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ABSTRACT: Herein, we report an efficient mechanochemical
synthesis of α,α-amino thioketones involving a one-pot, three-
component milling of 2-oxo aldehydes, amines, and thiols. Unlike
previous methods, this protocol does not require any catalyst or
oxidizing additive. The reaction proceeds through the thiolation of
in situ formed α-imino ketones by liquid-assisted grinding. We
have successfully extended this protocol to synthesizing benzo-
thiazoles, thiazoles, and quinoxalines, demonstrating its efficiency
and potential in the field. Importantly, we have shown the gram-scale synthesis, synthetic applications, and substrate scope of this
protocol, instilling confidence in its practicality.

■ INTRODUCTION
Sulfur-containing compounds are of great interest due to their
diverse roles in pharmaceutical chemistry,1 organic chemistry,2

material chemistry,3 and living organisms.4 In particular, α-
amino ketones and α-amino esters are prevalent structures in
many natural products, biologically active molecules, and
pharmaceuticals.5 Consequently, developing efficient methods
for α-amino ketone derivatives has become a long-standing
research area. These compounds are generally prepared by the
C−H functionalization of α-amino ketones using various
protocols.6,7 However, the synthesis of α-amino ketones itself
involves two steps: the use of electrophilic nitrogen like
azodicarboxylate and organonitrogen compounds, followed by
subsequent derivatization to obtain the required amine
functionality.8 Although the direct α-amination looks more
straightforward, it suffers from the inherent nucleophilicity of
both partners and the multistep synthesis of starting materials.9

Therefore, in recent years, some catalytic methods using
aziridine or an α-substituted intermediate to facilitate
intermolecular umpolung reactions have been developed to
install an α-amino substituent directly.10 Although the direct
C−H functionalization of α-amino ketones has been well
studied, the incorporation of sulfur in α-amino ketones is
limited to a few. In 2018, Huang and co-workers reported the
thiolation of α-amino ketones by treating them with thiols in
the presence of excessive reagents (2 equiv of CBr4 and 4 equiv
of DABCO).11 Later, Shah’s group reported a three-
component synthesis under photoredox catalysis.12 Recently,
Xu and co-workers reported a nickel-catalyzed method, where
1.5 equiv of TBHP was required to reflux in acetonitrile to get
the desired compounds (Scheme 1).13 Despite some
advantages, these methods suffer from using either excess
reagents or stoichiometric additives, expensive catalysts, and
presynthesized starting materials. Notably, all the reported

methods involved forming α-imino ketone as the key
intermediate, which underwent thiolation to furnish the
desired α-amino α-thioketones under specific conditions.
Recently, our group established a one-pot, multicomponent
strategy for the Friedel−Crafts arylation of α-imino ketones
and their cyclization reactions to access functionalized pyrroles
and indoles.14 Further, we disclosed the Povarov cyclization of
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Scheme 1. Previous Works on the Synthesis of α,α-Amino
Thioketones and Our Work
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these key building blocks to construct pyrroloquinolines in a
diastereoselective manner.15

In recent years, organic synthesis under ball milling
(mechanochemistry) is considered as a flagship approach in
green chemistry and has become a valuable tool in synthetic
organic chemistry.16 Mechanochemistry allows environmen-
tally friendly,17 solvent-free synthesis of organic molecules,
which provides access to a vast number of molecules that could
not be achieved using conventional solution-based ap-
proaches.18 Furthermore, in the year 2019, mechanochemistry
was identified to meet the 12 principles of green chemistry, and
it was selected as one of the ten world-changing innovations.19

Despite many advantages of the mechanochemical organic
synthesis, the preparation of organosulfur compounds using
mechanochemistry is limited to a single report by Bolm’s
group, where a base-mediated synthesis of α-keto thioamide
from acetophenone derivatives is developed under ball milling
conditions.20

Inspired by the sustainable features attributed to mecha-
nochemistry, we have initiated the mechanochemical organic
synthesis in our laboratory and recently reported ring-opening
cyclization of donor−acceptor cyclopropanes21 and also the
regioselective annulation of enaminones with propargyl
alcohols.22 In continuation, we report a metal-free thiolation
of α-imino ketones through a one-pot, three-component
approach under mechanochemical conditions.

■ RESULTS AND DISCUSSION
To investigate the mechanochemical reaction conditions, we
chose readily available p-methoxyphenyl glyoxal (1a), p-
toluidine (2a), and p-chlorothiophenol (3a) as the model
substrates (Table 1). For the past few years, our group has

successfully utilized alkaline earth catalysts as sustainable Lewis
acid catalysts due to their high abundance on the earth’s crust,
biodegradability, nontoxicity, and moisture tolerance. There-
fore, initially, we milled a mixture of 1a (0.55 mmol), 2a (0.55
mmol), 3a (0.71 mmol) with 10 mol % Ca(OTf)2 and silica (1
equiv) as grinding auxiliaries in a 5 mL SS jar with two SS balls
(Ø 5 mm) at 25 Hz in a mixer mill. The milling resulted in
43% of the desired product 4a in 1 h and 62% yield in 2 h
(Table 1, entries 1,2). When we increased the milling
frequency to 30 Hz, the reaction yield also increased (Table
1, entry 3). Milling with other grinding auxiliaries, such as
talcum, alumina, and sodium chloride, does not yield better
(Table 1, entries 4−6). Gratifyingly, when we switched to
liquid-assisted grinding (LAG, acetonitrile, 25 μL), the
reaction produced 82% 4a (Table 1, entry 7). Interestingly,
the same yield is reproduced without silica and the catalyst
(Table 1, entries 8 and 9). Encouraged by the catalyst-free,
three-component reaction, we milled them neat and found a
lower yield of the product (entry 10). Increasing the quantity
of acetonitrile (LAG) to 50 and 100 μL was not desirable as
there was no further improvement (entries 11, 12). Milling for
more or less time than 1 h is not beneficial (entries 13,14).
Milling the reaction mixture with excess thiol did not show any
notable increment in the yield of 4a (Table 1, entry 15).
LAG is a phenomenon whereby the addition of small

amounts of liquid can have a profound effect on the outcome
of a milled reaction.23 Therefore, we have also explored the
nature of the liquid used for LAG of 1a, 2a, and 3a with
various other solvents, such as tetrahydrofuran (THF),
toluene, 1,2-dichloroethane, N,N-dimethylformamide, dimeth-
yl sulfoxide (DMSO), 1,1,1,3,3,3,-hexafluoroisopropanol,
ethanol, water, 1,4-dioxane, and nitromethane, and observed
that all of them vastly furnished the inferior results, as depicted
in Figure 1. This study indicated that acetonitrile is the best for

this catalyst-free, three-component, liquid-assisted grinding
reaction. Based on these reaction screenings, we concluded
that entry 9 was the best condition to obtain the desired
compound.
Having the optimized reaction conditions in hand (Table 1,

entry 9), we focused on studying the generality of the reaction
(Scheme 2). Initially, we studied the scope of various α-keto
aldehydes (1a−1e) with p-toluidine 2a and p-chlorothiophenol
3a under the standard reaction conditions. As expected, the

Table 1. Optimization of Reaction Conditionsa

entry reaction conditions 4a yieldb (%)

1 10 mol % Ca(OTf)2, silica, 25 Hz, 1 h 43
2 10 mol % Ca(OTf)2, silica, 25 Hz, 2 h 62
3 10 mol % Ca(OTf)2, silica, 30 Hz, 1 h 75
4 10 mol % Ca(OTf)2, talcum, 30 Hz, 1 h 73
5 10 mol % Ca(OTf)2, alumina, 30 Hz, 1 h 72
6 10 mol % Ca(OTf)2, sodium chloride, 30 Hz, 1 h 70
7 10 mol % Ca(OTf)2, silica, LAG, 30 Hz, 1 h 82
8 10 mol % Ca(OTf)2, LAG, 30 Hz, 1 h 82
9c LAG, 30 Hz, 1 h 83
10 30 Hz, 1 h 76
11 LAG (50 μL), 30 Hz, 1 h 83
12 LAG (100 μL), 30 Hz, 1 h 80
13 LAG, 30 Hz, 0.5 h 74
14 LAG, 30 Hz, 2 h 82
15d LAG, 30 Hz, 1 h 84

aReaction conditions: Unless mentioned, 1a (100 mg, 0.55 mmol), 2a
(59 mg, 0.55 mmol), 3a (103 mg, 0.71 mmol) were milled as per
table, 25 μL of acetonitrile used as LAG, grinding auxiliary (1 eq,
silica/alumina/talcum/NaCl). bIsolated yields. cOptimum conditions.
dWith 5 equiv of 3a.

