), 6.89−
6.83 (m, 1H), 6.79−6.71 (m, 1H), 5.48 (s, 2H), 3.39 (tt, J = 11.7, 3.3
Hz, 1H), 2.03−1.98 (m, 2H), 1.91−1.86 (m, 2H), 1.78 (ddd, J = 6.3,
3.1, 1.5 Hz, 1H), 1.64−1.56 (m, 2H), 1.48 (dtd, J = 13.0, 9.5, 3.3 Hz,
2H), 1.37−1.29 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ
164.3, 163.4 (d, J = 11.3 Hz), 161.4 (t, J = 11.3 Hz), 159.4 (d, J =
12.6 Hz), 154.7, 133.2, 131.8, 130.1, 129.8 (q, J = 5.0 Hz), 129.6,
123.7, 118.6 (dd, J = 3.8 Hz) 113.6 (d, J = 2.5 Hz), 112.0 (dd, J = 3.8
Hz), 104.0 (t, J = 25.2 Hz), 40.9, 38.9 (d, J = 3.8 Hz), 30.6, 26.3, 26.2;
19F{1H} NMR (471 MHz, CDCl3): δ −110.3 (d, J = 4.7 Hz), −114.0
(d, J = 4.7 Hz); HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C21H20F2N2ONa, 377.1436; found, 377.1431.

3-Cyclohexyl-1-(2,6-dichlorobenzyl)quinoxalin-2(1H)-one (24).
Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.20), white solid (41 mg, 53% yield), mp
157−158 °C. 1H NMR (500 MHz, CDCl3): δ 7.80 (d, J = 7.8 Hz,
1H), 7.36−7.22 (m, 4H), 7.13 (dt, J = 15.6, 7.2 Hz, 2H), 5.80 (s,
2H), 3.38 (dd, J = 15.3, 7.2 Hz, 1H), 1.97 (d, J = 10.7 Hz, 2H), 1.86
(d, J = 12.2 Hz, 2H), 1.76 (d, J = 11.6 Hz, 1H), 1.63−1.54 (m, 2H),
1.52−1.43 (m, 2H), 1.36−1.29 (m, 1H); 13C{1H} NMR (126 MHz,
CDCl3): δ 163.9, 155.2, 135.5, 133.4, 131.9, 131.2, 130.0, 129.4,
129.3, 129.1, 123.3, 114.1, 42.1, 40.8, 30.4, 26.3, 26.2; HRMS (ESI−
TOF) m/z: [M + Na]+ Calcd for C21H20Cl2N2ONa, 409.0845; found,
409.0833.
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3-Cyclohexyl-6-methoxy-1-methylquinoxalin-2(1H)-one (25).
Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.31), white solid (39 mg, 72% yield), mp
166−167 °C. 1H NMR (500 MHz, CDCl3): δ 7.78 (d, J = 8.8 Hz,
1H), 6.91 (dd, J = 8.8, 2.2 Hz, 1H), 6.70 (d, J = 2.2 Hz, 1H), 3.92 (s,
3H), 3.66 (s, 3H), 3.30 (ddd, J = 11.6, 8.6, 3.0 Hz, 1H), 1.93 (d, J =
11.9 Hz, 2H), 1.86 (d, J = 12.9 Hz, 2H), 1.76 (d, J = 12.7 Hz, 1H),
1.62−1.54 (m, 2H), 1.45 (dt, J = 12.9, 7.9 Hz, 2H), 1.34−1.29 (m,
1H); 13C{1H} NMR (126 MHz, CDCl3): δ 160.8, 160.7, 154.8,
134.3, 130.9, 127.6, 110.3, 98.0, 55.8, 40.6, 30.6, 29.2, 26.4, 26.2;
HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C16H20N2O2Na,
295.1417; found, 295.1431.
3-Cyclohexylquinoxalin-2(1H)-one (26). Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 3:1),
white solid (28 mg, 61% yield, Rf = 0.25), mp 174−175 °C (lit.32a

177−178 °C); 1H NMR (500 MHz, DMSO): δ 12.29 (s, 1H), 7.71
(d, J = 8.2 Hz, 1H), 7.47 (t, J = 7.7 Hz, 1H), 7.26 (t, J = 7.4 Hz, 2H),
3.18 (t, J = 11.2 Hz, 1H), 1.87 (d, J = 12.1 Hz, 2H), 1.81 (d, J = 12.4
Hz, 2H), 1.72 (d, J = 12.3 Hz, 1H), 1.46 (dd, J = 25.2, 12.4 Hz, 2H),
1.41−1.33 (m, 2H), 1.27 (d, J = 12.5 Hz, 1H); 13C{1H} NMR (126
MHz, DMSO): δ 165.3, 154.6, 132.1, 132.0, 129.8, 128.6, 123.5,
115.6, 30.5, 26.3, 26.2.
6-Bromo-3-cyclohexylquinoxalin-2(1H)-one (27). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA
= 3:1, Rf = 0.29), white solid (34 mg, 55% yield), mp 226−227 °C. 1H
NMR (500 MHz, DMSO): δ 12.40 (s, 1H), 7.87 (d, J = 2.2 Hz, 1H),
7.63 (dd, J = 8.7, 2.2 Hz, 1H), 7.22 (d, J = 8.7 Hz, 1H), 3.17 (ddd, J =
11.2, 8.1, 3.2 Hz, 1H), 1.86 (d, J = 13.0 Hz, 2H), 1.81 (d, J = 12.6 Hz,
2H), 1.71 (d, J = 12.8 Hz, 1H), 1.46−1.35 (m, 4H), 1.23 (s, 1H);
13C{1H} NMR (126 MHz, DMSO): δ 166.8, 154.4, 133.1, 132.4,
131.3, 130.7, 117.6, 114.8, 30.4, 26.2, 26.2; HRMS (ESI−TOF) m/z:
[M + H]+ Calcd for C14H16BrN2O, 307.0441; found, 307.0444.
3-Cyclohexyl-6,7-difluoroquinoxalin-2(1H)-one (28). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
3:1, Rf = 0.32), yellow solid (29 mg, 55% yield), mp 246−247 °C. 1H
NMR (500 MHz, DMSO): δ 12.42 (s, 1H), 7.78 (dd, J = 11.1, 8.2
Hz, 1H), 7.18 (dd, J = 11.1, 7.6 Hz, 1H), 3.13 (ddd, J = 11.2, 7.2, 3.0
Hz, 1H), 1.85 (d, J = 12.0 Hz, 2H), 1.80 (d, J = 12.3 Hz, 2H), 1.71
(d, J = 12.7 Hz, 1H), 1.46−1.24 (m, 5H); 13C{1H} NMR (126 MHz,
DMSO): δ 166.0, 154.3, 150.3 (dd, J = 15.1 Hz), 146.0 (dd, J = 2.5
Hz), 129.3 (d, J = 10.1 Hz), 128.5 (d, J = 7.6 Hz), 116.4 (d, J = 18.9
Hz), 103.4 (d, J = 22.7 Hz), 30.4, 26.2, 26.2; 19F{1H} NMR (471
MHz, DMSO): δ −134.6 (d, J = 23.4 Hz), −143.8 (d, J = 23.4 Hz);
HRMS (ESI−TOF) m/z: [M + H]+ Calcd for C14H15F2N2O,
265.1147; found, 265.1145.
6,7-Dichloro-3-cyclohexylquinoxalin-2(1H)-one (29). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
3:1, Rf = 0.30), white solid (38 mg, 64% yield), mp 280−281 °C. 1H
NMR (500 MHz, DMSO): δ 12.43 (s, 1H), 7.94 (s, 1H), 7.41 (s,
1H), 3.15 (ddd, J = 11.2, 7.3, 3.1 Hz, 1H), 1.86 (d, J = 12.1 Hz, 2H),
1.81 (d, J = 12.5 Hz, 2H), 1.71 (d, J = 12.7 Hz, 1H), 1.47−1.24 (m,
5H); 13C{1H} NMR (126 MHz, DMSO): δ 167.3, 154.2, 131.9,
131.8, 131.6, 129.6, 125.2, 116.7, 30.4, 26.2, 26.2; HRMS (ESI−
TOF) m/z: [M + H]+ Calcd for C14H15Cl2N2O, 297.0556; found,
297.0565.
3-Cyclopentyl-1-methylquinoxalin-2(1H)-one (30). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
6:1, Rf = 0.30), white solid (38 mg, 83% yield), mp 91−92 °C (lit.32e

89−91 °C); 1H NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 8.0, 1.4 Hz,
1H), 7.53−7.46 (m, 1H), 7.34−7.27 (m, 2H), 3.73−3.67 (m, 4H),
2.10−2.03 (m, 2H), 1.96−1.89 (m, 2H), 1.86−1.79 (m, 2H), 1.75−
1.67 (m, 2H); 13C{1H} NMR (126 MHz, CDCl3): δ 163.7, 155.0,
133.0, 132.7, 129.7, 129.3, 123.4, 113.4, 42.7, 30.8, 29.0, 25.9.
3-Cycloheptyl-1-methylquinoxalin-2(1H)-one (31). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
6:1, Rf = 0.35), yellow solid (43 mg, 84% yield), mp 99−100 °C. 1H
NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 7.9, 0.9 Hz, 1H), 7.52−
7.47 (m, 1H), 7.31 (t, J = 7.6 Hz, 1H), 7.27 (d, J = 8.3 Hz, 1H), 3.69
(s, 3H), 3.52−3.45 (m, 1H), 2.01−1.94 (m, 2H), 1.87−1.78 (m, 4H),
1.70 (dd, J = 7.5, 5.3 Hz, 2H), 1.66−1.58 (m, 4H); 13C{1H} NMR

(126 MHz, CDCl3): δ 165.4, 154.5, 132.9, 132.8, 129.7, 129.3, 123.4,
113.4, 42.4, 32.3, 29.1, 28.2, 27.1; HRMS (ESI−TOF) m/z: [M +
Na]+ Calcd for C16H20N2ONa, 279.1468; found, 279.1471.

3-Cyclooctyl-1-methylquinoxalin-2(1H)-one (32). Purified by
silica gel column chromatography (200−300 mesh silica gel, PE/EA
= 6:1, Rf = 0.35), yellow solid (40 mg, 74% yield), mp 112−113 °C.
1H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 8.0, 1.2 Hz, 1H), 7.53−
7.46 (m, 1H), 7.34−7.30 (m, 1H), 7.28 (d, J = 8.4 Hz, 1H), 3.70 (s,
3H), 3.59−3.53 (m, 1H), 1.89 (dd, J = 11.8, 5.8 Hz, 4H), 1.82 (dd, J
= 12.6, 6.7 Hz, 2H), 1.71−1.62 (m, 8H); 13C{1H} NMR (126 MHz,
CDCl3): δ 165.8, 154.5, 132.9, 132.8, 129.8, 129.3, 123.4, 113.4, 40.5,
30.6, 29.1, 26.7, 26.6, 26.0; HRMS (ESI−TOF) m/z: [M + Na]+

Calcd for C17H22N2ONa, 293.1624; found, 293.1618.
3-Cyclododecyl-1-methylquinoxalin-2(1H)-one (33). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
6:1, Rf = 0.35), white solid (46 mg, 70% yield), mp 119−120 °C. 1H
NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 1.3 Hz, 1H), 7.52−
7.46 (m, 1H), 7.33−7.25 (m, 2H), 3.73−3.67 (m, 4H), 1.83−1.73
(m, 4H), 1.61 (dd, J = 12.6, 5.4 Hz, 2H), 1.56−1.41 (m, 7H), 1.35
(ddd, J = 21.0, 15.1, 8.2 Hz, 9H); 13C{1H} NMR (126 MHz, CDCl3):
δ 164.4, 154.9, 132.9, 132.8, 129.8, 129.3, 123.3, 113.4, 36.2, 29.1,
28.1, 24.0, 23.8, 23.6, 23.3, 23.1; HRMS (ESI−TOF) m/z: [M + Na]+

Calcd for C21H30N2ONa, 349.2250; found, 349.2253.
3-((3r,5r,7r)-Adamantan-1-yl)-1-methylquinoxalin-2(1H)-one

(34). Purified by silica gel column chromatography (200−300 mesh
silica gel, PE/EA = 6:1, Rf = 0.35), yellow solid (46 mg, 78% yield),
mp 173−174 °C (lit.14d 169−186 °C); 1H NMR (500 MHz, CDCl3):
δ 7.83 (d, J = 7.3 Hz, 1H), 7.49 (dd, J = 11.4, 4.1 Hz, 1H), 7.30 (t, J =
7.6 Hz, 1H), 7.25 (d, J = 8.8 Hz, 1H), 3.65 (s, 3H), 2.25 (d, J = 2.4
Hz, 6H), 2.11 (s, 3H), 1.85−1.77 (m, 6H); 13C{1H} NMR (126
MHz, CDCl3): δ 164.8, 153.7, 133.1, 132.5, 130.1, 129.4, 123.1,
113.2, 42.0, 38.9, 37.0, 28.6, 28.6.