Figure 1. Study of LAG with various solvents (% of yields shown on
the Y axis).
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milling proceeded smoothly to furnish the desired α-amino
and α-thio carbonyl compounds 4a−4e in good yields.
Furthermore, the structure of 4d was unambiguously

confirmed by obtaining the single-crystal X-ray data.24 Next,
a series of thiophenols were subjected to milling with α-keto
aldehydes and amine 2a to obtain the desired compounds 4f−

Scheme 2. Substrate Scopea

aConditions: A mixture of 1 (100 mg, 0.55 mmol), 2 (0.55 mmol), 3 (0.71 mmol) and acetonitrile (25 μL, LAG) was milled in a 5 mL SS jar with
5 mm SS balls (two) at 30 Hz for 1 h in MM-400.
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4q in good yields. Further, aryl amines bearing electron-
donating groups, electron-withdrawing groups, and sterically
hindered substitutions were milled with various keto aldehydes
and thiols to furnish the desired compounds 4r−4z without
compromising the yields. Interestingly, our protocol is also
compatible with various aliphatic thiols, such as p-methox-
ybenzylthiol (3j), benzylthiol (3k), ethanethiol (3l), and 2-

mercaptoethan-1-ol (3m), to produce the corresponding α-
amino and α-thio carbonyl compounds 4aa−4ah in good
yields. Besides, α-keto esters also reacted smoothly under the
optimized ball milling conditions to furnish the α-amino and
α-thio esters 4ai and 4aj in good yields (Scheme 2).
After successfully developing a catalyst-free, one-pot, three-

component thiolation of α-amino ketone under solventless ball

Scheme 3. Extension of the Protocol to the Synthesis of Benzothiazoles by Milling Aryl Glyoxal with 2-Amino Benzenethiol (a)
and Cysteine Ethyl Ester (b)

Scheme 4. Ball Milling of Aryl Glyoxal with o-Phenylenediamine for the Synthesis of Quinoxalines
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milling (Scheme 2), we extended the study to 2-amino
thiophenol (5a), where the amine and SH group are within the
same molecule. Under the standard milling conditions, various
α-keto aldehydes were milled with 5a, and the corresponding
benzothiazoles 6a−6c in good yields via the intramolecular
thiolation of in situ formed α-imino ketones were obtained
(Scheme 3). Next, we milled the cysteine ethyl ester (a
nonessential amino acid derivative) with 1h and obtained the
corresponding thiazole derivative 6d via the intramolecular
thiolation of in situ formed α-imino ketones (Scheme 3).
Encouraged by this observation, we were curious to study o-

phenylenediamine reactivity. As desired, 1c, 3a, and 5b were
subjected to LAG for 1 h, expecting the formation of 7b via 7a
(Scheme 4). However, the reaction did not yield 7b but
furnished 2-phenyl quinoxaline 8a in 84% yield. Realizing the
fastness of a direct intramolecular reaction is due to the
proximity effect (as indicated next to 8a), we used excess (10
equiv) thiol 3a and repeated the milling to overcome this issue.
However, it still led to the formation of 8a. Nevertheless, we
generalized this catalyst-free mechanochemical synthesis of 2-
aryl quinoxalines by milling α-keto aldehydes and o-phenyl-
enediamine (Scheme 4) to prepare compounds 8a−8h in good
yields.
Next, we shifted our focus to utilize p-phenylenediamine

(5c) in the reaction so that the α-imino ketones can be
generated on both sides; hence, a bis-thiolation can be
accomplished. Accordingly, we milled 5c with 2 equiv of
phenylglyoxal (1c) and 2 equiv of p-chlorophenyl thiol (3a)
for one hour and obtained α-thiolated bis amino ketone 9a in
69% yield. In a similar way, 9b was prepared from 1c, 5c, and
3e in 71% yield (Scheme 5).
Encouraged by the wide applicability of this protocol, we

performed a gram-scale synthesis of 4d (1.47 g) by milling 1d,
2a, and 3a (Scheme 6). Subsequently, we have performed a
series of postsynthetic modifications. Ketone 4d was subjected
to reduction with sodium borohydride in ethanol; surprisingly,
we observed the substitution of the C−S bond with the
hydride along with ketone reduction to furnish amino alcohol
10. Next, ketone 4d was subjected to Wittig olefination with
the Horner−Wadsworth−Emmons reagent to obtain alkene
11a. However, the isolated compound is characterized as 1,3-
dihydro-2H-pyrrol-2-one 11b. This was not surprising to us
because, after the formation of desired alkene 11a, the sec-
amine underwent an intramolecular nucleophilic substitution
at ester carbonyl, followed by double bond isomerization,
which provided the dihydro-2H-pyrrol-2-one 11b (see Scheme
6, eq-c, mechanism). A direct substitution of 4s with indole
was performed with TFA at room temperature12 to obtain 12a;
however, the reaction furnished 2,2-di(1H-indol-3-yl)-1-
phenylethan-1-one 12b. Probably, after the formation of 12a,
p-nitroaniline also underwent substitution with indole (2-fold
substitution). A method similar to that was used to prepare

12c. Further, 12b was treated with phenylacetylene and n-
butyllithium to get propargyl alcohols 13 in 85% yield.
Compound 13 is a key precursor for the carbazole
construction (14).25 Compound 4c was also subjected to 2-
fold substitution with N,N-dimethylaniline in the presence of
50 mol % TFA to get the desired compound 15 (Scheme 6).
To shed light on the reaction mechanism, we have isolated

the intermediate A1 (Scheme 7, eq-a), subjected it to the
reaction conditions (stepwise), and obtained the correspond-
ing product 4c. Although we did not perform any study to
indicate the role of hydrogen bonding in accelerating the
reaction, we believe that it is essential in activating the
electrophilicity of imino carbon through a five-membered
transition state (as indicated), thus facilitating the addition of
sulfur to get the final product 4.26 Based on these observations,
we proposed a plausible reaction mechanism, as depicted in
Scheme 7. Milling of α-ketoaldehyde (1) and primary amine
(2) furnishes the α-imino ketone (A). Next, the thiolation of
activated α-imino ketone through hydrogen bonding (see
structure B) occurs to furnish the desired, α-amino, α-thio
ketone 4.

■ CONCLUSIONS
In conclusion, we have developed a green synthetic protocol
for the thiolation of α-imino ketones under ball milling
conditions from readily available starting materials. This one-
pot, three-component reaction proceeds at room temperature
without any catalyst, additive, or reflux in a solvent. Further, we
have extended this strategy to constructing thiazoles,
benzothiazoles, and quinoxalines. Besides, we demonstrated a
gram-scale synthesis and postsynthetic modifications. The
rationale for new observations during reduction, substitution,
and Wittig olefination is discussed in detail. The generality of
the reaction is well established by synthesizing 56 compounds.
Considering its simplicity in terms of operation by ball milling,
short reaction duration, cost-effectiveness and ready availability
of starting materials, solventless and catalyst-free conditions,
and adaptability to synthesize benzothiazoles and thiazoles,
this protocol offers a convincing alternative to existing
procedures for the synthesis of α,α-amino thioketones, and
we expect this protocol to efficiently address the needs of the
pharmaceutical industry within its domain.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise noted, all reagents

were used as received from commercial suppliers. Reactions
were performed in oven-dried glassware with magnetic stirring.
All reactions under the heating conditions were performed in
an oil bath. Mechanochemical reactions were carried out in a
RETSCH Mixer Mill MM-400. Milling vessels (5 mL
volumetric capacity) and milling balls (5 mm diameter) were
made of stainless steel. Reactions were monitored by thin-layer

Scheme 5. Ball Milling of Aryl Glyoxal with p-Phenylenediamine
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chromatography (TLC) with aluminum sheets, Merck silica gel
60 F254. TLC plates were visualized with UV light (254 nm),
iodine treatment, or p-anisaldehyde stain. Column chromatog-
raphy was carried out using silica gel 100−200 mesh as the
stationary phase. NMR spectra were recorded at 500 MHz and
(1H) and at 125 and 100 MHz (13C), respectively, on an

Avance Bruker spectrometer. Chemical shifts (δ) are reported
in ppm, using the residual solvent peak in CDCl3 (1H: δ = 7.26
and 13C: δ = 77.16 ppm) as an internal standard, and coupling
constants (J) are given in Hz. HRMS spectra were recorded
using ESI-TOF techniques. Melting points were measured with
a LABINDIA MEPA melting apparatus. Single-crystal X-ray

Scheme 6. Gram-Scale Synthesis and Postsynthetic Modifications
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diffraction data were collected in Bruker D8-Quest diffrac-
tometers.
General Experimental Procedure for the Synthesis of

Compound 4. A 5 mL SS milling jar equipped with two 5
mm SS balls was charged with glyoxal 1 (1 equiv), arylamine 2
(1 equiv), and thiol 3 (1.3 equiv) in MeCN (50 μL). After the
jar was closed tightly, milling was carried out for 1 h at 30 Hz.
After completion of the reaction (monitored by TLC), the
crude residue was directly absorbed onto silica gel and purified
by column chromatography (3% EtOAc in petroleum ether) to
obtain the corresponding compound 4.
Experimental Procedure for Gram-Scale Synthesis of

Compound 4d. A 10 mL SS milling jar equipped with two 10
mm SS balls was charged with 4-chloro phenylglyoxal (869 mg,
4.672 mmol), p-toluidine (500 mg, 4.672 mmol), and thiol
(874 mg, 6.074 mmol) in MeCN (100 μL). After closing the
jar tightly, milling was carried out for 1 h at 30 Hz. After
completion of the reaction (monitored by TLC), the crude
residue was directly absorbed onto silica gel, and the product
was purified by column chromatography (3% EtOAc in
petroleum ether) to obtain the corresponding compound 4d.
2-((4-Chlorophenyl)thio)-1-(4-methoxyphenyl)-2-(p-

tolylamino)ethan-1-one (4a). Compound 4a was obtained
(using 5% EtOAc/petroleum ether) as a yellow solid (154 mg,
83%); mp: 103−104 °C; 1H NMR (500 MHz, CDCl3): δ 8.00
(d, J = 9.0 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.0
Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H),
6.79 (d, J = 8.0 Hz, 2H), 6.24 (d, J = 9.5 Hz, 1H), 5.04 (d, J =
9.5 Hz, 1H), 3.90 (s, 3H), 2.31 (s, 3H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 187.2, 164.1, 140.4, 138.6, 135.9, 131.0,
130.0, 128.9, 128.6, 127.6, 126.8, 114.9, 114.1, 63.4, 55.6, 20.7
ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C22H21ClNO2S]+: 398.0982; found: 398.0984. IR (film): νmax
3382, 3016, 1668, 1328, 1228, 1086, 805, 548, cm−1.
2-((4-Chlorophenyl)thio)-1-(p-tolyl)-2-(p-tolylamino)-

ethan-1-one (4b). Compound 4b was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (144 mg, 81%); mp:
174−175 °C; 1H NMR (500 MHz, CDCl3): δ 7.91 (d, J = 8.0
Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.5 Hz, 2H),
7.12 (d, J = 8.0 Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 6.80 (d, J =
8.5 Hz, 2H), 6.26 (d, J = 8.5 Hz, 1H), 5.02 (d, J = 9.0 Hz, 1H),
2.45 (s, 3H), 2.31 (s, 3H) ppm; 13C{1H} NMR (100 MHz,

CDCl3): δ 187.9, 144.8, 140.4, 138.6, 136.1, 131.7, 130.1,
129.7, 129.0, 128.8, 128.7, 127.4, 115.0, 63.5, 21.9, 20.7 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C22H21ClNOS]+: 382.1032; found: 382.1037.
2-((4-Chlorophenyl)thio)-1-phenyl-2-(p-tolylamino)-

ethan-1-one (4c). Compound 4c was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (138 mg, 80%); mp:
150−151 °C; 1H NMR (500 MHz, CDCl3): δ 8.01 (d, J = 7.5
Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.52 (t, J = 7.5 Hz, 2H), 7.18
(d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 6.93 (d, J = 8.5
Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 6.29 (d, J = 9.5 Hz, 1H),
5.01 (d, J = 9.5 Hz, 1H), 2.31 (s, 3H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): 188.1, 140.3, 138.7, 136.1, 134.3, 133.7,
130.1, 129.1, 128.9, 128.8, 128.7, 127.3, 115.0, 63.7, 20.7 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C21H19ClNOS]+: 368.0876; found: 368.0878;
1-(4-Chlorophenyl)-2-((4-chlorophenyl)thio)-2-(p-

tolylamino)ethan-1-one (4d). Compound 4d was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (152 mg,
81%); mp: 142−143 °C; 1H NMR (500 MHz, CDCl3): δ 7.96
(d, J = 9.0 Hz, 2H), 7.50 (d, J = 9.0 Hz, 2H), 7.19 (d, J = 9.0
Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H),
6.80 (d, J = 8.5 Hz, 2H), 6.24 (d, J = 9.5 Hz, 1H), 4.98 (d, J =
9.5 Hz, 1H), 2.31 (s, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 186.8, 140.2, 140.1, 138.6, 136.2, 132.5, 130.1 (2),
129.3, 129.1, 128.9, 126.9, 115.0, 63.7, 20.7 ppm; HRMS (ESI-
TOF) m/z: [M + H]+ calculated for [C21H18Cl2NOS]+:
402.0486; found: 402.0487; IR (film): νmax 3376, 3014, 1743,
1368, 1221, 1087, 804, 520, cm−1.
2-((4-Chlorophenyl)thio)-1-(3,4-dichlorophenyl)-2-(p-

tolylamino)ethan-1-one (4e). Compound 4e was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (159 mg,
78%); mp: 124−125 °C; 1H NMR (500 MHz, CDCl3): δ 8.08
(d, J = 2.5 Hz, 1H), 7.84 (dd, J = 2.0, 6.5 Hz, 1H), 7.61 (d, J =
8.5 Hz, 1H), 7.21 (d, J = 8.5 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H),
6.91 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 6.20 (s,
1H), 4.94 (bs, 1H), 2.32 (s, 3H) ppm; 13C{1H} NMR (100
MHz, CDCl3): δ 186.3, 140.4, 138.4, 136.5, 134.5, 133.9,
131.1, 130.8, 130.2, 129.4, 129.3, 127.7, 127.6, 121.8, 115.3,
64.7, 20.6 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated
for [C21H17Cl3NOS]+: 436.0096; found: 436.0094.

Scheme 7. Stepwise Reaction (a) and Possible Reaction Mechanism (b)
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1-(4-Chlorophenyl)-2-((3-chlorophenyl)thio)-2-(p-
tolylamino)ethan-1-one (4f). Compound 4f was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (141 mg,
75%); mp: 124−125 °C; 1H NMR (500 MHz, CDCl3): δ 7.94
(d, J = 9.0 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.31 (dq, J = 5.0,
1.0 Hz, 1H), 7.17−7.13 (m, 3H), 6.98 (t, J = 2.0 Hz, 1H), 6.90
(dt, J = 5.0, 1.5 Hz, 1H), 6.80 (d, J = 8.5 Hz, 2H), 6.27 (d, J =
9.5 Hz, 1H), 5.04 (d, J = 9.5 Hz, 1H), 2.31 (s, 3H) ppm;
13C{1H} NMR (100 MHz, CDCl3): δ 186.9, 140.2, 139.9,
136.8, 135.3, 134.3, 132.6, 130.5, 130.1, 130.0, 129.8 (2),
129.3, 129.1, 115.1, 63.9, 20.7 ppm; HRMS (ESI-TOF) m/z:
[M + H]+ calculated for [C21H18Cl2NOS]+: 402.0486; found:
402.0487; IR (film): νmax 3355, 3014, 1743, 1367, 1217, 1093,
777, 528 cm−1.
1-(4-Chlorophenyl)-2-(phenylthio)-2-(p-tolylamino)-

ethan-1-one (4g). Compound 4g was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (142 mg, 82%); mp:
82−83 °C; 1H NMR (500 MHz, CDCl3): δ 7.96 (d, J = 9.0
Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.35−7.32 (m, 1H), 7.25−
7.21 (m, 2H), 7.13 (d, J = 8.0 Hz, 2H), 7.02−7.00 (m, 2H),
6.81 (d, J = 8.5 Hz, 2H), 6.24 (d, J = 10.0 Hz, 1H), 4.98 (d, J =
9.5 Hz, 1H), 2.31 (s, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 187.1, 140.4, 140.0, 137.4, 132.9, 130.1, 129.7,
129.2, 128.9, 128.8, 128.6, 115.1, 63.7, 20.7 ppm; HRMS (ESI-
TOF) m/z: [M + H]+ calculated for [C21H19ClNOS]+:
368.0876; found: 368.0874.
2-((4-(tert-Butyl)phenyl)thio)-1-(4-chlorophenyl)-2-

(p-tolylamino)ethan-1-one (4h). Compound 4h was
obtained (using 3% EtOAc/petroleum ether) as a yellow
solid (164 mg, 83%); mp: 148−149 °C; 1H NMR (500 MHz,
CDCl3): δ 7.94 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H),
7.22 (d, J = 8.0, Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 6.93 (d, J =
8.5 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 6.19 (d, J = 10.0 Hz,
1H), 4.97 (d, J = 10.0 Hz, 1H), 2.31 (s, 3H), 1.28 (s, 9H)
ppm; 13C{1H} NMR (100 MHz, CDCl3): δ 187.3, 152.9,
140.6, 139.8, 137.0, 133.0, 130.1, 130.0, 129.1, 128.6, 125.9,
125.1, 115.1, 63.7, 34.8, 31.3, 20.7 ppm; HRMS (ESI-TOF)
m/z: [M + H]+ calculated for [C25H27ClNOS]+: 424.1502;
found: 424.1505. IR (film): νmax 3350, 2958, 1739, 1297, 1229,
1094, 806, 553, cm−1.
1-(4-Chlorophenyl)-2-((4-methoxyphenyl)thio)-2-(p-

tolylamino)ethan-1-one (4i). Compound 4i was obtained
(using 5% EtOAc/petroleum ether) as a yellow solid (149 mg,
80%); mp: 110−111 °C; 1H NMR (500 MHz, CDCl3): δ 7.96
(d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 7.12 (d, J = 8.5
Hz, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H),
6.74 (d, J = 8.5 Hz, 2H), 6.17 (d, J = 10.0 Hz, 1H), 4.94 (d, J =
9.5 Hz, 1H), 3.77 (s, 3H), 2.31 (s, 3H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): δ 187.1, 161.0, 140.5, 139.9, 138.9, 132.9,
130.1, 129.2, 128.6, 118.9, 115.1, 114.5, 63.6, 55.4, 20.7 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C22H21ClNO2S]+: 398.0982; found: 398.0984. IR (film):
νmax 3380, 3001, 1739, 1313, 1238, 1032, 806, 534, cm−1.
2 - ( ( 4 -Hydroxypheny l ) th io ) -1 -pheny l -2 - (p -

tolylamino)ethan-1-one (4j). Compound 4j was obtained
(using 10% EtOAc/petroleum ether) as a pale yellow solid
(125 mg, 76%); mp: 154−155 °C; 1H NMR (500 MHz,
CDCl3): δ 8.03 (d, J = 7.0 Hz, 2H), 7.63 (t, J = 7.0 Hz, 1H),
7.52 (t, J = 8.0 Hz, 2H), 7.12 (d, J = 7.5 Hz, 2H), 6.88 (d, J =
8.5 Hz, 2H), 6.81 (d, J = 8.0 Hz, 2H), 6.66 (d, J = 8.5 Hz, 2H),
6.24 (d, J = 9.5 Hz, 1H), 5.40 (bs, 1H), 4.97 (d, J = 9.5 Hz,
1H), 2.31 (s, 3H) ppm; 13C{1H} NMR (125 MHz, CDCl3): δ
188.5, 157.3, 140.6, 139.3, 134.6, 133.6, 133.0, 130.1, 128.9,