Mixture of 3-(Pentan-2-yl)-1-methylquinoxalin-2(1H)-one and 3-
(Pentan-3-yl)-1-methylquinoxalin-2(1H)-one (35). Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 6:1,
Rf = 0.35), yellow liquid (ratio C2:C3 = 3:1, 33 mg, 72% yield); data
for the C2 product: 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9,
1.4 Hz, 1H), 7.52−7.49 (m, 1H), 7.34−7.30 (m, 1H), 0.88 (t, J = 7.4
Hz, 1H), δ 3.70 (s, 3H), 3.55 (h, J = 6.9 Hz, 1H), δ 1.87 (ddd, J =
16.5, 9.4, 4.4 Hz, 2H), 1.59−1.50 (m, 1H), 1.40−1.26 (m, 4H), 0.92
(t, J = 7.3 Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 164.8,
154.7, 132.9, 132.8, 129.8, 129.4, 123.4, 113.5, 36.9, 29.7, 29.1, 20.7,
18.2, 14.2; data for the C3 product: 1H NMR (500 MHz, CDCl3): δ
7.88−7.84 (m, 1H), δ 7.55−7.49 (m, 1H), δ 7.34−7.28 (m, 2H), δ
3.70 (s, 3H), δ 3.35 (tt, J = 8.0, 5.8 Hz, 1H), δ 1.94−1.80 (m, 1H),
1.70 (ddd, J = 13.4, 7.4, 5.9 Hz, 1H), 1.56 (ddd, J = 7.6, 6.0, 4.2 Hz,
1H), 1.46−1.29 (m, 4H), δ 0.88 (t, J = 7.4 Hz, 3H); 13C{1H} NMR
(126 MHz, CDCl3): δ 163.8, 155.1, 132.9, 132.8, 129.8, 129.4, 123.4,
113.5, 44.6, 35.9, 29.1, 25.8, 18.2, 12.0; HRMS (ESI−TOF) m/z: [M
+ Na]+ Calcd for C14H18N2ONa, 253.1311; found, 253.1303.

1-Methyl-3-(tetrahydrofuran-2-yl)quinoxalin-2(1H)-one (36).12c

Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 6:1, Rf = 0.33), yellow liquid (26 mg, 56% yield). 1H
NMR (500 MHz, CDCl3): δ 7.96 (dd, J = 8.0, 1.2 Hz, 1H), 7.58−
7.53 (m, 1H), 7.37−7.33 (m, 1H), 7.32 (d, J = 8.4 Hz, 1H), 5.40 (dd,
J = 7.4, 6.0 Hz, 1H), 4.26−4.21 (m, 1H), 4.04−3.99 (m, 1H), 3.71 (s,
3H), 2.54−2.47 (m, 1H), 2.06−2.03 (m, 3H); 13C{1H} NMR (126
MHz, CDCl3): δ 159.5, 154.1, 133.2, 132.5, 130.5, 130.2, 123.7,
113.5, 77.6, 69.2, 30.5, 28.8, 25.7.

3-(1,4-Dioxan-2-yl)-1-methylquinoxalin-2(1H)-one (37). Purified
by silica gel column chromatography (200−300 mesh silica gel, PE/
EA = 6:1, Rf = 0.35), yellow solid (36 mg, 73% yield), mp 135−136
°C (lit.12c 136−138 °C); 1H NMR (500 MHz, CDCl3): δ 8.03 (dd, J
= 8.0, 1.2 Hz, 1H), 7.62−7.56 (m, 1H), 7.39−7.35 (m, 1H), 7.33 (d, J
= 8.4 Hz, 1H), 5.30 (dd, J = 9.5, 2.6 Hz, 1H), 4.27 (dd, J = 11.2, 2.6
Hz, 1H), 4.12 (d, J = 11.6 Hz, 1H), 3.99 (ddd, J = 11.8, 8.0, 6.1 Hz,
1H), 3.84 (dd, J = 8.1, 2.3 Hz, 2H), 3.71 (s, 3H), 3.66 (dd, J = 11.2,
9.6 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 155.1, 153.7,
133.1, 132.6, 130.8, 130.7, 123.9, 113.6, 74.6, 69.4, 67.5, 66.3, 29.0.
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1-(4-Chlorobenzyl)-3-cyclopentylquinoxalin-2(1H)-one (38). Pu-
rified by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.31), yellow solid (45 mg, 66% yield), mp 148−
149 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (d, J = 7.8 Hz, 1H),
7.38 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 8.1 Hz, 3H), 7.20−7.13 (m, 3H),
5.45 (s, 2H), 3.86−3.69 (m, 1H), 2.16−2.04 (m, 2H), 1.96 (dd, J =
12.3, 7.4 Hz, 2H), 1.87−1.80 (m, 2H), 1.73 (dd, J = 6.9, 4.5 Hz, 2H);
13C{1H} NMR (126 MHz, CDCl3): δ 163.9, 155.0, 134.0, 133.5,
133.0, 132.1, 130.0, 129.4, 129.1, 128.4, 123.6, 114.0, 45.3, 42.7, 30.9,
26.0; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C20H19ClN2ONa, 361.1078; found, 361.1076.
1-(4-Chlorobenzyl)-3-cycloheptylquinoxalin-2(1H)-one (39). Pu-

rified by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (45 mg, 61% yield), mp 116−
117 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 7.9, 1.3 Hz,
1H), 7.42−7.36 (m, 1H), 7.29 (dd, J = 12.7, 4.8 Hz, 3H), 7.17 (dd, J
= 7.9, 4.9 Hz, 3H), 5.45 (s, 2H), 3.53 (tt, J = 9.7, 3.5 Hz, 1H), 2.05−
1.98 (m, 2H), 1.90−1.79 (m, 4H), 1.71 (dd, J = 7.8, 5.4 Hz, 2H),
1.67−1.61 (m, 4H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.5,
154.4, 134.0, 133.5, 133.1, 132.0, 130.0, 129.4, 129.1, 128.4, 123.6,
114.0, 45.4, 42.4, 32.4, 28.2, 27.2; HRMS (ESI−TOF) m/z: [M +
Na]+ Calcd for C22H23ClN2ONa, 389.1391; found, 389.1388.
1-(4-Chlorobenzyl)-3-cyclooctylquinoxalin-2(1H)-one (40). Puri-

fied by silica gel column chromatography (200−300 mesh silica gel,
PE/EA = 6:1, Rf = 0.30), yellow solid (51 mg, 67% yield), mp 112−
113 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 1.4 Hz,
1H), 7.41−7.36 (m, 1H), 7.33−7.26 (m, 3H), 7.23−7.13 (m, 3H),
5.45 (s, 2H), 3.61 (dq, J = 12.8, 4.4 Hz, 1H), 1.91 (td, J = 7.9, 3.5 Hz,
4H), 1.87−1.81 (m, 2H), 1.68 (dt, J = 18.4, 8.0 Hz, 8H); 13C{1H}
NMR (126 MHz, CDCl3): δ 165.9, 154.5, 134.0, 133.5, 133.0, 132.0,
130.0, 129.4, 129.1, 128.3, 123.6, 114.0, 45.4, 40.5, 30.7, 26.7, 26.6,
26.0; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C23H25ClN2ONa, 403.1548; found, 403.1545.
3-((3r,5r,7r)-Adamantan-1-yl)-1-(4-chlorobenzyl)quinoxalin-

2(1H)-one (41). Purified by silica gel column chromatography (200−
300 mesh silica gel, PE/EA = 6:1, Rf = 0.32), white solid (61 mg, 75%
yield), mp 179−180 °C. 1H NMR (500 MHz, CDCl3): δ 7.85 (dd, J
= 7.9, 1.4 Hz, 1H), 7.41−7.35 (m, 1H), 7.28 (dd, J = 10.9, 4.7 Hz,
3H), 7.14 (t, J = 8.1 Hz, 3H), 5.42 (s, 2H), 2.27 (d, J = 2.6 Hz, 6H),
2.13 (s, 3H), 1.86−1.78 (m, 6H); 13C{1H} NMR (126 MHz,
CDCl3): δ 165.0, 153.5, 134.2, 133.4, 132.7, 132.2, 130.3, 129.6,
129.1, 128.2, 123.4, 113.7, 44.9, 42.1, 38.9, 37.0, 28.6; HRMS (ESI−
TOF) m/z: [M + Na]+ Calcd for C25H25ClN2ONa, 427.1548; found,
427.1541.
Mixture of 1-(4-Chlorobenzyl)-3-(pentan-2-yl)quinoxalin-2(1H)-

one [C2] and 1-(4-Chlorobenzyl)-3-(pentan-3-yl)quinoxalin-2(1H)-
one [C3] (42). Purified by silica gel column chromatography (200−
300 mesh silica gel, PE/EA = 6:1, Rf = 0.35), yellow liquid (ratio
C2:C3 = 2:1, 40 mg, 59% yield); data for the C2 product: 1H NMR
(500 MHz, CDCl3): δ 7.87 (d, J = 7.9 Hz, 1H), 7.39 (dd, J = 8.3, 1.1
Hz, 1H), 7.30−7.22 (m, 3H), 7.18 (d, J = 4.6 Hz, 3H), 5.46 (s, 2H),
3.60 (dd, J = 13.7, 6.9 Hz, 1H), 1.95−1.85 (m, 1H), 1.63−1.53 (m,
1H), 1.44 (ddd, J = 9.9, 5.0, 2.2 Hz, 1H), 1.39−1.29 (m, 3H), 0.94 (t,
J = 5.9 Hz, 4H). 13C{1H} NMR (126 MHz, CDCl3): δ 164.9, 154.6,
134.0, 133.5, 133.0, 132.0, 130.0, 129.6, 129.1, 128.3, 123.7, 114.0,
45.3, 37.0, 29.7, 20.8, 18.0, 14.2; data for the C3 product: 1H NMR
(500 MHz, CDCl3): δ 7.88 (d, J = 15.7 Hz, 1H), 7.44−7.34 (m, 1H),
7.33−7.27 (m, 3H), 7.16 (d, J = 7.7 Hz, 3H), 5.46 (s, 2H), 3.45−3.36
(m, 1H), 1.94−1.85 (m, 1H), 1.79−1.70 (m, 1H), 1.44 (ddd, J = 9.9,
5.0, 2.2 Hz, 1H), 1.39−1.32 (m, 3H), 0.91 (t, J = 5.9 Hz, 4H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.1, 155.0, 134.0, 133.5,
132.9, 132.0, 130.0, 129.6, 129.1, 128.3, 123.7, 114.0, 45.3, 44.7, 36.0,
25.9, 18.2, 12.1; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C20H21ClN2ONa, 363.1235; found, 363.1230.
3-Cyclooctyl-1-(3,3-dimethyl-2-oxobutyl)quinoxalin-2(1H)-one

(43). Purified by silica gel column chromatography (200−300 mesh
silica gel, PE/EA = 6:1, Rf = 0.30), white solid (54 mg, 76% yield), mp
136−137 °C. 1H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 8.0, 1.3
Hz, 1H), 7.43−7.38 (m, 1H), 7.31−7.27 (m, 1H), 6.81 (t, J = 8.7 Hz,
1H), 5.26 (s, 2H), 3.52 (tt, J = 8.5, 4.1 Hz, 1H), 1.89 (dt, J = 12.9, 7.3

Hz, 4H), 1.80 (d, J = 5.6 Hz, 2H), 1.70−1.60 (m, 8H), 1.36 (s, 9H);
13C{1H} NMR (126 MHz, CDCl3): δ 206.7, 165.4, 154.1, 132.9,
132.3, 130.0, 129.3, 123.5, 112.8, 47.0, 43.8, 40.4, 30.6, 26.6, 26.6,
26.5, 26.0; HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for
C22H30N2O2Na, 377.2199; found, 377.2204.

3-((3r,5r,7r)-Adamantan-1-yl)-1-(3,3-dimethyl-2-oxobutyl)-
quinoxalin-2(1H)-one (44). Purified by silica gel column chromatog-
raphy (200−300 mesh silica gel, PE/EA = 6:1, Rf = 0.35), yellow solid
(55 mg, 73% yield), mp 219−220 °C. 1H NMR (500 MHz, CDCl3):
δ 7.84 (dd, J = 8.0, 1.3 Hz, 1H), 7.43−7.37 (m, 1H), 7.28 (dd, J =
10.9, 3.8 Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 5.24 (s, 2H), 2.23 (d, J =
2.6 Hz, 6H), 2.10 (s, 3H), 1.84−1.76 (m, 6H), 1.36 (s, 9H).; 13C{1H}
NMR (126 MHz, CDCl3): δ 206.7, 164.4, 153.2, 132.5, 132.5, 130.4,
129.4, 123.2, 112.6, 46.6, 43.8, 41.9, 38.9, 37.0, 28.6, 26.6; HRMS
(ESI−TOF) m/z: [M + Na]+ Calcd for C24H30N2O2Na, 401.2199;
found, 401.2205.

3-Cyclopentylquinoxalin-2(1H)-one (45). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 3:1, Rf =
0.26), white solid (22 mg, 51% yield), mp 214−215 °C. 1H NMR
(500 MHz, DMSO): δ 12.28 (s, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.49−
7.44 (m, 1H), 7.29−7.24 (m, 2H), 3.57 (p, J = 8.1 Hz, 1H), 1.99−
1.92 (m, 2H), 1.87−1.79 (m, 2H), 1.76−1.69 (m, 2H), 1.68−1.61
(m, 2H); 13C{1H} NMR (126 MHz, DMSO): δ 164.8, 155.1, 132.1,
131.9, 129.8, 128.6, 123.5, 115.6, 41.8, 30.7, 25.9; HRMS (ESI−
TOF) m/z: [M + Na]+ Calcd for C13H14N2ONa, 237.0998; found,
237.1005.

3-Cycloheptylquinoxalin-2(1H)-one (46). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 3:1, Rf =
0.25), yellow solid (24 mg, 50% yield), mp 188−189 °C. 1H NMR
(500 MHz, CDCl3): δ 12.36 (s, 1H), 7.83 (dd, J = 8.0, 0.9 Hz, 1H),
7.52−7.45 (m, 1H), 7.36−7.29 (m, 2H), 3.56−3.48 (m, 1H), 2.04−
2.00 (m, 2H), 1.88−1.83 (m, 4H), 1.77−1.71 (m, 2H), 1.67−1.63
(m, 4H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.9, 156.2, 132.9,
130.7, 129.4, 128.8, 124.0, 115.5, 41.8, 32.3, 28.3, 27.1; HRMS (ESI−
TOF) m/z: [M + Na]+ Calcd for C15H18N2ONa, 265.1311; found,
265.1309.