128.7, 119.3, 116.1, 115.1, 63.5, 20.7 ppm; HRMS (ESI-TOF)
m/z: [M + H]+ calculated for [C21H20NO2S]+: 350.1215;
found: 350.1218; IR (film): νmax 3389, 3013, 1740, 1367, 1215,
804, 527 cm−1.
2-((4-(tert-Butyl)phenyl)thio)-1-phenyl-2-(p-

tolylamino)ethan-1-one (4k). Compound 4k was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (150 mg,
82%); mp: 145−146 °C; 1H NMR (500 MHz, CDCl3): δ 8.00
(d, J = 8.5 Hz, 2H), 7.60 (t, J = 8.0 Hz, 1H), 7.49 (t, J = 7.5
Hz, 2H), 7.23−7.20 (m, 2H), 7.11 (d, J = 8.0 Hz, 2H), 6.96−
6.95 (m, 2H), 6.81 (d, J = 7.0 Hz, 2H), 6.25 (d, J = 9.5 Hz,
1H), 4.99 (d, J = 9.5 Hz, 1H), 2.31 (s, 3H), 1.28 (s, 9H) ppm;
13C{1H} NMR (100 MHz, CDCl3): δ 188.4, 152.7, 140.7,
137.1, 134.7, 133.5, 130.0, 128.8, 128.7, 128.5, 125.9, 125.2,
115.1, 63.5, 34.8, 31.3, 20.7 ppm; HRMS (ESI-TOF) m/z: [M
+ H]+ calculated for [C25H28NOS]+: 390.1892; found:
390.1891.
2-(Naphthalen-2-ylthio)-1-phenyl-2-(p-tolylamino)-

ethan-1-one (4l). Compound 4l was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (140 mg, 78%); mp:
104−105 °C; 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J = 7.5
Hz, 2H), 7.79 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 8.5 Hz, 1H),
7.65−7.62 (m, 2H), 7.54−7.44 (m, 5H), 7.16 (d, J = 8.5 Hz,
2H), 7.08 (dd, J = 1.5, 7.0 Hz, 1H), 6.84 (d, J = 8.5 Hz, 2H),
6.36 (d, J = 9.5 Hz, 1H), 5.04 (d, J = 10.0 Hz, 1H), 2.34 (s,
3H), ppm; 13C{1H} NMR (100 MHz, CDCl3): δ 188.4, 140.6,
137.9, 134.7, 133.6, 133.5 (2), 130.1, 128.9, 128.8, 128.3,
128.0, 127.8, 127.1, 126.4, 126.2, 115.2, 63.8, 20.7 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C25H22NOS]+: 384.1422; found: 384.1419.
2-(Naphthalen-1-ylthio)-1-(p-tolyl)-2-(p-tolylamino)-

ethan-1-one (4m). Compound 4m was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (150 mg, 80%); mp:
148−149 °C; 1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 8.0
Hz, 1H), 7.85−7.81 (m, 3H), 7.76 (d, J = 8.0 Hz, 1H), 7.38 (t,
J = 7.6 Hz, 1H), 7.30−7.24 (m, 4H), 7.18−7.12 (m, 3H), 6.80
(d, J = 8.0 Hz, 2H), 6.40 (s, 1H), 4.99 (s, 1H), 2.45 (s, 3H),
2.33 (s, 3H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ
188.5, 144.5, 141.1, 137.3, 136.6, 134.3, 132.4, 130.5, 130.1,
129.5, 129.1, 128.7, 128.3, 126.9, 126.4, 126.1, 125.3, 121.6,
115.1, 64.6, 21.8, 20.6 ppm; HRMS (ESI-TOF) m/z: [M +
H]+ calculated for [C26H24NOS]+: 398.1579; found: 398.1582.
1-(3,4-Dichlorophenyl)-2-(naphthalen-1-ylthio)-2-(p-

tolylamino)ethan-1-one (4n). Compound 4n was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (161 mg,
76%); mp: 142−143 °C; 1H NMR (500 MHz, CDCl3): δ 7.92
(d, J = 2.0 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.0
Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.72 (dd, J = 2.0, 6.5 Hz,
1H), 7.51 (d, J = 8.5 Hz, 1H), 7.43−7.39 (m, 1H), 7.31 (t, J =
7.5 Hz, 1H), 7.26−7.24 (m, 1H), 7.21−7.18 (m, 1H), 7.15 (d,
J = 8.0 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 6.31 (s, 1H), 4.95 (s,
1H), 2.34 (s, 3H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ
186.1, 140.3, 138.1, 137.3, 136.2, 134.2, 134.1, 133.5, 130.9,
130.8, 130.7, 130.2, 129.0, 128.4, 127.7, 126.6, 126.5, 126.3(2),
125.3, 115.0, 64.5, 20.7 ppm; HRMS (ESI-TOF) m/z: [M +
H]+ calculated for [C25H20Cl2NOS]+: 452.0643; found:
452.0637.
2-((4-Bromophenyl)thio)-1-(3,4-dichlorophenyl)-2-(p-

tolylamino)ethan-1-one (4o). Compound 4o was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (168 mg,
75%); mp: 138−139 °C; 1H NMR (500 MHz, CDCl3): δ 8.07
(s, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.58 (d, J = 8.5 Hz, 1H),
7.34 (d, J = 7.5 Hz, 2H), 7.12 (d, J = 7.5 Hz, 2H), 6.82 (d, J =
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7.5 Hz, 2H), 6.78 (d, J = 8.0 Hz, 2H), 6.19 (d, J = 8.5 Hz, 1H),
4.94 (d, J = 9.0 Hz, 1H), 2.31 (s, 3H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 185.6, 139.9, 138.8, 138.3, 133.9, 133.7,
132.2, 131.0, 130.6, 130.2, 129.2, 127.6, 127.4, 124.8, 115.1,
63.9, 20.7 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated
for [C21H17BrCl2NOS]+: 479.9591; found: 479.9594.
2-(Naphthalen-1-ylthio)-2-(phenylamino)-1-(p-tolyl)-

ethan-1-one (4p). Compound 4p was obtained (using 3%
EtOAc/petroleum ether) as a pale yellow solid (163 mg, 79%);
mp: 152−153 °C; 1H NMR (500 MHz, CDCl3): δ 7.92 (d, J =
8.5 Hz, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.83 (d, J = 8.0 Hz, 1H),
7.77 (d, J = 8.0 Hz, 1H), 7.40−7.37 (m, 1H), 7.34−7.25 (m,
6H), 7.17−7.14 (m, 1H), 6.91−6.88 (m, 3H), 6.41 (s, 1H),
5.09 (bs, 1H), 2.46 (s, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 188.1, 144.7, 143.2, 137.5, 136.4, 134.1, 131.8,
130.6, 129.5(2), 129.0, 128.3, 126.9, 126.7, 126.4, 126.2, 125.3,
119.3, 114.9, 63.5, 21.9 ppm; HRMS (ESI-TOF) m/z: [M +
H]+ calculated for [C25H22NOS]+: 384.1422; found: 384.1425.
2-(Naphthalen-2-ylthio)-1-phenyl-2-(p-tolylamino)-

ethan-1-one (4q). Compound 4q was obtained (using 3%
EtOAc/petroleum ether) as a pale yellow solid (124 mg, 78%);
mp: 137−138 °C; 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J =
8.5 Hz, 2H), 7.79 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 8.5 Hz, 1H),
7.63 (t, J = 6.5 Hz, 2H), 7.55−7.44 (m, 5H), 7.29 (d, J = 8.5
Hz, 2H), 7.05 (d, J = 8.5 Hz, 1H), 6.83 (d, J = 8.0 Hz, 2H),
6.27 (d, J = 9.0 Hz, 1H), 5.14 (d, J = 9.5 Hz, 1H) ppm;
13C{1H} NMR (100 MHz, CDCl3): δ 188.3, 141.6, 137.9,
134.2, 133.8, 133.5, 133.4, 133.3, 129.4, 128.9, 128.8, 128.4,
127.9, 127.8, 127.2, 126.5, 125.5, 124.1, 116.2, 62.9 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C24H19ClNOS]+: 404.0876; found: 404.0878. IR (film):
νmax 3329, 3043, 1740, 1305, 1227, 1092, 810, 578, cm−1.
2-((4-Bromophenyl)thio)-2-((4-nitrophenyl)amino)-1-

phenylethan-1-one (4r). Compound 4r was obtained (using
5% EtOAc/petroleum ether) as a pale yellow solid (133 mg,
83%); mp: 171−172 °C; 1H NMR (500 MHz, CDCl3): δ 8.23
(d, J = 7.5 Hz, 2H), 8.04 (d, J = 8.0 Hz, 2H), 7.69 (t, J = 7.5
Hz, 1H), 7.57 (t, J = 7.5 Hz, 2H), 7.37 (d, J = 7.0 Hz, 2H),
6.91 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 7.0 Hz, 2H), 6.21 (d, J =
8.0 Hz, 1H), 5.79 (d, J = 8.0 Hz, 1H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 188.3, 148.5, 140.1, 138.7, 134.4, 133.4,
132.3, 129.1, 128.9, 126.6, 126.2, 125.2, 113.9, 61.4, ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C20H16BrN2O3S]+: 443.0065; found; 443.0070; IR (film):
νmax 3368, 3013, 1734, 1368, 1216, 1100, 811, 539 cm−1

2-((4-Nitrophenyl)amino)-1-phenyl-2-(phenylthio)-
ethan-1-one (4s). Compound 4s was obtained (using 5%
EtOAc/petroleum ether) as a pale white solid (107 mg, 81%);
mp: 179−180 °C; 1H NMR (500 MHz, CDCl3): δ 8.22 (d, J =
8.5 Hz, 2H), 8.05 (d, J = 8.0 Hz, 2H), 7.67 (t, J = 7.0 Hz, 1H),
7.56 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.0 Hz, 1H), 7.23 (t, J =
8.0 Hz, 2H), 7.01 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 8.5 Hz, 2H),
6.22 (d, J = 8.0 Hz, 1H), 5.80 (d, J = 8.0 Hz, 1H) ppm;
13C{1H} NMR (100 MHz, CDCl3): δ 188.4, 148.7, 139.9,
137.3, 134.2, 133.6, 130.2, 129.1 (2), 128.9, 127.5, 126.3,
113.9, 61.3 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C20H17N2O3S]+: 365.0960; found; 365.0956;
IR (film): νmax 3370, 3014, 1739, 1593, 1367, 1316, 1224, 991,
748, 556 cm−1.
1-(4-Fluorophenyl)-2-((4-nitrophenyl)amino)-2-