3-Cyclooctylquinoxalin-2(1H)-one (47). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 3:1,
Rf = 0.25), white solid (31 mg, 60% yield), mp 190−191 °C. 1H NMR
(500 MHz, CDCl3): δ 12.31 (s, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.51−
7.44 (m, 1H), 7.32 (t, J = 8.0 Hz, 2H), 3.66−3.52 (m, 1H), 1.94 (dd,
J = 11.3, 5.9 Hz, 4H), 1.84 (d, J = 8.6 Hz, 3H), 1.69 (ddd, J = 16.0,
11.0, 5.9 Hz, 7H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.3, 156.2,
132.9, 130.7, 129.4, 128.8, 123.9, 115.5, 39.9, 30.5, 26.8, 26.6, 25.9;
HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C16H20N2ONa,
279.1468; found, 279.1469.

3-((3r,5r,7r)-Adamantan-1-yl)quinoxalin-2(1H)-one (48). Purified
by silica gel column chromatography (200−300 mesh silica gel, PE/
EA = 6:1, Rf = 0.29), white solid (37 mg, 67% yield), mp 164−165
°C. 1H NMR (500 MHz, DMSO): δ 12.20 (s, 1H), 7.70 (d, J = 7.8
Hz, 1H), 7.46 (dd, J = 11.4, 3.9 Hz, 1H), 7.35−7.18 (m, 2H), 2.16 (s,
6H), 2.06 (s, 3H), 1.75 (s, 6H); 13C{1H} NMR (126 MHz, DMSO):
δ 165.7, 154.1, 132.2, 131.6, 130.0, 128.9, 123.4, 115.2, 41.5, 38.7,
37.0, 28.3; HRMS (ESI−TOF) m/z: [M + H]+ Calcd for C18H21N2O,
281.1648; found, 281.1648.

Mixture of 3-(Pentan-2-yl)quinoxalin-2(1H)-one [C2] and 3-
(Pentan-3-yl)quinoxalin-2(1H)-one [3] (49). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 3:1, Rf =
0.26), white solid (ratio C2:C3 = 2:1, 25 mg, 58% yield), mp 148−
149 °C. Data for the C2 product: 1H NMR (500 MHz, CDCl3): δ
12.37 (s, 1H), 7.86 (t, J = 7.1 Hz, 1H), 7.52−7.45 (m, 1H), 7.34
(ddd, J = 3.7, 3.1, 1.9 Hz, 2H), 3.60 (dd, J = 13.8, 6.9 Hz, 1H), 1.99−
1.85 (m, 2H), 1.48−1.40 (m, 2H), 1.34 (d, J = 6.9 Hz, 2H), 0.95 (t, J
= 7.4 Hz, 4H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.3, 156.5,
132.9, 130.7, 129.5, 128.8, 124.0, 115.5, 37.0, 29.7, 20.7, 18.3, 14.3;
data for the C3 product: 1H NMR (500 MHz, CDCl3): δ 12.37 (s,
1H), 7.86 (t, J = 6.9 Hz, 1H), 7.53−7.44 (m, 1H), 7.35−7.30 (m,
2H), 3.44−3.35 (m, 1H), 1.77 (ddd, J = 13.4, 7.3, 5.9 Hz, 2H), 1.65−
1.54 (m, 2H), 1.34 (t, J = 6.5 Hz, 2H), 0.94−0.89 (m, 4H); 13C{1H}
NMR (126 MHz, CDCl3): δ 164.5, 156.9, 133.0, 130.7, 129.6, 128.9,
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124.0, 115.5, 44.1, 35.4, 25.9, 18.3, 12.0; HRMS (ESI−TOF) m/z:
[M + Na]+ Calcd for C13H16N2ONa, 239.1155; found, 239.1150.
Procedure for the Synthesis of 2-Chloro-3-cyclohexylqui-

noxaline 50. A mixture of 3-cyclohexylquinoxalinone (26) (6.0
mmol), POCl3 (7.2 mmol, 1.2 equiv), and pyridine (6.0 mmol, 1.0
equiv) in a 15 mL pressure tube was stirred at 160 °C in an oil bath
for 2 h. After reaction completion confirmed by TLC, the mixture was
cooled down to room temperature and a saturated NaHCO3 solution
was added to the residue to neutralize the acidic compounds. The
mixture was then extracted with DCM, and the collected organic layer
was washed with brine and dried with MgSO4. The solvent was
removed in vacuo, and the obtained residue was further purified by
silica gel column chromatography (200−300 mesh silica gel).
2-Chloro-3-cyclohexylquinoxaline (50). Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.52), white solid (1.18 g, 80% yield), mp 89−90 °C (lit.33d 94−
96 °C); 1H NMR (500 MHz, CDCl3): δ 8.07−8.03 (m, 1H), 8.01−
7.92 (m, 1H), 7.74−7.67 (m, 2H), 3.34 (tt, J = 11.6, 3.3 Hz, 1H),
2.03 (d, J = 12.1 Hz, 2H), 1.96−1.90 (m, 2H), 1.84−1.78 (m, 1H),
1.71 (dd, J = 17.2, 7.7 Hz, 2H), 1.53−1.44 (m, 2H), 1.41−1.33 (m,
1H); 13C{1H} NMR (126 MHz, CDCl3): δ 159.2, 147.5, 141.2,
140.6, 129.8, 128.8, 128.1, 42.6, 31.3, 26.4, 26.0.
Procedure for the Synthesis of Compound 51. A mixture of

2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), (4-
methoxyphenyl)boronic acid (0.3 mmol, 1.5 equiv), Pd(PPh3)4 (5.0
mol %), K2CO3 (2.0 M in water, 1.1 mL), toluene (1.5 mL), and
EtOH (0.5 mL) in a 15 mL pressure tube was stirred at 115 °C in an
oil bath for 12 h under a N2 atmosphere. After reaction completion
(as indicated by TLC), the mixture was cooled down to room
temperature and water (5 mL) was added to the residue. The mixture
was extracted with DCM, and the collected organic layer was washed
with brine and dried with MgSO4. The solvent was removed in vacuo,
and the obtained residue was further purified by silica gel column
chromatography (200−300 mesh silica gel).
2-Cyclohexyl-3-(4-methoxyphenyl)quinoxaline (51). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
10:1, Rf = 0.35), white solid (52 mg, 82% yield), mp 135−136 °C. 1H
NMR (500 MHz, CDCl3): δ 8.07 (dd, J = 6.9, 1.8 Hz, 2H), 7.69
(ddd, J = 8.4, 7.0, 1.5 Hz, 2H), 7.58−7.50 (m, 2H), 7.05 (d, J = 8.7
Hz, 2H), 3.89 (s, 3H), 3.22−3.12 (m, 1H), 1.86−1.79 (m, 6H), 1.71
(d, J = 12.7 Hz, 1H), 1.38−1.27 (m, 3H); 13C{1H} NMR (126 MHz,
CDCl3): δ 160.1, 160.1, 154.4, 141.6, 140.6, 131.7, 130.3, 129.2,
129.1, 129.0, 128.7, 114.0, 55.4, 42.3, 32.5, 26.4, 25.9; HRMS (ESI−
TOF) m/z: [M + H]+ Calcd for C21H23N2O, 319.1805; found,
319.1802.
Procedure for the Synthesis of Compound 52. A mixture of

2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), p-tolylacetylene
(0.24 mmol, 1.2 equiv), PdCl2(PPh3)2 (5.0 mol %), CuI (7.0 mol %),
and Et3N (1.0 mL) in a 15 mL pressure tube was stirred at 90 °C in
an oil bath for 18 h under a N2 atmosphere. After completion of the
reaction (as indicated by TLC), the mixture was cooled down to
room temperature and water (5 mL) was added to the residue. The
mixture was extracted with DCM, and the collected organic layer was
washed with brine and dried with MgSO4. The solvent was removed
in vacuo, and the obtained residue was further purified by silica gel
column chromatography (200−300 mesh silica gel).
2-Cyclohexyl-3-(p-tolylethynyl)quinoxaline (52). Purified by silica

gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.35), colorless liquid (54 mg, 83% yield). 1H NMR (500 MHz,
CDCl3): δ 8.11−7.97 (m, 2H), 7.74−7.65 (m, 2H), 7.58 (d, J = 8.0
Hz, 2H), 7.23 (d, J = 7.9 Hz, 2H), 3.54 (tt, J = 11.7, 3.2 Hz, 1H), 2.41
(s, 3H), 2.13 (d, J = 12.3 Hz, 2H), 2.01−1.92 (m, 2H), 1.85−1.74
(m, 3H), 1.58−1.48 (m, 2H), 1.45−1.35 (m, 1H); 13C{1H} NMR
(126 MHz, CDCl3): δ 162.0, 140.8, 140.7, 140.1, 139.4, 132.2, 130.0,
129.4, 129.3, 128.9, 128.7, 118.8, 95.3, 86.4, 43.7, 31.5, 26.7, 26.1,
21.7; HRMS (ESI−TOF) m/z: [M + H]+ Calcd for C23H23N2,
327.1856; found, 327.1863.
Procedure for the Synthesis of Compound 53. A mixture of

2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), morpholine (0.3
mmol, 1.5 equiv), K2CO3 (0.3 mmol, 1.5 equiv), and MeCN (1.5

mL) in a 15 mL pressure tube was stirred at 85 °C in an oil bath for
12 h. After completion of the reaction as indicated by TLC, the
mixture was cooled down to room temperature and water (5 mL) was
added to the residue. The mixture was then extracted with DCM, and
the collected organic layer was washed with brine and dried with
MgSO4. The solvent was removed in vacuo, and the obtained residue
was further purified by silica gel column chromatography (200−300
mesh silica gel).

4-(3-Cyclohexylquinoxalin-2-yl)morpholine (53). Purified by
silica gel column chromatography (200−300 mesh silica gel, PE/EA
= 10:1, Rf = 0.30), colourless liquid (52 mg, 87% yield). 1H NMR
(500 MHz, CDCl3): δ 7.93 (dd, J = 8.1, 1.4 Hz, 1H), 7.82 (dd, J =
8.2, 1.2 Hz, 1H), 7.55 (dtd, J = 15.0, 7.0, 1.4 Hz, 2H), 3.95−3.90 (m,
4H), 3.33−3.28 (m, 4H), 3.06 (ddd, J = 15.0, 9.9, 4.8 Hz, 1H), 1.88
(ddd, J = 50.2, 13.8, 8.5 Hz, 7H), 1.45−1.37 (m, 3H); 13C{1H} NMR
(126 MHz, CDCl3): δ 157.6, 155.5, 139.7, 139.5, 128.7, 128.2, 127.4,
126.9, 66.8, 51.0, 41.4, 32.5, 26.8, 25.9; HRMS (ESI−TOF) m/z: [M
+ H]+ Calcd for C18H24N3O, 298.1914; found, 298.1916.

Procedure for the Synthesis of Compound 54. A mixture of
2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), MeONa (1.0
mmol, 5.0 equiv), and MeOH (1.5 mL) in a 15 mL pressure tube was
stirred at 80 °C in an oil bath for 4 h. After completion of the reaction
(as indicated by TLC), the mixture was cooled down to room
temperature and water (5 mL) was added to the residue. The mixture
was extracted with DCM, and the collected organic layer was washed
with brine and dried with MgSO4. The solvent was removed in vacuo,
and the obtained residue was further purified by silica gel column
chromatography (200−300 mesh silica gel).

2-Cyclohexyl-3-methoxyquinoxaline (54). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.36), colorless liquid (46 mg, 95% yield). 1H NMR (500 MHz,
CDCl3): δ 7.97 (dd, J = 8.2, 1.2 Hz, 1H), 7.79 (dd, J = 8.2, 1.1 Hz,
1H), 7.60−7.53 (m, 1H), 7.53−7.45 (m, 1H), 4.09 (s, 3H), 3.22−
3.12 (m, 1H), 1.96 (dd, J = 13.4, 1.5 Hz, 2H), 1.93−1.86 (m, 2H),
1.78 (ddd, J = 12.6, 4.6, 2.4 Hz, 1H), 1.70 (qd, J = 12.6, 3.0 Hz, 2H),
1.50−1.40 (m, 2H), 1.39−1.31 (m, 1H); 13C{1H} NMR (126 MHz,
CDCl3): δ 156.0, 154.8, 139.5, 138.7, 128.7, 128.4, 126.6, 126.2, 53.7,
40.5, 30.7, 26.5, 26.2; HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C15H19N2O, 243.1492; found, 243.1495.

Procedure for the Synthesis of Compound 55. A mixture of
2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), p-methylthiophe-
nol (0.22 mmol, 1.1 equiv), and H2O (1.0 mL) in a 15 mL pressure
tube was stirred at 100 °C in an oil bath for 6 h. After completion of
the reaction (as indicated by TLC), the mixture was cooled down to
room temperature and water (5 mL) was added to the residue. The
mixture was extracted with DCM, and the collected organic layer was
washed with brine and dried with MgSO4. The solvent was removed
in vacuo, and the obtained residue was further purified by silica gel
column chromatography (200−300 mesh silica gel).

2-Cyclohexyl-3-(p-tolylthio)quinoxaline (55). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.35), white solid (55 mg, 82% yield), mp 129−130 °C. 1H NMR
(500 MHz, CDCl3): δ 7.94 (dd, J = 8.1, 1.3 Hz, 1H), 7.64 (dd, J =
8.1, 1.4 Hz, 1H), 7.55−7.44 (m, 4H), 7.27−7.22 (m, 2H), 3.20 (tt, J
= 11.5, 3.2 Hz, 1H), 2.41 (s, 3H), 2.07 (d, J = 12.1 Hz, 2H), 1.97−
1.90 (m, 2H), 1.83−1.73 (m, 3H), 1.55−1.45 (m, 2H), 1.43−1.34
(m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 158.6, 155.5, 141.2,
140.2, 139.1, 135.4, 129.9, 128.7, 128.6, 128.0, 128.0, 125.6, 42.5,
31.4, 26.6, 26.1, 21.4; HRMS (ESI−TOF) m/z: [M + H]+ Calcd for
C21H23N2S, 335.1576; found, 335.1578.

Procedure for the Synthesis of Compound 56. A mixture of
2-chloro-3-cyclohexylquinoxaline (50) (0.2 mmol), tosyl chloride (0.4
mmol, 2.0 equiv), zinc powder (0.2 mmol, 1.0 equiv), and H2O (1.0
mL) in a 15 mL pressure tube was stirred at 100 °C in an oil bath for
12 h. After completion of the reaction (as indicated by TLC), the
mixture was cooled down to room temperature and a saturated
NaHCO3 solution was added to the residue to neutralize the acidic
compounds. The mixture was extracted with DCM, and the collected
organic layer was washed with brine and dried with MgSO4. The
solvent was removed in vacuo, and the obtained residue was further
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purified by silica gel column chromatography (200−300 mesh silica
gel).
2-Cyclohexyl-3-tosylquinoxaline (56). Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.30), white solid (63 mg, 86% yield), mp 165−166 °C. 1H NMR
(500 MHz, CDCl3): δ 8.06 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 8.2 Hz,
2H), 7.87 (dd, J = 8.4, 0.7 Hz, 1H), 7.83−7.76 (m, 1H), 7.72−7.65
(m, 1H), 7.39 (d, J = 8.1 Hz, 2H), 3.92 (tt, J = 11.5, 3.3 Hz, 1H), 2.49
(s, 3H), 1.95 (d, J = 11.7 Hz, 2H), 1.92−1.86 (m, 2H), 1.81 (td, J =
12.1, 3.1 Hz, 3H), 1.58−1.47 (m, 2H), 1.43−1.33 (m, 1H); 13C{1H}
NMR (126 MHz, CDCl3): δ 158.9, 152.7, 145.0, 142.9, 138.4, 135.4,
132.1, 130.0, 129.8, 129.7, 129.5, 128.6, 42.0, 32.3, 26.4, 25.9, 21.8;
HRMS (ESI−TOF) m/z: [M + Na]+ Calcd for C21H22N2O2SNa,
389.1294; found, 389.1299.
General Procedure for Cerium-Photocatalyzed, Cross-

Dehydrogenative Alkylation of Heteroarene with Alkane. A
mixture of heteroarene (1) (0.2 mmol), alkane (2) (3.0 mmol, 15.0
equiv), CeCl3 (5.0 mol %), Bu4N

+Cl− (20.0 mol %), TFA (100.0 mol
%), and CH3CN (1.0 mL) in a 15 mL tube was stirred under the
irradiation of 405 nm LED (10 W) for 48 h. After completion of the
reaction (as indicated by TLC), a saturated NaHCO3 solution was
added to the residue to neutralize the acidic compounds. The mixture
was then extracted with DCM, and the collected organic layer was
washed with brine and dried with MgSO4. The solvent was removed
in vacuo, and the obtained residue was further purified by silica gel
column chromatography (200−300 mesh silica gel).
1-Cyclohexylisoquinoline (57).10d Purified by silica gel column

chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.33),
colorless liquid (23 mg, 55% yield). 1H NMR (500 MHz, CDCl3): δ
8.49 (d, J = 5.7 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.1 Hz,
1H), 7.71−7.64 (m, 1H), 7.63−7.58 (m, 1H), 7.51 (d, J = 5.7 Hz,
1H), 3.58 (tt, J = 11.7, 3.2 Hz, 1H), 1.96 (ddd, J = 12.7, 11.6, 8.9 Hz,
4H), 1.86 (ddd, J = 22.0, 12.3, 6.2 Hz, 3H), 1.58−1.49 (m, 2H),
1.46−1.38 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.6,
141.3, 136.5, 129.9, 127.6, 127.0, 126.2, 124.9, 119.1, 41.5, 32.6, 26.9,
26.2.
2-Cyclohexyl-4-methylquinoline (58).10d Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.33), colorless liquid (20 mg, 45% yield). 1H NMR (500 MHz,
CDCl3): δ 7.99 (d, J = 8.4 Hz, 1H), 7.86 (d, J = 8.3 Hz, 1H), 7.61−
7.57 (m, 1H), 7.44−7.39 (m, 1H), 2.81 (tt, J = 12.0, 3.3 Hz, 1H),
2.60 (s, 3H), 1.96−1.90 (m, 2H), 1.81 (d, J = 13.1 Hz, 2H), 1.71 (d, J
= 12.8 Hz, 1H), 1.55 (dd, J = 12.5, 3.1 Hz, 2H), 1.39 (dt, J = 12.9, 3.2
Hz, 2H), 1.30−1.24 (m, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ
166.5, 147.5, 144.5, 129.4, 129.0, 127.1, 125.4, 123.6, 120.3, 47.5,
32.8, 26.6, 26.1, 18.9.
4-Bromo-2-cyclohexylquinoline (59).10d Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.32), colorless liquid (25 mg, 51% yield). 1H NMR (500 MHz,
CDCl3): δ 8.17 (d, J = 8.3 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.74−
7.69 (m, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.42 (s, 1H), 2.89 (tt, J = 12.0,
3.4 Hz, 1H), 2.04−2.01 (m, 2H), 1.90−1.88 (m, 2H), 1.80−1.77 (m,
1H), 1.65−1.57 (m, 2H), 1.50−1.41 (m, 2H), 1.36−1.31 (m, 1H);
13C{1H} NMR (126 MHz, CDCl3): δ 166.80, 148.58, 142.73, 130.22,
129.25, 126.63, 125.14, 123.90, 119.81, 47.35, 32.69, 26.44, 26.01.
4-Bromo-2-cyclohexylquinoline (60).5d Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.33), yellow liquid (30 mg, 52% yield). 1H NMR (500 MHz,
CDCl3): δ 8.12 (dd, J = 18.4, 7.6 Hz, 2H), 7.74 (t, J = 7.6 Hz, 1H),
7.65 (s, 1H), 7.59 (t, J = 7.6 Hz, 1H), 2.95 (t, J = 10.7 Hz, 1H), 2.05−
2.02 (m, 2H), 1.92−1.89 (m, 2H), 1.81−1.78 (m, 1H), 1.66−1.58
(m, 2H), 1.51−1.43 (m, 2H), 1.37−1.31 (m, 1H); 13C{1H} NMR
(126 MHz, CDCl3): δ 166.61, 130.96, 130.54, 128.96, 128.90, 127.11,
126.61, 126.55, 123.72, 46.93, 32.69, 26.38, 25.96.
2-Bromo-4-cyclohexylquinoline (61).10b Purified by silica gel

column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.35), yellow liquid (28 mg, 48% yield). 1H NMR (500 MHz,
DMSO): δ 8.23 (d, J = 8.4 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 7.81 (t,
J = 7.6 Hz, 1H), 7.69 (t, J = 7.6 Hz, 1H), 7.49 (s, 1H), 3.38 (s, 1H),
1.90−1.81 (m, 4H), 1.77 (d, J = 13.1 Hz, 1H), 1.54 (t, J = 10.4 Hz,

4H), 1.31 (dd, J = 9.3, 6.1 Hz, 1H); 13C{1H} NMR (126 MHz,
DMSO): δ 157.3, 148.7, 142.5, 130.9, 129.3, 127.6, 125.8, 124.4,
122.4, 38.6, 33.2, 26.6, 26.0.

2-Cyclohexylquinoxaline (62). Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf =
0.36), white solid (13 mg, 31% yield), mp 47−48 °C (lit.33c 43−44
°C); 1H NMR (500 MHz, CDCl3): δ 8.77 (s, 1H), 8.10−8.01 (m,
2H), 7.71 (ddd, J = 12.7, 8.0, 1.3 Hz, 2H), 2.97 (tt, J = 12.0, 3.4 Hz,
1H), 2.04 (d, J = 11.8 Hz, 2H), 1.93 (d, J = 13.3 Hz, 2H), 1.81 (d, J =
12.8 Hz, 1H), 1.76−1.68 (m, 2H), 1.48 (dd, J = 25.8, 12.8 Hz, 2H),
1.37 (t, J = 12.7 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ
161.1, 145.0, 142.2, 141.4, 129.8, 129.1, 129.0, 128.9, 45.1, 32.3, 26.4,
25.9.

2,3-Dicyclohexylquinoxaline (63). Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.25),
white solid (16 mg, 27% yield), mp 66−67 °C (lit.33c 68−69 °C); 1H
NMR (500 MHz, CDCl3): δ 7.98 (dd, J = 6.3, 3.4 Hz, 2H), 7.62 (dd,
J = 6.4, 3.4 Hz, 2H), 3.09 (td, J = 11.1, 5.4 Hz, 2H), 1.98−1.90 (m,
5H), 1.89−1.78 (m, 11H), 1.51−1.37 (m, 6H); 13C{1H} NMR (126
MHz, CDCl3): δ 159.7, 140.9, 128.6, 128.4, 41.7, 32.4, 26.7, 26.0.

2-Cyclohexylquinazolin-4(3H)-one (64). Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.30), white solid (13 mg, 28% yield), mp 210−211 °C (lit.32c

214−215 °C); 1H NMR (500 MHz, DMSO): δ 12.10 (s, 1H), 8.10−
8.05 (m, 1H), 7.80−7.74 (m, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.45 (t, J
= 7.5 Hz, 1H), 2.58 (t, J = 11.8 Hz, 1H), 1.91 (d, J = 12.0 Hz, 2H),
1.80 (d, J = 12.9 Hz, 2H), 1.69 (d, J = 11.8 Hz, 1H), 1.63−1.56 (m,
2H), 1.29 (dd, J = 20.9, 7.7 Hz, 3H); 13C{1H} NMR (126 MHz,
CDCl3): δ 162.6, 154.8, 151.2, 133.7, 126.2, 125.4, 125.2, 119.8, 43.7,
29.6, 24.9, 24.7.

2-Bromo-4-cyclohexyl-6-methylpyridine (65).10b Purified by silica
gel column chromatography (200−300 mesh silica gel, PE/EA = 10:1,
Rf = 0.40), colorless liquid (13 mg, 26% yield). 1H NMR (500 MHz,
CDCl3): δ 7.06 (s, 1H), 6.86 (s, 1H), 2.42 (s, 3H), 2.38−2.32 (m,
1H), 1.77 (d, J = 7.2 Hz, 4H), 1.69 (d, J = 12.5 Hz, 1H), 1.55 (s, 1H),
1.30 (t, J = 10.2 Hz, 4H); 13C{1H} NMR (126 MHz, DMSO): δ
160.7, 159.9, 141.2, 123.8, 121.8, 43.2, 33.1, 26.4, 25.8, 24.0.

2-Bromo-4-cyclohexylpyrimidine (66).32d Purified by silica gel
column chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf
= 0.38), colorless liquid (15 mg, 31% yield). 1H NMR (500 MHz,
DMSO): δ 8.58 (d, J = 5.0 Hz, 1H), 7.50 (d, J = 5.1 Hz, 1H), 2.67 (tt,
J = 11.6, 3.2 Hz, 1H), 1.85 (d, J = 11.5 Hz, 2H), 1.78 (dd, J = 12.6,
3.0 Hz, 2H), 1.69 (d, J = 12.6 Hz, 1H), 1.45 (ddd, J = 23.9, 12.1, 2.4
Hz, 2H), 1.34 (ddd, J = 12.7, 7.7, 2.9 Hz, 2H), 1.24 (t, J = 9.0 Hz,
1H); 13C{1H} NMR (126 MHz, DMSO): δ 178.4, 160.7, 152.6,
119.1, 45.2, 31.7, 26.0, 25.7.

1-Cyclopentylisoquinoline (67).33a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.35),
yellow liquid (25 mg, 63% yield). 1H NMR (500 MHz, CDCl3): δ
8.46 (d, J = 5.7 Hz, 1H), 8.26 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.1 Hz,
1H), 7.66 (t, J = 7.4 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.49 (d, J = 5.6
Hz, 1H), 4.11−3.95 (m, 1H), 2.12 (ddd, J = 14.4, 12.1, 8.0 Hz, 4H),
1.93 (dt, J = 13.6, 8.0 Hz, 2H), 1.79 (ddd, J = 10.5, 8.3, 3.4 Hz, 2H);
13C{1H} NMR (126 MHz, CDCl3): δ 164.7, 141.5, 136.4, 129.8,
127.4, 127.2, 126.9, 125.3, 119.1, 43.0, 32.8, 26.1.

1-Cycloheptylisoquinoline (68).33a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.36),
yellow liquid (25 mg, 56% yield). 1H NMR (500 MHz, CDCl3): δ
8.48 (d, J = 5.8 Hz, 1H), 8.23 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.1 Hz,
1H), 7.69 (t, J = 7.2 Hz, 1H), 7.65−7.59 (m, 1H), 7.51 (d, J = 5.7 Hz,
1H), 3.75 (dt, J = 13.9, 6.6 Hz, 1H), 2.05 (dt, J = 9.5, 5.3 Hz, 4H),
1.96−1.89 (m, 2H), 1.80−1.65 (m, 6H); 13C{1H} NMR (126 MHz,
CDCl3): δ 167.1, 136.7, 130.1, 130.1, 127.7, 127.2, 125.9, 125.1,
119.1, 43.2, 34.6, 28.0, 27.6.