(phenylthio)ethan-1-one (4t). Compound 4t was obtained
(using 5% EtOAc/petroleum ether) as a pale yellow solid (114
mg, 82%); mp: 185−186 °C; 1H NMR (500 MHz, CDCl3): δ

8.22 (d, J = 9.5 Hz, 2H), 8.11−8.08 (m, 2H), 7.37 (t, J = 7.5
Hz, 1H), 7.25−7.21 (m, 4H), 7.00 (d, J = 7.5 Hz, 2H), 6.89
(d, J = 9.0 Hz, 2H), 6.18 (d, J = 8.0 Hz, 1H), 5.78 (d, J = 8.0
Hz, 1H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ 187.1,
166.3(d, JC−F = 256.2 Hz), 148.6, 139.9, 137.2, 131.7(d, JC−F =
9.4 Hz), 130.3, 129.9, 129.2, 127.4, 126.3, 116.3(d, JC−F = 21.8
Hz), 113.9, 61.3 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C20H16FN2O3S]+: 383. 0866; found; 383.0864;
IR (film): νmax 3369, 3012, 1732, 1368, 1221, 1105, 992, 837,
596 cm−1.
2-(Benzylthio)-1-(9H-fluoren-2-yl)-2-((4-nitrophenyl)-

amino)ethan-1-one (4u). Compound 4u was obtained
(using 10% EtOAc/petroleum ether) as a yellow solid (130
mg, 77%); mp: 155−156 °C; 1H NMR (500 MHz, CDCl3): δ
8.16 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz,
2H), 7.60 (d, J = 7.5 Hz, 1H), 7.44−7.38 (m, 2H), 7.32 (d, J =
8.5 Hz, 2H), 7.18−7.15 (m, 3H), 7.10−7.08 (m, 2H), 6.69 (d,
J = 9.0 Hz, 2H), 6.06 (d, J = 8.0 Hz, 1H), 5.32 (d, J = 8.0 Hz,
1H), 3.97 (s, 2H), 3.55 (dd, J = 7.5, 13.0 Hz, 2H) ppm;
13C{1H} NMR (125 MHz, CDCl3): δ 189.7, 147.5, 144.7,
143.6, 142.6, 140.4, 136.9, 132.2, 132.1, 129.1, 128.5(2), 128.1,
127.3, 127.1, 125.5, 125.4, 121.2, 120.0, 116.3, 111.0, 59.7,
37.1, 32.4 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated
for [C28H23N2O3S]+: 467.1429; found; 467.1426.
Ethyl 4-((1-((4-chlorophenyl)thio)-2-(4-methoxy-

phenyl)-2-oxoethyl)amino)benzoate (4v). Compound 4v
was obtained (using 15% EtOAc/petroleum ether) as a yellow
semisolid (110 mg, 76%); NMR (500 MHz, CDCl3): δ 8.02−
8.00 (m, 4H), 7.17 (d, J = 8.5 Hz, 2H), 7.00 (d, J = 9.0 Hz,
2H), 6.92 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 6.20
(d, J = 8.5 Hz, 1H), 5.52 (d, J = 8.5 Hz, 1H), 4.36 (q, J = 7.0
Hz, 2H), 3.91 (s, 3H), 1.39 (t, J = 7.0 Hz, 3H) ppm; 13C{1H}
NMR (100 MHz, CDCl3): δ 187.2, 166.8, 164.3, 146.8, 138.6,
136.4, 131.6, 131.2, 129.2, 126.7, 126.3, 121.1, 114.3, 114.0,
61.6, 60.6, 55.7, 14.6 ppm; HRMS (ESI-TOF) m/z: [M +
Na]+ calculated for [C24H22ClNO4SNa]+: 478.0856; found;
478.0851; IR (film): νmax 3458, 3010, 1732, 1598, 1367, 1223,
1093, 820, 768, 525 cm−1.
2-((4-Bromo-2-methylphenyl)amino)-1-(4-chloro-

phenyl)-2-((4-chlorophenyl)thio)ethan-1-one (4w).
Compound 4w was obtained (using 3% EtOAc/petroleum
ether) as a yellow solid (102 mg, 79%); mp: 123−124 °C; 1H
NMR (500 MHz, CDCl3): δ 7.94 (d, J = 8.5 Hz, 2H), 7.48 (d,
J = 8.5 Hz, 2H), 7.35 (dd, J = 2.0, 8.5 Hz, 1H), 7.23−7.22 (m,
1H), 7.17 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 1H), 6.80
(d, J = 8.5 Hz, 2H), 6.15 (d, J = 5.5 Hz, 1H), 4.95 (d, J = 6.5
Hz, 1H), 1.99 (s, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 187.5, 140.5, 139.9, 138.3, 136.6, 133.3, 132.8,
130.1, 129.9, 129.4, 129.2, 127.1, 125.8, 114.4, 111.6, 63.1,
16.9 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C21H17BrCl2NOS]+: 479.9591; found; 479.9592.
2-((3,5-Bis(trifluoromethyl)phenyl)amino)-2-((4-

bromophenyl)thio)-1-phenylethan-1-one (4x). Com-
pound 4x was obtained (using 5% EtOAc/petroleum ether)
as a white solid (84 mg, 72%); mp: 174−175 °C; 1H NMR
(500 MHz, CDCl3): δ 8.05 (d, J = 7.5 Hz, 2H), 7.68 (t, J = 7.5
Hz, 1H), 7.57 (t, J = 7.5 Hz, 2H), 7.35 (d, J = 8.5 Hz, 3H),
7.25 (d, J = 2.0 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 6.21 (d, J =
8.5 Hz, 1H), 5.62 (d, J = 8.5 Hz, 1H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 188.3, 144.1, 138.6, 134.4, 133.5, 132.8,
(q, JC−F = 33.0 Hz), 132.3, 129.2, 128.9, 126.9, 125.1, 124.7,
122.5, 114.3, 112.4, 62.0 ppm; HRMS (ESI-TOF) m/z: [M +
H]+ calculated for [C22H15BrF6NOS]+: 533.9962; found;
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533.9967. IR (film): νmax 3355, 2968, 1739, 1385, 1269, 1002,
813, 527, cm−1.
2-((4-Bromophenyl)thio)-1-(4-chlorophenyl)-2-(o-

tolylamino)ethan-1-one (4y). Compound 4y was obtained
(using 3% EtOAc/petroleum ether) as a yellow solid (162 mg,
78%); mp: 143−144 °C; 1H NMR (500 MHz, CDCl3): δ 7.97
(d, J = 8.5 Hz, 2H), 7.50 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.5
Hz, 2H), 7.27 (t, J = 7.5 Hz, 1H), 7.12 (d, J = 7.0 Hz, 1H),
7.05 (d, J = 8.0 Hz, 1H), 6.84 (t, J = 7.5 Hz, 1H), 6.77 (d, J =
8.0 Hz, 2H), 6.28 (s, 1H), 4.99 (bs, 1H), 2.06 (s, 3H) ppm;
13C{1H} NMR (125 MHz, CDCl3): δ 187.0, 140.4, 140.3,
138.8, 132.5, 132.1, 130.7, 130.1, 129.4, 127.5, 127.2, 124.7,
123.5, 119.3, 112.7, 62.9, 17.3 ppm; HRMS (ESI-TOF) m/z:
[M + H]+ calculated for [C21H18BrClNOS]+: 445.9981; found;
445.9985.
1-(4-Chlorophenyl)-2-((4-chlorophenyl)thio)-2-((2,3-

dihydro-1H-inden4yl)amino)ethan1-one (4z). Com-
pound 4z was obtained (using 3% EtOAc/petroleum ether)
as a pale yellow solid (131 mg, 81%); mp: 125−126 °C; 1H
NMR (400 MHz, CDCl3): δ 7.97 (d, J = 8.8 Hz, 2H), 7.50 (d,
J = 8.4 Hz, 2H), 7.25−7.16 (m, 3H), 6.89−6.82 (m, 4H), 6.30
(d, J = 9.6 Hz, 1H), 4.87 (d, J = 9.6 Hz, 1H), 2.96 (t, J = 7.2
Hz, 2H), 2.72−2.64 (m, 1H), 2.54−2.47 (m, 1H), 2.14−2.07
(m, 2H) ppm; 13C{1H} NMR (125 MHz, CDCl3): δ 187.1,
145.6, 140.3, 138.7, 138.5, 136.3, 132.6, 130.1, 129.9, 129.3,
129.1, 127.7, 127.1, 115.9, 110.5, 63.1, 33.5, 29.5, 24.8 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C23H20Cl2NOS]+: 428.0643; found; 428.0640; IR (film):
νmax 3377, 2948, 1739, 1369, 1217, 1086, 823, 535 cm−1.
1-(4-Chlorophenyl)-2-((4-methoxybenzyl)thio)-2-(p-

tolylamino)ethan-1-one (4aa). Compound 4aa was ob-
tained (using 5% EtOAc/petroleum ether) as a yellow solid
(152 mg, 79%); mp: 118−119 °C; 1H NMR (500 MHz,
CDCl3): δ 7.91 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.5 Hz, 2H),
7.06 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 6.74 (d, J =
8.5 Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 5.98 (d, J = 8.5 Hz, 1H),
5.11 (d, J = 8.5 Hz, 1H), 3.73 (s, 3H), 3.50 (d, J = 13.0 Hz,
1H), 3.43 (d, J = 12.5 Hz, 1H), 2.28 (s, 3H) ppm; 13C{1H}
NMR (100 MHz, CDCl3): δ 188.9, 158.7, 141.0, 140.1, 132.6,
130.3, 130.1, 129.9, 129.1, 128.7, 128.5, 114.8, 113.9, 60.4,
55.3, 31.5, 20.6 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C23H23ClNO2S]+: 412.1138; found: 412.1140.
2 - ( ( 4 -Methoxybenzy l ) th io ) -1 -pheny l -2 - (p -