1-Cyclooctylisoquinoline (69).33a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.35),
yellow liquid (20 mg, 42% yield). 1H NMR (500 MHz, CDCl3): δ
8.46 (d, J = 5.7 Hz, 1H), 8.21 (d, J = 8.4 Hz, 1H), 7.80 (d, J = 8.1 Hz,
1H), 7.64 (dd, J = 11.0, 3.9 Hz, 1H), 7.62−7.55 (m, 1H), 7.46 (d, J =
5.7 Hz, 1H), 3.89−3.80 (m, 1H), 2.12−2.04 (m, 2H), 2.00 (ddd, J =
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14.5, 7.8, 3.5 Hz, 2H), 1.89 (dd, J = 7.3, 3.4 Hz, 2H), 1.79−1.63 (m,
8H); 13C{1H} NMR (126 MHz, CDCl3): δ 167.9, 141.7, 136.6,
129.6, 127.6, 126.9, 125.9, 124.9, 118.8, 41.1 33.1, 26.8, 26.8, 26.3.
1-Cyclododecylisoquinoline (70).33b Purified by silica gel column

chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf = 0.33),
yellow liquid (31 mg, 53% yield). 1H NMR (500 MHz, CDCl3): δ
8.51 (d, J = 5.7 Hz, 1H), 8.25 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 8.0 Hz,
1H), 7.67 (t, J = 7.5 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.50 (d, J = 5.7
Hz, 1H), 3.89 (dd, J = 12.4, 6.2 Hz, 1H), 2.03−1.96 (m, 2H), 1.92−
1.86 (m, 2H), 1.62−1.46 (m, 10H), 1.38 (d, J = 12.5 Hz, 7H), 1.22
(d, J = 6.4 Hz, 1H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.7,
141.3, 136.5, 129.9, 127.6, 127.1, 127.0, 124.8, 119.0, 36.7, 29.8, 23.9,
23.8, 23.7, 23.6, 23.0.
Mixture of 1-(Hexan-2-yl)isoquinoline [C2] and 1-(Hexan-3-

yl)isoquinoline [C3] (71).33a Purified by silica gel column
chromatography (200−300 mesh silica gel, PE/EA = 10:1, Rf =
0.30), yellow liquid (ratio C2:C3 = 5:4, 23 mg, 54% yield). Data for
the C2 product: 1H NMR (500 MHz, CDCl3): δ 8.51 (d, J = 5.0 Hz,
1H), 8.23 (d, J = 10.0 Hz, 1H), 7.82 (d, J = 10.0 Hz, 1H), 7.66 (t, J =
7.5 Hz, 1H), 7.59 (t, J = 7.5 Hz, 1H), 7.50 (d, J = 5.0 Hz, 1H), 3.83−
3.76 (m, 1H), 2.01−1.98 (m, 2H), 1.78−1.76 (m, 1H), 1.42 (d, J =
10.0 Hz, 3H), 1.33−1.3 (m, 3H), 0.87−0.85 (m, 3H); 13C{1H} NMR
(126 MHz, CDCl3): δ 166.1, 141.8, 136.4, 129.7, 127.6, 126.9, 124.8,
118.9, 37.6, 36.5, 30.1, 22.9, 20.5, 14.1. Data for the C3 product: 1H
NMR (500 MHz, CDCl3): δ 8.54 (d, J = 5.0 Hz, 1H), 8.26 (d, J =
10.0 Hz, 1H), 7.82 (d, J = 10.0 Hz, 1H), 7.66 (t, J = 7.5 Hz, 1H), 7.59
(t, J = 7.5 Hz, 1H), 7.50 (d, J = 5.0 Hz, 1H), 3.66−3.61 (m, 1H),
1.87−1.83 (m, 1H), 1.76−1.74 (m, 1H), 1.42 (d, J = 10.0 Hz, 3H),
1.14−1.11 (m, 1H), 0.85−0.83 (m, 3H), 0.78 (t, J = 7.5 Hz, 3H);
13C{1H} NMR (126 MHz, CDCl3): δ 165.3, 141.8, 136.3, 128.0,
127.5, 126.8, 125.0, 118.8, 42.9, 36.1, 28.6, 21.0, 14.3, 12.3.
5,7-Dichloro-2-cyclohexyl-4-(4-fluorophenoxy)quinoline (72).10d

Purified by silica gel column chromatography (200−300 mesh silica
gel, PE/EA = 10:1, Rf = 0.25), yellow liquid (40 mg, 51% yield). 1H
NMR (500 MHz, CDCl3): δ 7.99 (s, 1H), 7.50 (d, J = 2.1 Hz, 1H),
7.18−7.14 (m, 2H), 7.12−7.09 (m, 2H), 6.52 (s, 1H), 2.72 (t, J =
10.6 Hz, 1H), 1.88 (d, J = 12.9 Hz, 2H), 1.82 (d, J = 12.7 Hz, 2H),
1.72 (d, J = 12.9 Hz, 1H), 1.46−1.35 (m, 4H), 1.25 (t, J = 10.8 Hz,
1H); 13C{1H} NMR (126 MHz, CDCl3): δ 169.5, 162.6, 160.9,
158.9, 151.0, 150.2, 150.2, 135.0, 130.0, 128.8, 127.2, 122.0, 121.9,
117.2, 117.0, 105.6, 47.0, 32.3, 26.3, 25.8.
(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 6-Cyclohexylpicoli-

nate (73). Purified by silica gel column chromatography (200−300
mesh silica gel, PE/EA = 3:1, Rf = 0.28), yellow liquid (22 mg, 32%
yield). 1H NMR (500 MHz, CDCl3): δ 8.68 (d, J = 4.4 Hz, 1H), 7.96
(s, 1H), 7.30 (d, J = 4.1 Hz, 1H), 5.05 (td, J = 10.8, 4.2 Hz, 1H), 2.59
(s, 1H), 2.11 (d, J = 11.8 Hz, 1H), 1.90 (d, J = 10.2 Hz, 4H), 1.70 (d,
J = 22.1 Hz, 6H), 1.47−1.39 (m, 4H), 1.26 (d, J = 11.4 Hz, 3H),
1.15−1.10 (m, 1H), 0.92 (dd, J = 9.8, 6.8 Hz, 6H), 0.80 (d, J = 6.9
Hz, 3H); 13C{1H} NMR (126 MHz, CDCl3): δ 165.2, 158.0, 149.9,
148.3, 125.3, 123.9, 75.8, 46.8, 43.9, 40.8, 34.3, 33.5, 31.5, 26.5, 26.3,
25.8, 23.5, 22.1, 20.8, 16.3; HRMS (ESI−TOF) m/z: [M + H]+ Calcd
for C22H34NO2, 344.2584; found, 344.2585.
8-Cyclohexyl-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione

(74). Purified by silica gel column chromatography (200−300 mesh
silica gel, PE/EA = 3:1, Rf = 0.30), white solid (16 mg, 29% yield), mp
216−217 °C (lit.32c 215−216 °C); 1H NMR (500 MHz, CDCl3): δ
3.86 (s, 3H), 3.51 (s, 3H), 3.32 (s, 3H), 2.70−2.60 (m, 1H), 1.81 (t, J
= 14.7 Hz, 4H), 1.72−1.56 (m, 3H), 1.30 (dd, J = 16.5, 8.8 Hz, 3H);
13C{1H} NMR (126 MHz, CDCl3): δ 157.0, 154.5, 150.8, 147.1,
106.0, 34.8, 30.4, 29.9, 28.7, 26.8, 25.0, 24.5.
6,6′-Dicyclohexyl-4,4′-dimethyl-2,2′-bipyridine (75). Purified by

silica gel column chromatography (200−300 mesh silica gel, PE/EA =
1:2, Rf = 0.25), yellow liquid (17 mg, 24% yield). 1H NMR (500
MHz, CDCl3): δ 7.80 (s, 2H), 7.32 (s, 2H), 3.38 (tt, J = 11.9, 3.1 Hz,
2H), 2.53 (s, 6H), 2.23 (d, J = 11.6 Hz, 4H), 1.89−1.83 (m, 4H),
1.63 (dd, J = 26.0, 12.9 Hz, 6H), 1.41 (dt, J = 12.4, 9.4 Hz, 4H),
1.31−1.26 (m, 2H); 13C{1H} NMR (126 MHz, CDCl3): δ 166.8,
152.1, 147.6, 123.6, 119.0, 46.6, 32.3, 25.0, 24.9, 20.8; HRMS (ESI−

TOF) m/z: [M + H]+ Calcd for C24H33N2, 349.2638; found,
349.2627.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.1c02125.

Optimization of reaction conditions, mechanistic stud-
ies, and NMR and HRMS spectra of products (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Pengfei Zhang − College of Material Chemistry and Chemical
Engineering, Hangzhou Normal University, Hangzhou
311121, China; orcid.org/0000-0001-9859-0237;
Email: pfzhang@hznu.edu.cn

Xiaogang Liu − Department of Chemistry, National University
of Singapore, Singapore 117543, Singapore; Center for
Functional Materials, National University of Singapore
Suzhou Research Institute, Suzhou 215123, China;
orcid.org/0000-0003-2517-5790; Email: chmlx@

nus.edu.sg

Authors
Jun Xu − Department of Chemistry, National University of
Singapore, Singapore 117543, Singapore; Center for
Functional Materials, National University of Singapore
Suzhou Research Institute, Suzhou 215123, China

Heng Cai − College of Material Chemistry and Chemical
Engineering, Hangzhou Normal University, Hangzhou
311121, China

Jiabin Shen − College of Material Chemistry and Chemical
Engineering, Hangzhou Normal University, Hangzhou
311121, China

Chao Shen − College of Material Chemistry and Chemical
Engineering, Hangzhou Normal University, Hangzhou
311121, China

Jie Wu − Department of Chemistry, National University of
Singapore, Singapore 117543, Singapore; Center for
Functional Materials, National University of Singapore
Suzhou Research Institute, Suzhou 215123, China;
orcid.org/0000-0002-9865-180X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c02125

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Key R&D Program
of China (2019YFC1604605), the Key Industrial Technology
Innovation Project of Suzhou (SYG201919), the Ministry of
Education, Singapore (MOE2017-T2-2-110), the Agency for
Science, Technology and Research (A*STAR) (grant nos.
A1883c0011 and A1983c0038), the National Research
Foundation, the Prime Minister’s Office of Singapore under
its Competitive Research Program (award no. NRF-CRP23-
2019-0002) and under the NRF Investigatorship Programme
(award no. NRF-NRFI05-2019-0003), the National Natural
Science Foundation of China (22178078 and 21871071), and
the Major Scientific and Technological Innovation Project of
Zhejiang (2019C01081). We also thank Dr. Min Jiang from

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02125
J. Org. Chem. 2021, 86, 17816−17832

17829

https://pubs.acs.org/doi/10.1021/acs.joc.1c02125?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02125/suppl_file/jo1c02125_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9859-0237
mailto:pfzhang@hznu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaogang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2517-5790
https://orcid.org/0000-0003-2517-5790
mailto:chmlx@nus.edu.sg
mailto:chmlx@nus.edu.sg
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heng+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiabin+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9865-180X
https://orcid.org/0000-0002-9865-180X
https://pubs.acs.org/doi/10.1021/acs.joc.1c02125?ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Hangzhou Normal University for technical assistance with
electron spin resonance.

■ REFERENCES
(1) (a) Shen, C.; Wang, A.; Xu, J.; An, Z.; Loh, K. Y.; Zhang, P.; Liu,
X. Recent advances in the catalytic synthesis of 4-quinolones. Chem
2019, 5, 1059. (b) Taylor, R. D.; MacCoss, M.; Lawson, A. D. G.
Rings in drugs. J. Med. Chem. 2014, 57, 5845. (c) Vitaku, E.; Smith, D.
T.; Njardarson, J. T. Analysis of the structural diversity, substitution
patterns, and frequency of nitrogen heterocycles among U.S. FDA
approved pharmaceuticals. J. Med. Chem. 2014, 57, 10257. (d) Fache,
F.; Schulz, E.; Tommasino, M. L.; Lemaire, M. Nitrogen-containing
ligands for asymmetric homogeneous and heterogeneous catalysis.
Chem. Rev. 2000, 100, 2159.
(2) (a) Wright, J. S.; Scott, P. J. H.; Steel, P. G. Iridium-catalysed C−
H borylation of heteroarenes: balancing steric and electronic
regiocontrol. Angew. Chem., Int. Ed. 2021, 60, 2796. (b) Xu, J.;
Huang, L.; He, L.; Liang, C.; Ouyang, Y.; Shen, J.; Jiang, M.; Li, W.
Direct para-C−H heteroarylation of anilines with quinoxalinones by
metal-free cross-dehydrogenative coupling under an aerobic atmos-
phere. Green Chem. 2021, 23, 6632. (c) Hu, R. M.; Han, D. Y.; Li, N.;
Huang, J.; Feng, Y.; Xu, D. Z. Iron-catalyzed direct oxidative
alkylation and hydroxylation of indolin-2-ones with alkyl-substituted
N-heteroarenes. Angew. Chem., Int. Ed. 2020, 59, 3876. (d) Ding, Y.;
Han, Y. Q.; Wu, L. S.; Zhou, T.; Yao, Q. J.; Feng, Y. L.; Li, Y.; Kong,
K. X.; Shi, B. F. Pd(II)-catalyzed tandem enantioselective methylene
C(sp3)−H alkenylation−Aza-Wacker cyclization to access β-stereo-
genic γ-lactams. Angew. Chem., Int. Ed. 2020, 59, 14060. (e) Xu, J.;
Zhang, H.; Zhao, J.; Ni, Z.; Zhang, P.; Shi, B.-F.; Li, W.
Photocatalyst-, metal- and additive-free, direct C−H arylation of
quinoxalin-2(1H)-ones with aryl acyl peroxides induced by visible
light. Org. Chem. Front. 2020, 7, 4031.
(3) (a) Proctor, R. S. J.; Davis, H. J.; Phipps, R. J. Catalytic
enantioselective Minisci-type addition to heteroarenes. Science 2018,
360, 419. (b) Lerchen, A.; Knecht, T.; Koy, M.; Ernst, J. B.;
Bergander, K.; Daniliuc, C. G.; Glorius, F. Non-directed cross-
dehydrogenative (hetero)arylation of allylic C(sp3)−H bonds enabled
by C−H activation. Angew. Chem., Int. Ed. 2018, 57, 15248.
(c) Murai, M.; Nishinaka, N.; Takai, K. Iridium-catalyzed sequential
silylation and borylation of heteroarenes based on regioselective C−H
bond activation. Angew. Chem., Int. Ed. 2018, 57, 5843. (d) Wang, P.;
Tang, S.; Huang, P.; Lei, A. Electrocatalytic oxidant-free dehydrogen-
ative C−H/S−H cross-coupling. Angew. Chem., Int. Ed. 2017, 56,
3009. (e) Wu, J.; Liu, Y.; Lu, C.; Shen, Q. Palladium-catalyzed
difluoromethylthiolation of heteroaryl bromides, iodides, triflates and
aryl iodides. Chem. Sci. 2016, 7, 3757.
(4) (a) Rogge, T.; Kaplaneris, N.; Chatani, N.; Kim, J.; Chang, S.;
Punji, B.; Schafer, L. L.; Musaev, D. G.; Wencel-Delord, J.; Roberts,
C. A.; Sarpong, R.; Wilson, Z. E.; Brimble, M. A.; Johansson, M. J.;
Ackermann, L. C−H activation. Nat. Rev. Methods Prim. 2021, 1, 43.
(b) Kan, J.; Huang, S.; Lin, J.; Zhang, M.; Su, W. Silver-catalyzed
arylation of (hetero)arenes by oxidative decarboxylation of aromatic
carboxylic acids. Angew. Chem., Int. Ed. 2015, 54, 2199. (c) Odani, R.;
Hirano, K.; Satoh, T.; Miura, M. Copper-mediated C6-selective
dehydrogenative heteroarylation of 2-pyridones with 1,3-azoles.
Angew. Chem., Int. Ed. 2014, 53, 10784. (d) Schönherr, H.; Cernak,
T. Profound methyl effects in drug discovery and a call for new C−H
methylation reactions. Angew. Chem., Int. Ed. 2013, 52, 12256.
(e) Dong, J.; Long, Z.; Song, F.; Wu, N.; Guo, Q.; Lan, J.; You, J.
Rhodium or ruthenium-catalyzed oxidative C−H/C−H cross-
coupling: direct access to extended π-conjugated systems. Angew.
Chem., Int. Ed. 2013, 52, 580.
(5) (a) Lai, X. L.; Shu, X. M.; Song, J.; Xu, H. C. Electro-
photocatalytic decarboxylative C−H functionalization of heteroar-
enes. Angew. Chem., Int. Ed. 2020, 59, 10626. (b) Laha, J. K.; Hunjan,
M. K.; Hegde, S.; Gupta, A. Aroylation of electron-rich pyrroles under
Minisci reaction conditions. Org. Lett. 2020, 22, 1442. (c) Zhang, X.-
Y.; Weng, W.-Z.; Liang, H.; Yang, H.; Zhang, B. Visible-light-initiated,
photocatalyst-free decarboxylative coupling of carboxylic acids with

N-heterocycles. Org. Lett. 2018, 20, 4686. (d) Garza-Sanchez, R. A.;
Tlahuext-Aca, A.; Tavakoli, G.; Glorius, F. Visible light-mediated
direct decarboxylative C−H functionalization of heteroarenes. ACS
Catal. 2017, 7, 4057. (e) Cheng, W.-M.; Shang, R.; Fu, M.-C.; Fu, Y.
Photoredox-catalysed decarboxylative alkylation of N-heteroarenes
with N-(acyloxy)phthalimides. Chem.Eur. J. 2017, 23, 2537.
(6) (a) Dong, J.; Yue, F.; Song, H.; Liu, Y.; Wang, Q. Visible-light-
mediated photoredox minisci C−H alkylation with alkyl boronic acids
using molecular oxygen as an oxidant. Chem. Commun. 2020, 56,
12652. (b) Galloway, J. D.; Mai, D. N.; Baxter, R. D. Silver-catalyzed
Minisci reactions using selectfluor as a mild oxidant. Org. Lett. 2017,
19, 5772. (c) Matsui, J. K.; Primer, D. N.; Molander, G. A. Metal-free
C−H alkylation of heteroarenes with alkyltrifluoroborates: a general
protocol for 1°, 2° and 3° alkylation. Chem. Sci. 2017, 8, 3512.
(d) Zhang, L.; Liu, Z.-Q. Molecular oxygen-mediated Minisci-type
radical alkylation of heteroarenes with boronic acids. Org. Lett. 2017,
19, 6594. (e) Li, G.-X.; Morales-Rivera, C. A.; Wang, Y.; Gao, F.; He,
G.; Liu, P.; Chen, G. Photoredox-mediated Minisci C−H alkylation of
N-heteroarenes using boronic acids and hypervalent iodine. Chem. Sci.
2016, 7, 6407.
(7) (a) Dong, J.; Lyu, X.; Wang, Z.; Wang, X.; Song, H.; Liu, Y.;
Wang, Q. Visible-light-mediated Minisci C−H alkylation of
heteroarenes with unactivated alkyl halides using O2 as an oxidant.
Chem. Sci. 2019, 10, 976. (b) Wang, Z.; Dong, J.; Hao, Y.; Li, Y.; Liu,
Y.; Song, H.; Wang, Q. Photoredox-mediated Minisci C−H alkylation
reactions between N-heteroarenes and alkyl iodides with peroxyace-
tate as a radical relay initiator. J. Org. Chem. 2019, 84, 16245. (c) Yan,
S.-Y.; Zhang, Z.-Z.; Shi, B.-F. Nickel-catalyzed direct C−H
trifluoroethylation of heteroarenes with trifluoroethyl iodide. Chem.
Commun. 2017, 53, 10287. (d) Presset, M.; Fleury-Brégeot, N.;
Oehlrich, D.; Rombouts, F.; Molander, G. A. Synthesis and Minisci
reactions of organotrifluoroborato building blocks. J. Org. Chem.
2013, 78, 4615. (e) Fontana, F.; Minisci, F.; Vismara, E. New general
and convenient sources of alkyl radicals, useful for selective syntheses.
Tetrahedron Lett. 1988, 29, 1975.
(8) (a) Yang, X.; Xie, Z.; Li, Y.; Zhang, Y. Enantioselective aerobic
oxidative cross-dehydrogenative coupling of glycine derivatives with
ketones and aldehydes via cooperative photoredox catalysis and
organocatalysis. Chem. Sci. 2020, 11, 4741. (b) Wang, Z.; Liu, Q.; Ji,
X.; Deng, G.-J.; Huang, H. Bromide-promoted visible-light-induced
reductive Minisci reaction with aldehydes. ACS Catal. 2020, 10, 154.
(c) Liu, Z.; Li, M.; Deng, G.; Wei, W.; Feng, P.; Zi, Q.; Li, T.; Zhang,
H.; Yang, X.; Walsh, P. J. Transition-metal-free C(sp3)−H/C(sp3)−H
dehydrogenative coupling of saturated heterocycles with N-benzyl
imines. Chem. Sci. 2020, 11, 7619. (d) Dong, J.; Yue, F.; Xu, W.; Song,
H.; Liu, Y.; Wang, Q. Visible-light-mediated minisci C−H alkylation
of heteroarenes with 4-alkyl-1,4-dihydropyridines using O2 as an
oxidant. Green Chem. 2020, 22, 5599. (e) Yu, X. Y.; Chen, J. R.; Wang,
P. Z.; Yang, M. N.; Liang, D.; Xiao, W. J. A Visible-light-driven iminyl
radical-mediated C−C single bond cleavage/radical addition cascade
of oxime esters. Angew. Chem., Int. Ed. 2018, 57, 738. (f) Ide, T.;
Barham, J. P.; Fujita, M.; Kawato, Y.; Egami, H.; Hamashima, Y.
Regio- and chemoselective Csp3−H arylation of benzylamines by
single electron transfer/hydrogen atom transfer synergistic catalysis.
Chem. Sci. 2018, 9, 8453.
(9) (a) Zhao, B.; Shi, Z. Copper-catalyzed intermolecular Heck-like
coupling of cyclobutanone oximes initiated by selective C−C bond
cleavage. Angew. Chem., Int. Ed. 2017, 56, 12727. (b) Liu, P.; Liu, W.;
Li, C.-J. Catalyst-free and redox-neutral innate trifluoromethylation
and alkylation of aromatics enabled by light. J. Am. Chem. Soc. 2017,
139, 14315. (c) Liu, W.; Yang, X.; Zhou, Z.-Z.; Li, C.-J. Simple and
clean photo-induced methylation of heteroarenes with MeOH. Chem
2017, 2, 688. (d) Tang, R.-J.; Kang, L.; Yang, L. Metal-free oxidative
decarbonylative coupling of aliphatic aldehydes with azaarenes:
successful Minisci-type alkylation of various heterocycles. Adv.
Synth. Catal. 2015, 357, 2055. (e) Liu, D.; Liu, C.; Li, H.; Lei, A.
Direct functionalization of tetrahydrofuran and 1,4-dioxane: nickel-
catalyzed oxidative C(sp3)−H arylation. Angew. Chem., Int. Ed. 2013,
52, 4453. (f) Fujiwara, Y.; Dixon, J. A.; Rodriguez, R. A.; Baxter, R. D.;

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02125
J. Org. Chem. 2021, 86, 17816−17832