tolylamino)ethan-1-one (4ab). Compound 4ab was
obtained (using 5% EtOAc/petroleum ether) as a white solid
(143 mg, 81%); mp: 124−125 °C; 1H NMR (500 MHz,
CDCl3): δ 7.98 (d, J = 7.0 Hz, 2H), 7.57 (t, J = 6.5 Hz, 1H),
7.46 (t, J = 6.5 Hz, 2H), 7.05 (d, J = 7.0 Hz, 2H), 6.97 (d, J =
7.0 Hz, 2H), 6.74 (d, J = 6.5 Hz, 2H), 6.67 (d, J = 7.0 Hz, 2H),
6.04 (d, J = 7.0 Hz, 1H), 5.15 (d, J = 8.0 Hz, 1H), 3.71 (s,
3H), 3.50 (d, J = 12.5 Hz, 1H), 3.44 (d, J = 12.0 Hz, 1H), 2.27
(s, 3H) ppm; 13C{1H}NMR (125 MHz, CDCl3): 190.0, 158.7,
141.1, 134.3, 133.7, 130.3, 129.9, 128.8(2), 128.7, 128.4, 114.8,
113.9, 60.3, 55.3, 31.5, 20.6 ppm; HRMS (ESI-TOF) m/z: [M
+ H]+ calculated for [C23H24NO2S]+: 378.1528; found:
378.1523; IR (film): νmax 3017, 1739, 1367, 1224, 815, 519
cm−1.
2-(Benzylthio)-1-(4-chlorophenyl)-2-(p-tolylamino)-

ethan-1-one (4ac). Compound 4ac was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (143 mg, 80%); mp:
145−146 °C; 1H NMR (500 MHz, CDCl3): δ 7.89 (d, J = 8.5
Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 7.16−7.12 (m, 3H), 7.07−
7.05 (m, 4H), 6.73 (d, J = 8.0 Hz, 2H), 5.99 (d, J = 4.0 Hz,

1H), 5.12 (s, 1H), 3.54 (d, J = 13.0 Hz, 1H), 3.47 (d, J = 12.5
Hz, 1H), 2.28 (s, 3H) ppm; 13C{1H} NMR (125 MHz,
CDCl3): δ 188.8, 140.9, 140.0, 136.8, 132.5, 130.1, 129.9,
129.1 (2), 128.5, 128.4, 127.1, 114.8, 60.4, 32.1, 20.6 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C22H21ClNOS]+: 382.1032; found: 382.1034; IR (film):
νmax 3458, 3017, 1733, 1368, 1221, 1088, 811, 527 cm−1.
2-(Benzylthio)-1-phenyl-2-(p-tolylamino)ethan-1-one

(4ad). Compound 4ad was obtained (using 3% EtOAc/
petroleum ether) as a yellow solid (128 mg, 79%); mp: 104−
105 °C; 1H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.0 Hz,
2H), 7.58 (t, J = 7.5 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.15−
7.14 (m, 3H), 7.08−7.05 (m, 4H), 6.74 (d, J = 8.0 Hz, 2H),
6.06 (s, 1H), 5.15 (bs, 1H), 3.55 (d, J = 13.0 Hz, 1H), 3.49 (d,
J = 12.5 Hz, 1H), 2.28 (s, 3H) ppm; 13C{1H} NMR (100
MHz, CDCl3): δ 189.9, 141.0, 137.0, 134.3, 133.7, 129.9,
129.2, 128.8, 128.7, 128.4, 127.0, 114.8, 60.3, 32.1, 20.6 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C22H22NOS]+: 348.1422; found: 348.1426.
1-(4-Chlorophenyl)-2-(ethylthio)-2-(p-tolylamino)-

ethan-1-one (4ae). Compound 4ae was obtained (using 3%
EtOAc/petroleum ether) as a yellow solid (177 mg, 78%); mp:
121−122 °C; 1H NMR (500 MHz, CDCl3): δ 7.98 (d, J = 8.0
Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H),
6.79 (d, J = 8.0 Hz, 2H), 5.97 (d, J = 8.0 Hz, 1H), 5.17 (d, J =
7.5 Hz, 1H), 2.31−2.27 (m, 5H), 1.03 (t, J = 7.0 Hz, 3H)
ppm; 13C{1H} NMR (100 MHz, CDCl3): δ 188.6, 140.9,
140.0, 132.5, 130.1, 129.9, 129.1, 128.3, 114.6, 59.5, 21.1, 20.6,
14.0 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C17H19ClNOS]+: 320.0876; found: 320.0882; IR (film): νmax
3369, 2966, 1739, 1517, 1368, 1225, 1090, 806, 532 cm−1.
2-(Ethylthio)-1-phenyl-2-(p-tolylamino)ethan-1-one

(4af). Compound 4af was obtained (using 3% EtOAc/
petroleum ether) as a yellow solid (107 mg, 80%); mp: 95−
96 °C; 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J = 7.5 Hz,
2H), 7.61−7.58 (m, 1H), 7.49 (t, J = 7.5 Hz, 2H), 7.07 (d, J =
8.0 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 6.03 (d, J = 8.5 Hz, 1H),
5.19 (d, J = 8.0 Hz, 1H), 2.35−2.28 (m, 2H), 2.27 (s, 3H),
1.04 (t, J = 7.5 Hz, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 189.9, 141.2, 134.2, 133.6, 129.9, 128.8, 128.7,
128.2, 114.6, 59.5, 21.2, 20.6, 14.1 ppm; HRMS (ESI-TOF)
m/z: [M + H]+ calculated for [C17H20NOS]+: 286.1266;
found: 286.1262.
1-(4-Chlorophenyl)-2-((2-hydroxyethyl)thio)-2-(p-

tolylamino)ethan-1-one (4ag). Compound 4ag was ob-
tained (using 5% EtOAc/petroleum ether) as a yellow solid
(121 mg, 77%); mp: 90−91 °C; 1H NMR (500 MHz, CDCl3):
δ 7.98 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 7.07 (d, J
= 8.5 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 6.01 (d, J = 5.5 Hz,
1H), 5.22 (d, J = 4.0 Hz, 1H), 3.50 (s, 2H), 2.60−2.48 (m,
2H), 2.27 (s, 3H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ
189.4, 141.0, 140.4, 132.7, 130.2, 130.1, 129.3, 129.1, 115.0,
61.6, 60.2, 31.1, 20.5 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C17H19ClNO2S]+: 336.0825; found: 336.0826;
IR (film): νmax 3318, 3021, 1740, 1368, 1224, 998, 843, 533
cm−1.
2-((2-Hydroxyethyl)thio)-1-phenyl-2-(p-tolylamino)-

ethan-1-one (4ah). Compound 4ah was obtained (using 5%
EtOAc/petroleum ether) as a yellow solid (109 mg, 77%); mp:
98−99 °C; 1H NMR (500 MHz, CDCl3): δ 8.04 (d, J = 7.5
Hz, 2H), 7.61 (t, J = 7.0 Hz, 1H), 7.50 (t, J = 7.5 Hz, 2H), 7.08
(d, J = 8.0 Hz, 2H), 6.81 (d, J = 8.0 Hz, 2H), 6.07 (d, J = 5.5
Hz, 1H), 5.25 (s, 1H), 3.51 (s, 2H), 2.63−2.51 (m, 2H), 2.27
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(s, 3H), ppm; 13C{1H} NMR (125 MHz, CDCl3): δ 190.3,
140.8, 133.9 (2), 130.1, 128.9, 128.8, 114.7, 61.4, 59.5, 30.8,
20.6 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C17H20NO2S]+: 302.1215; found: 302.1214.
Ethyl 2-(Ethylthio)-2-(p-tolylamino)acetate (4ai).

Compound 4ai was obtained (using 3% EtOAc/petroleum
ether) as a yellow liquid (98 mg, 83%); 1H NMR (500 MHz,
CDCl3): δ 7.03 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 8.0 Hz, 2H),
5.03 (d, J = 8.0 Hz, 1H), 4.61 (d, J = 7.0 Hz, 1H), 4.29 (q, J =
7.0 Hz, 2H), 2.63−2.52 (m, 2H), 2.25 (s, 3H), 1.33 (t, J = 7.0
Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H) ppm; 13C{1H} NMR (125
MHz, CDCl3): δ 169.9, 141.2, 129.7, 128.2, 114.4, 61.8, 58.5,
22.7, 20.4, 14.5, 14.1 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C13H20NO2S]+: 254.1215; found: 254. 1213; IR
(film): νmax 3456, 3009, 1732, 1441, 1367, 1215, 1021, 805,
524 cm−1.
Ethyl 2-(Ethylthio)-2-(phenylamino)acetate (4aj).