17830

https://doi.org/10.1016/j.chempr.2019.01.006
https://doi.org/10.1021/jm4017625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9902897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9902897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1002/anie.202001520
https://doi.org/10.1039/d1gc01899j
https://doi.org/10.1039/d1gc01899j
https://doi.org/10.1039/d1gc01899j
https://doi.org/10.1002/anie.201913400
https://doi.org/10.1002/anie.201913400
https://doi.org/10.1002/anie.201913400
https://doi.org/10.1002/anie.202004504
https://doi.org/10.1002/anie.202004504
https://doi.org/10.1002/anie.202004504
https://doi.org/10.1039/d0qo00872a
https://doi.org/10.1039/d0qo00872a
https://doi.org/10.1039/d0qo00872a
https://doi.org/10.1126/science.aar6376
https://doi.org/10.1126/science.aar6376
https://doi.org/10.1002/anie.201807047
https://doi.org/10.1002/anie.201807047
https://doi.org/10.1002/anie.201807047
https://doi.org/10.1002/anie.201801229
https://doi.org/10.1002/anie.201801229
https://doi.org/10.1002/anie.201801229
https://doi.org/10.1002/anie.201700012
https://doi.org/10.1002/anie.201700012
https://doi.org/10.1039/c6sc00082g
https://doi.org/10.1039/c6sc00082g
https://doi.org/10.1039/c6sc00082g
https://doi.org/10.1038/s43586-021-00041-2
https://doi.org/10.1002/anie.201408630
https://doi.org/10.1002/anie.201408630
https://doi.org/10.1002/anie.201408630
https://doi.org/10.1002/anie.201406228
https://doi.org/10.1002/anie.201406228
https://doi.org/10.1002/anie.201303207
https://doi.org/10.1002/anie.201303207
https://doi.org/10.1002/anie.201207196
https://doi.org/10.1002/anie.201207196
https://doi.org/10.1002/anie.202002900
https://doi.org/10.1002/anie.202002900
https://doi.org/10.1002/anie.202002900
https://doi.org/10.1021/acs.orglett.0c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201605640
https://doi.org/10.1002/chem.201605640
https://doi.org/10.1039/d0cc05946c
https://doi.org/10.1039/d0cc05946c
https://doi.org/10.1039/d0cc05946c
https://doi.org/10.1021/acs.orglett.7b02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7sc00283a
https://doi.org/10.1039/c7sc00283a
https://doi.org/10.1039/c7sc00283a
https://doi.org/10.1021/acs.orglett.7b03297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6sc02653b
https://doi.org/10.1039/c6sc02653b
https://doi.org/10.1039/c8sc04892d
https://doi.org/10.1039/c8sc04892d
https://doi.org/10.1021/acs.joc.9b02848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b02848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b02848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7cc05532c
https://doi.org/10.1039/c7cc05532c
https://doi.org/10.1021/jo4005519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4005519?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0040-4039(00)82093-6
https://doi.org/10.1016/s0040-4039(00)82093-6
https://doi.org/10.1039/d0sc00683a
https://doi.org/10.1039/d0sc00683a
https://doi.org/10.1039/d0sc00683a
https://doi.org/10.1039/d0sc00683a
https://doi.org/10.1021/acscatal.9b04411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0sc00031k
https://doi.org/10.1039/d0sc00031k
https://doi.org/10.1039/d0sc00031k
https://doi.org/10.1039/d0gc02111c
https://doi.org/10.1039/d0gc02111c
https://doi.org/10.1039/d0gc02111c
https://doi.org/10.1002/anie.201710618
https://doi.org/10.1002/anie.201710618
https://doi.org/10.1002/anie.201710618
https://doi.org/10.1039/c8sc02965b
https://doi.org/10.1039/c8sc02965b
https://doi.org/10.1002/anie.201707181
https://doi.org/10.1002/anie.201707181
https://doi.org/10.1002/anie.201707181
https://doi.org/10.1021/jacs.7b08685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2017.03.009
https://doi.org/10.1016/j.chempr.2017.03.009
https://doi.org/10.1002/adsc.201500268
https://doi.org/10.1002/adsc.201500268
https://doi.org/10.1002/adsc.201500268
https://doi.org/10.1002/anie.201300459
https://doi.org/10.1002/anie.201300459
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Dixon, D. D.; Collins, M. R.; Blackmond, D. G.; Baran, P. S. A new
reagent for direct difluoromethylation. J. Am. Chem. Soc. 2012, 134,
1494.
(10) (a) Cao, H.; Kuang, Y.; Shi, X.; Wong, K. L.; Tan, B. B.; Kwan,
J. M. C.; Liu, X.; Wu, J. Photoinduced site-selective alkenylation of
alkanes and aldehydes with aryl alkenes. Nat. Commun. 2020, 11,
1956. (b) Xu, P.; Chen, P. Y.; Xu, H. C. Scalable photo-
electrochemical dehydrogenative cross-coupling of heteroarenes with
aliphatic C−H bonds. Angew. Chem., Int. Ed. 2020, 59, 14275.
(c) Niu, L.; Liu, J.; Liang, X.-A.; Wang, S.; Lei, A. Visible light-
induced direct α C−H functionalization of alcohols. Nat. Commun.
2019, 10, 467. (d) Zhao, H.; Jin, J. Visible light-promoted aliphatic
C−H arylation using selectfluor as a hydrogen atom transfer reagent.
Org. Lett. 2019, 21, 6179. (e) Huang, C.-Y.; Kang, H.; Li, J.; Li, C.-J.
En route to intermolecular cross-dehydrogenative coupling reactions.
J. Org. Chem. 2019, 84, 12705. (f) Fan, X. Z.; Rong, J. W.; Wu, H. L.;
Zhou, Q.; Deng, H. P.; Tan, J. D.; Xue, C. W.; Wu, L. Z.; Tao, H. R.;
Wu, J. Eosin Y as a direct hydrogen-atom transfer photocatalyst for
the functionalization of C−H bonds. Angew. Chem., Int. Ed. 2018, 57,
8514.
(11) (a) Liu, Y.; Yang, K.; Ge, H. Palladium-catalyzed ligand-
promoted site-selective cyanomethylation of unactivated C(sp3)−H
bonds with acetonitrile. Chem. Sci. 2016, 7, 2804. (b) Jin, J.;
MacMillan, D. W. C. Alcohols as alkylating agents in heteroarene C−
H functionalization. Nature 2015, 525, 87. (c) Girard, S. A.; Knauber,
T.; Li, C.-J. The evolution of the concept of cross-dehydrogenative-
coupling reactions. From C−H to C−C Bonds: Cross-Dehydrogenative-
Coupling; Royal Society of Chemistry, 2015.
(12) (a) Xie, W.; Heo, J.; Kim, D.; Chang, S. Copper-catalyzed
direct C−H alkylation of polyfluoroarenes by using hydrocarbons as
an alkylating source. J. Am. Chem. Soc. 2020, 142, 7487. (b) Evano,
G.; Theunissen, C. Beyond Friedel and Crafts: innate alkylation of
C−H bonds in arenes. Angew. Chem., Int. Ed. 2019, 58, 7558.
(c) Yuan, J.; Fu, J.; Yin, J.; Dong, Z.; Xiao, Y.; Mao, P.; Qu, L.
Transition-metal-free direct C-3 alkylation of quinoxalin-2(1H)-ones
with ethers. Org. Chem. Front. 2018, 5, 2820. (d) Wu, X.; Zhao, Y.;
Ge, H. Pyridine-enabled copper-promoted cross dehydrogenative
coupling of C(sp2)−H and unactivated C(sp3)−H bonds. Chem. Sci.
2015, 6, 5978.
(13) (a) Girard, S. A.; Knauber, T.; Li, C.-J. The cross-
dehydrogenative coupling of Csp

3−H bonds: a versatile strategy for
C−C bond formations. Angew. Chem., Int. Ed. 2014, 53, 74. (b) Li, X.;
Wang, H.-Y.; Shi, Z.-J. Transition-metal-free cross-dehydrogenative
alkylation of pyridines under neutral conditions. New J. Chem. 2013,
37, 1704. (c) Xie, Z.; Cai, Y.; Hu, H.; Lin, C.; Jiang, J.; Chen, Z.;
Wang, L.; Pan, Y. Cu-catalyzed cross-dehydrogenative coupling
reactions of (benzo)thiazoles with cyclic ethers. Org. Lett. 2013, 15,
4600.
(14) (a) Proctor, R. S. J.; Chuentragool, P.; Colgan, A. C.; Phipps, R.
J. Hydrogen atom transfer-driven enantioselective Minisci reaction of
amides. J. Am. Chem. Soc. 2021, 143, 4928. (b) Bagdi, A. K.; Rahman,
M.; Bhattacherjee, D.; Zyryanov, G. V.; Ghosh, S.; Chupakhin, O. N.;
Hajra, A. Visible light promoted cross-dehydrogenative coupling: a
decade update. Green Chem. 2020, 22, 6632. (c) Huang, C.-Y.; Li, J.;
Liu, W.; Li, C.-J. Diacetyl as a “traceless” visible light photosensitizer
in metal-free cross-dehydrogenative coupling reactions. Chem. Sci.
2019, 10, 5018. (d) Yan, Z.; Sun, B.; Zhang, X.; Zhuang, X.; Yang, J.;
Su, W.; Jin, C. Construction of C(sp2)-C(sp3) bond between
quinoxalin-2(1H)-ones and N-hydroxyphthalimide esters via photo-
catalytic decarboxylative coupling. Chem.Asian J. 2019, 14, 3344.
(15) (a) Hu, X.; Li, G.-X.; He, G.; Chen, G. Minisci C−H alkylation
of N-heteroarenes with aliphatic alcohols via β-scission of alkoxy
radical intermediates. Org. Chem. Front. 2019, 6, 3205. (b) Wu, X.;
Wang, M.; Huan, L.; Wang, D.; Wang, J.; Zhu, C. Tertiary-alcohol-
directed functionalization of remote C(sp3)−H bonds by sequential
hydrogen atom and heteroaryl migrations. Angew. Chem., Int. Ed.
2018, 57, 1640. (c) Bosset, C.; Beucher, H.; Bretel, G.; Pasquier, E.;
Queguiner, L.; Henry, C.; Vos, A.; Edwards, J. P.; Meerpoel, L.;
Berthelot, D. Minisci-photoredox-mediated α-heteroarylation of N-

protected secondary amines: remarkable selectivity of azetidines. Org.
Lett. 2018, 20, 6003. (d) Li, G.-X.; Hu, X.; He, G.; Chen, G.
Photoredox-mediated Minisci-type alkylation of N-heteroarenes with
alkanes with high methylene selectivity. ACS Catal. 2018, 8, 11847.
(16) (a) Dong, J.; Xia, Q.; Lv, X.; Yan, C.; Song, H.; Liu, Y.; Wang,
Q. Photoredox-mediated direct cross-dehydrogenative coupling of
heteroarenes and amines. Org. Lett. 2018, 20, 5661. (b) Quattrini, M.
C.; Fujii, S.; Yamada, K.; Fukuyama, T.; Ravelli, D.; Fagnoni, M.; Ryu,
I. Versatile cross-dehydrogenative coupling of heteroaromatics and
hydrogen donors via decatungstate photocatalysis. Chem. Commun.
2017, 53, 2335. (c) Zhang, Y.; Teuscher, K. B.; Ji, H. Direct α-
heteroarylation of amides (α to nitrogen) and ethers through a
benzaldehyde-mediated photoredox reaction. Chem. Sci. 2016, 7,
2111. (d) Jin, J.; MacMillan, D. W. C. Direct α-arylation of ethers
through the combination of photoredox-mediated C−H functional-
ization and the Minisci reaction. Angew. Chem., Int. Ed. 2015, 54,
1565.
(17) (a) Kostelnik, T. I.; Orvig, C. Radioactive main group and rare
earth metals for imaging and therapy. Chem. Rev. 2019, 119, 902.
(b) Schädle, D.; Anwander, R. Rare-earth metal and actinide
organoimide chemistry. Chem. Soc. Rev. 2019, 48, 5752. (c) Kaczmar-
ek, A. M.; Van Deun, R. Rare earth tungstate and molybdate
compounds-from 0D to 3D architectures. Chem. Soc. Rev. 2013, 42,
8835. (d) Miller, G. J. Complex rare-earth tetrelides, RE5(SixGe1−x)4:
New materials for magnetic refrigeration and a superb playground for
solid state chemistry. Chem. Soc. Rev. 2006, 35, 799.
(18) (a) Airan, R. Neuromodulation with nanoparticles. Science
2017, 357, 465. (b) Chen, P.; Li, Z.; Li, D.; Pi, L.; Liu, X.; Luo, J.;
Zhou, X.; Zhai, T. 2D rare earth material (EuOCl) with ultra-narrow
photoluminescence at room temperature. Small 2021, 17, 2100137.
(c) Yi, Z.; Luo, Z.; Qin, X.; Chen, Q.; Liu, X. Lanthanide-activated
nanoparticles: a toolbox for bioimaging, therapeutics, and neuro-
modulation. Acc. Chem. Res. 2020, 53, 2692. (d) Mao, D.; Hu, F.; Yi,
Z.; Kenry, K.; Xu, S.; Yan, S.; Luo, Z.; Wu, W.; Wang, Z.; Kong, D.;
Liu, X.; Liu, B. AIEgen-coupled upconversion nanoparticles eradicate
solid tumors through dual-mode ROS activation. Sci. Adv. 2020, 6,
No. eabb2712. (e) Wang, H.; Wu, X.; Yang, Y.; Nishiura, M.; Hou, Z.
Co-syndiospecific alternating copolymerization of functionalized
propylenes and styrene by rare-earth catalysts. Angew. Chem., Int.
Ed. 2020, 59, 7173.
(19) (a) Chen, Y.; Du, J.; Zuo, Z. Selective C-C bond scission of
ketones via visible-light-mediated cerium catalysis. Chem 2020, 6, 266.
(b) An, Q.; Wang, Z.; Chen, Y.; Wang, X.; Zhang, K.; Pan, H.; Liu,
W.; Zuo, Z. Cerium-catalyzed C−H functionalizations of alkanes
utilizing alcohols as hydrogen atom transfer agents. J. Am. Chem. Soc.
2020, 142, 6216. (c) Zhang, K.; Chang, L.; An, Q.; Wang, X.; Zuo, Z.
Dehydroxymethylation of alcohols enabled by cerium photocatalysis.
J. Am. Chem. Soc. 2019, 141, 10556. (d) Hu, A.; Guo, J.-J.; Pan, H.;
Zuo, Z. Selective functionalization of methane, ethane, and higher
alkanes by cerium photocatalysis. Science 2018, 361, 668.
(20) (a) Yang, Q.; Wang, Y.-H.; Qiao, Y.; Gau, M.; Carroll, P. J.;
Walsh, P. J.; Schelter, E. J. Photocatalytic C−H activation and the
subtle role of chlorine radical complexation in reactivity. Science 2021,
372, 847. (b) Qiao, Y.; Schelter, E. J. Lanthanide photocatalysis. Acc.
Chem. Res. 2018, 51, 2926. (c) Qiao, Y.; Yang, Q.; Schelter, E. J.
Photoinduced Miyaura borylation by a rare-earth-metal photo-
reductant: the hexachlorocerate(III) anion. Angew. Chem., Int. Ed.
2018, 57, 10999. (d) Yin, H.; Jin, Y.; Hertzog, J. E.; Mullane, K. C.;
Carroll, P. J.; Manor, B. C.; Anna, J. M.; Schelter, E. J. The
hexachlorocerate(III) anion: a potent, benchtop stable, and readily
available ultraviolet a photosensitizer for aryl chlorides. J. Am. Chem.
Soc. 2016, 138, 16266.
(21) (a) Huang, C.-Y.; Li, J.; Li, C.-J. A cross-dehydrogenative
C(sp3)−H heteroarylation via photo-induced catalytic chlorine radical
generation. Nat. Commun. 2021, 12, 4010. (b) Treacy, S. M.; Rovis,
T. Copper catalyzed C(sp3)−H bond alkylation via photoinduced
ligand-to-metal charge transfer. J. Am. Chem. Soc. 2021, 143, 2729.
(c) Shu, C.; Noble, A.; Aggarwal, V. K. Metal-free photoinduced
C(sp3)−H borylation of alkanes. Nature 2020, 586, 714. (d) Deng,

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02125
J. Org. Chem. 2021, 86, 17816−17832

17831

https://doi.org/10.1021/ja211422g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja211422g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-15878-6
https://doi.org/10.1038/s41467-020-15878-6
https://doi.org/10.1002/anie.202005724
https://doi.org/10.1002/anie.202005724
https://doi.org/10.1002/anie.202005724
https://doi.org/10.1038/s41467-019-08413-9
https://doi.org/10.1038/s41467-019-08413-9
https://doi.org/10.1021/acs.orglett.9b01635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201803220
https://doi.org/10.1002/anie.201803220
https://doi.org/10.1039/c5sc04066c
https://doi.org/10.1039/c5sc04066c
https://doi.org/10.1039/c5sc04066c
https://doi.org/10.1038/nature14885
https://doi.org/10.1038/nature14885
https://doi.org/10.1021/jacs.0c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201806631
https://doi.org/10.1002/anie.201806631
https://doi.org/10.1039/c8qo00731d
https://doi.org/10.1039/c8qo00731d
https://doi.org/10.1039/c5sc02143j
https://doi.org/10.1039/c5sc02143j
https://doi.org/10.1002/anie.201304268
https://doi.org/10.1002/anie.201304268
https://doi.org/10.1002/anie.201304268
https://doi.org/10.1039/c3nj00095h
https://doi.org/10.1039/c3nj00095h
https://doi.org/10.1021/ol4022113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4022113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c01556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0gc02437f
https://doi.org/10.1039/d0gc02437f
https://doi.org/10.1039/c8sc05631e
https://doi.org/10.1039/c8sc05631e
https://doi.org/10.1002/asia.201900904
https://doi.org/10.1002/asia.201900904
https://doi.org/10.1002/asia.201900904
https://doi.org/10.1039/c9qo00786e
https://doi.org/10.1039/c9qo00786e
https://doi.org/10.1039/c9qo00786e
https://doi.org/10.1002/anie.201709025
https://doi.org/10.1002/anie.201709025
https://doi.org/10.1002/anie.201709025
https://doi.org/10.1021/acs.orglett.8b00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b02389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6cc09725a
https://doi.org/10.1039/c6cc09725a
https://doi.org/10.1039/c5sc03640b
https://doi.org/10.1039/c5sc03640b
https://doi.org/10.1039/c5sc03640b
https://doi.org/10.1002/anie.201410432
https://doi.org/10.1002/anie.201410432
https://doi.org/10.1002/anie.201410432
https://doi.org/10.1021/acs.chemrev.8b00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8cs00932e
https://doi.org/10.1039/c8cs00932e
https://doi.org/10.1039/c3cs60166h
https://doi.org/10.1039/c3cs60166h
https://doi.org/10.1039/b208133b
https://doi.org/10.1039/b208133b
https://doi.org/10.1039/b208133b
https://doi.org/10.1126/science.aao1200
https://doi.org/10.1002/smll.202100137
https://doi.org/10.1002/smll.202100137
https://doi.org/10.1021/acs.accounts.0c00513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.abb2712
https://doi.org/10.1126/sciadv.abb2712
https://doi.org/10.1002/anie.201915760
https://doi.org/10.1002/anie.201915760
https://doi.org/10.1016/j.chempr.2019.11.009
https://doi.org/10.1016/j.chempr.2019.11.009
https://doi.org/10.1021/jacs.0c00212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b05932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aat9750
https://doi.org/10.1126/science.aat9750
https://doi.org/10.1126/science.abd8408
https://doi.org/10.1126/science.abd8408
https://doi.org/10.1021/acs.accounts.8b00336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201804022
https://doi.org/10.1002/anie.201804022
https://doi.org/10.1021/jacs.6b05712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-24280-9
https://doi.org/10.1038/s41467-021-24280-9
https://doi.org/10.1038/s41467-021-24280-9
https://doi.org/10.1021/jacs.1c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-2831-6
https://doi.org/10.1038/s41586-020-2831-6
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


H.-P.; Zhou, Q.; Wu, J. Microtubing-reactor-assisted aliphatic C−H
functionalization with HCl as a hydrogen-atom-transfer catalyst
precursor in conjunction with an organic photoredox catalyst.
Angew. Chem., Int. Ed. 2018, 57, 12661.
(22) (a) Ackerman, L. K. G.; Alvarado, J. I. M.; Doyle, A. G. Direct
C−C bond formation from alkanes using Ni-photoredox catalysis. J.
Am. Chem. Soc. 2018, 140, 14059. (b) Rohe, S.; Morris, A. O.;
McCallum, T.; Barriault, L. Hydrogen atom transfer reactions via
photoredox catalyzed chlorine atom generation. Angew. Chem., Int. Ed.
2018, 57, 15664. (c) Zhao, M.; Lu, W. Visible light-induced oxidative
chlorination of alkyl sp3 C−H bonds with NaCl/oxone at room
temperature. Org. Lett. 2017, 19, 4560. (d) Shields, B. J.; Doyle, A. G.
Direct C(sp3)−H cross coupling enabled by catalytic generation of
chlorine radicals. J. Am. Chem. Soc. 2016, 138, 12719.
(23) (a) Shirase, S.; Tamaki, S.; Shinohara, K.; Hirosawa, K.;
Tsurugi, H.; Satoh, T.; Mashima, K. Cerium(IV) carboxylate
photocatalyst for catalytic radical formation from carboxylic acids:
decarboxylative oxygenation of aliphatic carboxylic acids and
lactonization of aromatic carboxylic acids. J. Am. Chem. Soc. 2020,
142, 5668. (b) Wang, C.-C.; Zhang, G.-X.; Zuo, Z.-W.; Zeng, R.; Zhai,
D.-D.; Liu, F.; Shi, Z.-J. Photo-induced deep aerobic oxidation of alkyl
aromatics. Sci. China Chem. 2021, 64, 1487.
(24) (a) Xu, J.; Shen, C.; Qin, X.; Wu, J.; Zhang, P.; Liu, X.
Oxidative sulfonylation of hydrazones enabled by synergistic copper/
silver catalysis. J. Org. Chem. 2021, 86, 3706. (b) Xu, J.; Shen, C.; Zhu,
X.; Zhang, P.; Ajitha, M. J.; Huang, K.-W.; An, Z.; Liu, X. Remote C-
H activation of quinolines through copper-catalyzed radical cross-
coupling. Chem.Asian J. 2016, 11, 882. (c) Shen, C.; Zhang, P.;
Sun, Q.; Bai, S.; Hor, T. S. A.; Liu, X. Recent advances in C-S bond
formation via C-H bond functionalization and decarboxylation. Chem.
Soc. Rev. 2015, 44, 291.
(25) (a) Ke, Q.; Yan, G.; Yu, J.; Wu, X. Recent advances in the direct
functionalization of quinoxalin-2(1H)-ones. Org. Biomol. Chem. 2019,
17, 5863. (b) Cao, Z.; Zhu, Q.; Lin, Y.-W.; He, W.-M. The concept of
dual roles design in clean organic preparation. Chin. Chem. Lett. 2019,
30, 2132. (c) Tan, Y.; Wang, J.; Zhang, H.-Y.; Zhang, Y.; Zhao, J. The
C3-H bond functionalization of quinoxalin-2(1H)-ones with hyper-
valent iodine(III) reagents. Front. Chem. 2020, 8, 582.
(26) Shao, X.; Wu, X.; Wu, S.; Zhu, C. Metal-free radical-mediated
C(sp3)−H heteroarylation of alkanes. Org. Lett. 2020, 22, 7450.
(27) Tang, X.; Jia, X.; Huang, Z. Challenges and opportunities for
alkane functionalisation using molecular catalysts. Chem. Sci. 2018, 9,
288.
(28) (a) Simmons, E. M.; Hartwig, J. F. On the interpretation of
deuterium kinetic isotope effects in C−H bond functionalizations by
transition-metal complexes. Angew. Chem., Int. Ed. 2012, 51, 3066.
(b) Gjmez-Gallego, M.; Sierra, M. A. Kinetic isotope effects in the
study of organometallic reaction mechanisms. Chem. Rev. 2011, 111,
4857.
(29) Zhu, X.; Liu, Y.; Liu, C.; Yang, H.; Fu, H. Light and oxygen-
enabled sodium trifluoromethanesulfinate-mediated selective oxida-
tion of C−H bonds. Green Chem. 2020, 22, 4357.
(30) Zakarianezhad, M.; Masoodi, H. R.; Shool, M. Further Insight
into the mechanism of the novel multicomponent reactions involving
isoquinoline and dimethyl acetylenedicarboxylate in the presence of 3-
methylindole: theoretical and experimental approach. Int. J. Chem.
Kinet. 2016, 48, 770.
(31) (a) Xie, L.-Y.; Bai, Y.-S.; Xu, X.-Q.; Peng, X.; Tang, H.-S.;
Huang, Y.; Lin, Y.-W.; Cao, Z.; He, W.-M. Visible-light-induced
decarboxylative acylation of quinoxalin-2(1H)-ones with α-oxo
carboxylic acids under metal-, strong oxidant- and external photo-
catalyst-free conditions. Green Chem. 2020, 22, 1720. (b) Li, G.; Yan,
Q.; Gong, X.; Dou, X.; Yang, D. Photocatalyst-free regioselective C−
H thiocyanation of 4-anilinocoumarins under visible light. ACS
Sustainable Chem. Eng. 2019, 7, 14009.
(32) (a) Tian; Lian, F.; Xu, K.; Meng, W.; Zhang, H.; Tan, Z.; Zeng,
C. Nickel-catalyzed electrochemical reductive decarboxylative cou-
pling of N-hydroxyphthalimide esters with quinoxalinones. Chem.
Commun. 2019, 55, 14685. (b) Liu, L.; Pan, N.; Sheng, W.; Su, L.;

Liu, L.; Dong, J.; Zhou, Y.; Yin, S. F. Visible light-induced
regioselective decarboxylative alkylation of the C(sp2)−H bonds of
non-aromatic heterocycles. Adv. Synth. Catal. 2019, 361, 4126.
(c) Gao, Y.; Wu, Z.; Yu, L.; Wang, Y.; Pan, Y. Alkyl carbazates for
electrochemical deoxygenative functionalization of heteroarenes.
Angew. Chem., Int. Ed. 2020, 59, 10859. (d) Dong, Z.; Clososki, G.
C.; Wunderlich, S. H.; Unsinn, A.; Li, J.; Knochel, P. Direct zincation
of functionalized aromatics and heterocycles by using a magnesium
base in the presence of ZnCl2. Chem.Eur. J. 2009, 15, 457. (e) Niu,
K.; Song, L.; Hao, Y.; Liu, Y.; Wang, Q. Electrochemical
decarboxylative C3 alkylation of quinoxalin-2(1H)-ones with N-
hydroxyphthalimide esters. Chem. Commun. 2020, 56, 11673.
(33) (a) Huang, C.; Wang, J.-H.; Qiao, J.; Fan, X.-W.; Chen, B.;
Tung, C.-H.; Wu, L.-Z. Direct arylation of unactivated alkanes with
heteroarenes by visible-light catalysis. J. Org. Chem. 2019, 84, 12904.
(b) Klauck, F. J. R.; James, M. J.; Glorius, F. Deaminative strategy for
the visible-light-mediated generation of alkyl radicals. Angew. Chem.,
Int. Ed. 2017, 56, 12336. (c) Quattrini, M. C.; Fujii, S.; Yamada, K.;
Fukuyama, T.; Ravelli, D.; Fagnoni, M.; Ryu, I. Versatile cross-
dehydrogenative coupling of heteroaromatics and hydrogen donors
via decatungstate photocatalysis. Chem. Commun. 2017, 53, 2335.
(d) Chang, R.; Fang, J.; Chen, J.-Q.; Liu, D.; Xu, G.-Q.; Xu, P.-F.
Visible light-mediated direct C−H aroylation and alkylation of
heteroarenes. ACS Omega 2019, 4, 14021.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c02125
J. Org. Chem. 2021, 86, 17816−17832

17832

https://doi.org/10.1002/anie.201804844
https://doi.org/10.1002/anie.201804844
https://doi.org/10.1002/anie.201804844
https://doi.org/10.1021/jacs.8b09191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201810187
https://doi.org/10.1002/anie.201810187
https://doi.org/10.1021/acs.orglett.7b02153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b08397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-021-1032-7
https://doi.org/10.1007/s11426-021-1032-7
https://doi.org/10.1021/acs.joc.0c02249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201501407
https://doi.org/10.1002/asia.201501407
https://doi.org/10.1002/asia.201501407
https://doi.org/10.1039/c4cs00239c
https://doi.org/10.1039/c4cs00239c
https://doi.org/10.1039/c9ob00782b
https://doi.org/10.1039/c9ob00782b
https://doi.org/10.1016/j.cclet.2019.09.041
https://doi.org/10.1016/j.cclet.2019.09.041
https://doi.org/10.3389/fchem.2020.00582
https://doi.org/10.3389/fchem.2020.00582
https://doi.org/10.3389/fchem.2020.00582
https://doi.org/10.1021/acs.orglett.0c02475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7sc03610h
https://doi.org/10.1039/c7sc03610h
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1002/anie.201107334
https://doi.org/10.1039/d0gc00383b
https://doi.org/10.1039/d0gc00383b
https://doi.org/10.1039/d0gc00383b
https://doi.org/10.1002/kin.21031
https://doi.org/10.1002/kin.21031
https://doi.org/10.1002/kin.21031
https://doi.org/10.1002/kin.21031
https://doi.org/10.1039/c9gc03899j
https://doi.org/10.1039/c9gc03899j
https://doi.org/10.1039/c9gc03899j
https://doi.org/10.1039/c9gc03899j
https://doi.org/10.1021/acssuschemeng.9b02511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b02511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC07840A
https://doi.org/10.1039/C9CC07840A
https://doi.org/10.1002/adsc.201900572
https://doi.org/10.1002/adsc.201900572
https://doi.org/10.1002/adsc.201900572
https://doi.org/10.1002/anie.202001571
https://doi.org/10.1002/anie.202001571
https://doi.org/10.1002/chem.200801558
https://doi.org/10.1002/chem.200801558
https://doi.org/10.1002/chem.200801558
https://doi.org/10.1039/d0cc05391k
https://doi.org/10.1039/d0cc05391k
https://doi.org/10.1039/d0cc05391k
https://doi.org/10.1021/acs.joc.9b01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201706896
https://doi.org/10.1002/anie.201706896
https://doi.org/10.1039/c6cc09725a
https://doi.org/10.1039/c6cc09725a
https://doi.org/10.1039/c6cc09725a
https://doi.org/10.1021/acsomega.9b01674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