Compound 4aj was obtained (using 3% EtOAc/petroleum
ether) as a yellow liquid (103 mg, 80%); 1H NMR (500 MHz,
CDCl3): δ 7.24−7.20 (m, 2H), 6.80 (t, J = 7.5 Hz, 1H), 6.73
(d, J = 7.5 Hz, 2H), 5.04 (d, J = 8.5 Hz, 1H), 4.75 (d, J = 8.5
Hz, 1H), 4.29 (q, J = 7.0 Hz, 2H), 2.64−2.54 (m, 2H), 1.33 (t,
J = 7.5 Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): δ 170.1, 143.7, 129.4, 119.2, 114.4, 62.1,
58.2, 22.9, 14.6, 14.2 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C12H18NO2S]+: 240.1058; found: 240.1060; IR
(film): νmax 3457, 3008, 1731, 1439, 1368, 1220, 1019, 899,
748, 525 cm−1.
Benzo[d]thiazol-2-yl(phenyl)methanone (6a). Com-

pound 6a was obtained (using 3% EtOAc/petroleum ether)
as a pale yellow solid (72 mg, 75%); mp: 76−77 °C; 1H NMR
(400 MHz, CDCl3): δ 8.56 (d, J = 8.0 Hz, 2H), 8.24 (d, J = 8.0
Hz, 1H), 8.01 (d, J = 7.6 Hz, 1H), 7.66 (t, J = 6.8 Hz, 1H),
7.58−7.54 (m, 4H) ppm; 13C{1H} NMR (100 MHz, CDCl3):
δ 185.5, 167.3, 154.0, 137.1, 135.1, 134.0, 131.4, 128.6, 127.7,
127.0, 125.9, 122.3 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C14H10NOS]+: 240.0483; found; 240.0484.
Benzo[d]thiazol-2-yl(p-tolyl)methanone (6b). Com-

pound 6b was obtained (using 3% EtOAc/petroleum ether)
as a pale yellow solid (78 mg, 77%); mp: 97−98 °C; 1H NMR
(500 MHz, CDCl3): δ 8.47 (d, J = 8.5 Hz, 2H), 8.23 (d, J = 8.5
Hz, 1H), 8.00 (d, J = 8.5 Hz, 1H), 7.59−7.51 (m, 2H), 7.35
(d, J = 8.0 Hz, 2H), 2.46 (s, 3H) ppm; 13C{1H} NMR (100
MHz, CDCl3): δ 185.0, 167.6, 154.0, 145.1, 137.1, 132.5,
131.5, 129.4, 127.6, 126.9, 125.8, 122.3, 21.9 ppm; HRMS
(ESI-TOF) m/z: [M + H]+ calculated for [C15H12NOS]+:
254.0640; found; 254.0644; IR (film): νmax 3457, 3020, 1741,
1368, 1217, 1115, 885, 574 cm−1.
Benzo[d]thiazol-2-yl(4-chlorophenyl)methanone

(6c). Compound 6c was obtained (using 3% EtOAc/
petroleum ether) as a pale yellow solid (79 mg, 72%); mp:
93−94 °C; 1H NMR (500 MHz, CDCl3): δ 8.56 (d, J = 8.5
Hz, 2H), 8.24 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 7.0 Hz, 1H),
7.62−7.53 (m, 4H) ppm;13C{1H} NMR (100 MHz, CDCl3):
δ 184.1, 167.2, 154.2, 140.9, 137.4, 133.8, 132.9, 129.0, 127.9,
127.2, 126.0, 122.3 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C14H9ClNOS]+: 274.0093; found; 274.0094; IR
(film): νmax 3457, 3013, 1742, 1368, 1215, 1114, 886, 531
cm−1.
Ethyl 2-(4-(trifluoromethyl)benzoyl)thiazole-4-car-

boxylate (6d). Compound 6d was obtained (using 10%
EtOAc/petroleum ether) as a pale white solid (83 mg, 75%);
mp: 82−83 °C; 1H NMR (500 MHz, CDCl3): δ 8.67 (d, J =

8.0 Hz, 2H), 8.51 (s, 1H), 7.81 (d, J = 8.5 Hz, 2H), 4.47 (q, J =
7.5 Hz, 2H), 1.44 (t, J = 7.5 Hz, 3H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 182.8, 167.3, 160.9, 149.2, 137.3, 135.4,
135.1, 133.7, 131.8, 125.7(q, JC−F = 3.6 Hz), 62.0, 14.4 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C14H11F3NO3S]+: 330.0412; found; 330.0412.
2-Phenylquinoxaline (8a). Compound 8a was obtained

(using 10% EtOAc/petroleum ether) as a white solid (80 mg,
84%); mp: 75−76 °C; 1H NMR (500 MHz, CDCl3): δ 9.33 (s,
1H), 8.21−8.12 (m, 4H), 7.81−7.75 (m, 2H), 7.59−7.53 (m,
3H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ 151.9, 143.4,
142.4, 141.7, 136.8, 130.3, 130.2, 129.7, 129.6, 129.2, 127.6
ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C14H11N2]+: 207.0922; found; 207.0921. IR (film): νmax3055,
1539, 1307, 1205, 1023, 796, 682, 549 cm−1.
2-(p-Tolyl)quinoxaline (8b). Compound 8b was obtained

(using 10% EtOAc/petroleum ether) as a white solid (85 mg,
83%); mp: 93−94 °C; 1H NMR (500 MHz, CDCl3): δ 9.31 (s,
1H), 8.15−8.09 (m, 4H), 7.78−7.71 (m, 2H), 7.37 (d, J = 7.5
Hz, 2H), 2.45 (s, 3H) ppm; 13C{1H} NMR (100 MHz,
CDCl3): δ 151.8, 143.3, 142.4, 141.5, 140.5, 134.0, 130.2,
129.9, 129.6, 129.3, 129.2, 127.5, 21.5 ppm; HRMS (ESI-
TOF) m/z: [M + H]+ calculated for [C15H13N2]+: 221.1079;
found; 221.1081. IR (film): νmax3053, 1540, 1308, 1122, 1040,
826, 747, 551 cm−1.
2-(4-Methoxyphenyl)quinoxaline (8c). Compound 8c

was obtained (using 10% EtOAc/petroleum ether) as a white
solid (93 mg, 85%); mp: 100−101 °C; 1H NMR (500 MHz,
CDCl3): δ 9.29 (s, 1H), 8.18 (d, J = 8.5 Hz, 2H), 8.13−8.08
(m, 2H), 7.76 (t, J = 7.0 Hz, 1H), 7.71 (t, J = 7.5 Hz, 1H),
7.08 (d, J = 8.5 Hz, 2H), 3.90 (s, 3H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 161.5, 151.4, 143.1, 142.4, 141.3, 130.2,
129.4, 129.3, 129.1(2), 129.0, 114.6, 55.5 ppm; HRMS (ESI-
TOF) m/z: [M + H]+ calculated for [C15H13N2O]+: 237.1028;
found; 237.1029.
2-(4-Chlorophenyl)quinoxaline (8d). Compound 8d

was obtained (using 10% EtOAc/petroleum ether) as a
brown solid (95 mg, 85%); mp: 137−138 °C; 1H NMR
(500 MHz, CDCl3): δ 9.30 (s, 1H), 8.16−8.11 (m, 4H), 7.81−
7.74 (m, 2H), 7.54 (d, J = 8.5 Hz, 2H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): δ 150.7, 143.0, 142.3, 141.8, 136.7, 135.3,
130.6, 129.9, 129.7, 129.5, 129.3, 128.9 ppm; HRMS (ESI-
TOF) m/z: [M + H]+ calculated for [C14H10ClN2]+:
241.0533; found; 241.0536.
7-Methyl-2-phenylquinoxaline (8e). Compound 8e was

obtained (using 10% EtOAc/petroleum ether) as a white solid
(76 mg, 84%); mp: 129−130 °C; 1H NMR (500 MHz,
CDCl3): δ 9.28 (s, 1H), 8.18 (d, J = 7.0 Hz, 2H), 8.05 (d, J =
8.5 Hz, 1H), 7.88 (s, 1H), 7.62 (d, J = 8.5 Hz, 1H), 7.56 (t, J =
7.0 Hz, 2H), 7.52 (d, J = 7.5 Hz, 1H), 2.61 (s, 3H) ppm;
13C{1H} NMR (100 MHz, CDCl3): δ 151.1, 143.3, 141.7,
140.8, 140.2, 137.0, 132.7, 130.0, 129.2, 128.0, 127.6, 127.5,
21.9 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C15H13N2]+: 221.1079; found; 221.1082. IR (film): νmax3052,
1739, 1538, 1367, 1206, 1024, 828, 763, 570 cm−1.
3-Phenylquinoxaline-6-carbonitrile (8f). Compound 8f

was obtained (using 10% EtOAc/petroleum ether) as a white
solid (69 mg, 79%); mp: 174−175 °C; 1H NMR (500 MHz,
CDCl3): δ 9.44 (s, 1H), 8.50 (s, 1H), 8.24 (d, J = 8.0 Hz, 3H),
7.94−7.92 (m, 1H), 7.62−7.58 (m, 3H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): δ 154.1, 145.3, 143.9, 140.7, 135.8, 135.2,
131.4, 131.3, 131.2, 129.5, 126.9, 118.2, 112.9 ppm; HRMS
(ESI-TOF) m/z: [M + H]+ calculated for [C15H10N3]+:
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232.0875; found; 232.0879. IR (film): νmax3052, 2227, 1540,
1312, 1130, 1022, 840, 768, 517 cm−1.
6,7-Dimethyl-2-phenylquinoxaline (8g). Compound 8g

was obtained (using 10% EtOAc/petroleum ether) as a white
solid (77 mg, 89%); mp: 130−131 °C; 1H NMR (500 MHz,
CDCl3): δ 9.22 (s, 1H), 8.16 (d, J = 7.0 Hz, 2H), 7.90 (s, 1H),
7.85 (s, 1H), 7.55 (t, J = 7.0 Hz, 2H), 7.49 (t, J = 7.5 Hz, 1H),
2.51 (s, 6H) ppm; 13C{1H} NMR (125 MHz, CDCl3): δ
151.0, 142.4, 141.3, 140.8, 140.6, 140.1, 137.2, 129.9, 129.1,
128.7, 128.2, 127.4, 20.4(2) ppm; HRMS (ESI-TOF) m/z: [M
+ H]+ calculated for [C16H15N2]+: 235.1235; found; 235.1238.
6,7-Dichloro-2-phenylquinoxaline (8h). Compound 8h

was obtained (using 10% EtOAc/petroleum ether) as a brown
solid (63 mg, 82%); mp: 157−158 °C; 1H NMR (500 MHz,
CDCl3): δ 9.32 (s, 1H), 8.28−8.18 (m, 4H), 7.58 (d, J = 7.5
Hz, 3H) ppm; 13C{1H} NMR (125 MHz, CDCl3): δ 152.8,
144.4, 141.2, 140.4, 136.1, 135.1, 134.1, 130.9, 130.3, 129.9,
129.4, 127.7 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C14H9Cl2N2]+: 275.0143; found; 275.0146. IR
(film): νmax3045, 1589, 1442, 1101, 939, 871, 761, 539 cm−1.
2,2 ′ - (1 ,4-Phenylenebis(azanediyl ) )bis(2- ( (4-

chlorophenyl)thio)-1-phenylethan-1-one) (9a). Com-
pound 9a was obtained (using 10% EtOAc/petroleum ether)
as a yellow solid (202 mg, 69%); mp: 139−140 °C; 1H NMR
(500 MHz, CDCl3): δ Hz, 4H), 7.21 (d, J = 8.0 Hz, 4H), 6.98
(d, J = 8.5 Hz, 4H), 6.91 (s, 4H), 6.32 (d, J = 9.5 Hz, 2H),
4.96 (d, J = 10.0 Hz, 2H), ppm; 13C{1H} NMR (100 MHz,
CDCl3): 188.2, 138.6, 136.2, 135.9, 134.4, 133.8, 129.1, 129.0,
128.7, 127.5, 116.5, 64.4 ppm; HRMS (ESI-TOF) m/z: [M +
H]+ calculated for [C34H27Cl2N2O2S2]+: 629.0891; found;
629.0895.
2,2 ′ - (1 ,4-Phenylenebis(azanediyl ) )bis(2- ( (4-

methoxyphenyl)thio)-1-phenylethan-1-one) (9b). Com-
pound 9b was obtained (using 10% EtOAc/petroleum ether)
as a yellow solid (206 mg, 71%); mp: 131−132 °C; 1H NMR
(500 MHz, CDCl3): δ 8.05 (d, J = 7.5 Hz, 4H), 7.63 (t, J = 7.5
Hz, 2H), 7.53 (t, J = 7.5 Hz, 4H), 6.98 (d, J = 9.0 Hz, 4H),
6.92 (s, 4H), 6.77 (d, J = 9.0 Hz, 4H), 6.26 (d, J = 9.5 Hz,
2H), 4.89 (d, J = 9.5 Hz, 2H), 3.79 (s, 6H) ppm; 13C{1H}
NMR (125 MHz, CDCl3): δ 188.3, 160.9, 139.0, 136.1, 134.7,
133.5, 128.9, 128.7, 119.4, 116.5, 114.4, 64.2, 55.4 ppm;
HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C36H33N2O4S2]+: 621.1882; found; 621.1888.
1-(4-Chlorophenyl)-2-(p-tolylamino)ethan-1-ol (10).

Compound 10 was obtained (using 10% EtOAc/petroleum
ether) as a white solid (50 mg, 76%); mp: 99−100 °C; 1H
NMR (400 MHz, CDCl3): δ 7.35 (s, 4H), 7.01 (d, J = 8.0 Hz,
2H), 6.61 (d, J = 8.4 Hz, 2H), 4.90 (dd, J = 3.6, 4.8 Hz, 1H),
3.89 (bs, 1H), 3.38 (dd, J = 3.6, 9.6 Hz, 1H), 3.22 (dd, J = 4.8,
8.4 Hz, 1H), 2.54 (bs, 1H), 2.25 (s, 3H) ppm; 13C{1H} NMR
(100 MHz, CDCl3): δ 145.4, 140.6, 133.7, 129.9, 128.8, 127.8,
127.4, 113.9, 71.8, 52.4, 20.5 ppm; HRMS (ESI-TOF) m/z:
[M + H]+ calculated for [C15H17ClNO]+: 262.0999; found;
262.0998. IR (film): νmax 3319, 3172, 2915, 1739, 1218, 1073,
814, 570 cm−1.
4-(4-Chlorophenyl)-5-((4-chlorophenyl)thio)-1-(p-

tolyl)-1,3-dihydro-2H-pyrrol-2-one (11b). Compound 11b
was obtained (using 20% EtOAc/petroleum ether) as a pale
yellow solid (87 mg, 82%); mp: 202−203 °C; 1H NMR (500
MHz, CDCl3): δ 7.78 (d, J = 9.0 Hz, 2H), 7.63 (d, J = 8.5 Hz,
2H), 7.44 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.21−
7.17 (m, 4H), 4.80 (s, 2H), 2.33 (s, 3H) ppm; 13C{1H} NMR
(125 MHz, CDCl3): δ 167.0, 151.9, 136.7, 136.4, 134.4, 133.1,

131.9, 130.8, 130.2, 129.8, 129.3(2), 129.2, 126.9, 118.9, 53.3,
20.9 ppm; HRMS (ESI-TOF) m/z: [M + H]+ calculated for
[C23H18Cl2NOS]+: 426.0486; found; 426.0485. IR (film): νmax
3008, 1739, 1681, 1375, 1206, 1090, 807, 541 cm−1.
2,2-Di(1H-indol-3-yl)-1-phenylethan-1-one (12b).

Compound 12b was obtained (using 25% EtOAc/petroleum
ether) as a brown solid (63 mg, 65%); mp: 222−223 °C; 1H
NMR (500 MHz, CDCl3): δ 8.09 (d, J = 7.0 Hz, 2H), 8.02 (bs,
2H), 7.55 (d, J = 8.0 Hz, 2H), 7.50 (t, J = 7.5 Hz, 1H), 7.39 (t,
J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.17 (t, J = 8.0 Hz,
2H), 7.07 (t, J = 7.5 Hz, 2H), 6.92 (d, J = 2.5 Hz, 2H), 6.50 (s,
1H) ppm; 13C{1H} NMR (100 MHz, CDCl3 + DMSO-d6): δ
198.5, 136.8, 136.5, 132.6, 128.5, 128.4, 126.4, 124.2, 121.5,
119.0, 118.6, 113.4, 111.4, 42.1 ppm; HRMS (ESI-TOF) m/z:
[M + H]+ calculated for [C24H19N2O]+: 351.1497; found;
351.1497. IR (film): νmax 3374, 3023, 1738, 1342, 1218, 1000,
742, 579 cm−1.
1-(4-Fluorophenyl)-2,2-di(1H-indol-3-yl)ethan-1-one

(12c). Compound 12c was obtained (using 25% EtOAc/
petroleum ether) as a brown solid (60 mg, 62%); mp: 204−
205 °C; 1H NMR (500 MHz, CDCl3): δ 8.12−8.10 (m, 2H),
8.02 (bs, 2H), 7.53 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz,
2H), 7.17 (t, J = 7.5 Hz, 2H), 7.09−7.03 (m, 4H), 6.89 (s, 2H)
6.43 (s, 1H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ
197.0, 165.7(d, JC−F = 253.2 Hz), 136.6, 133.4, 131.6(d, JC−F =
9.0 Hz), 126.7, 124.0, 122.4, 119.9, 119.0, 115.8 (d, JC−F = 21.7
Hz), 114.3, 111.5, 42.3 ppm; HRMS (ESI-TOF) m/z: [M +
Na]+ calculated for [C24H17FN2NaO]+: 391.1223; found;
391.1220.
1,1-Di-(1H-indol-3-yl)-2,4-diphenylbut-3-yn-2-ol

(13).4 The reaction of phenylacetylene (14.5 mg, 0.568
mmol), n-BuLi (3 mL of a 1.6 M solution in hexane, 0.568
mmol), THF (10 mL), and 2,2-di(1H-indol-3-yl)-1-phenyl-
ethanone (50 mg, 0.142 mmol) following the general
procedure 13 yielded the pure product as a brown solid (55
mg, 85% yield, mp = 178−180 °C); 1H NMR (400 MHz,
DMSO-d6): δ 10.76−10.64 (m, 2H), 7.63 (d, J = 7.6 Hz, 2H),
7.52−7.43 (m, 3H), 7.37 (d, J = 2.4 Hz, 1H), 7.34−7.29 (m,
3H), 7.25−7.18 (m, 4H), 7.15 (t, J = 7.5 Hz, 2H), 7.07 (t, J =
7.3 Hz, 1H), 6.97−6.88 (m, 2H), 6.82−6.77 (m, 2H), 6.15 (s,
1H), 5.09 (s, 1H); 13C NMR (100 MHz, DMSO-d6): δ 135.3,
145.8, 135.3, 135.2, 131.1, 128.5, 128.3, 128.1, 127.9, 127.1,
126.6, 126.3, 124.3, 124.1, 122.7, 120.2, 119.0, 118.9, 117.9,
117.8, 115.4, 115.0, 110.9, 110.8, 94.7, 85.0, 75.6, 46.2 ppm;
HRMS(ESI-TOF) m/z: [M + H]+: calculated for
[C32H24N2O]+: 452.1883; found: 452.1884.
1-(1H-Indol-3-yl)-2,4-diphenyl-9H-carbazole (14).5

Isolated as a brown viscous compound; yield: 67% (35 mg);
1H NMR (500 MHz, CDCl3): δ 8.23 (s, 1H), 8.13 (s, 1H),
7.77 (d, J = 7.0 Hz, 2H), 7.60 (d, J = 8.0 Hz, 1H), 7.55 (t, J =
7.0 Hz, 2H), 7.50−7.46 (m, 3H), 7.32−7.27 (m, 6H), 7.17−
7.12 (m, 4H), 7.00−6.97 (m, 1H), 6.88 (d, J = 2.0 Hz, 1H)
ppm; 13C{1H} NMR (125 MHz, CDCl3): δ 142.2, 141.2,
140.2, 140.0, 139.3, 136.5, 136.2, 130.0, 129.4, 128.5, 127.7,
127.6, 127.1, 126.3, 125.6, 124.8, 123.8, 123.2, 122.5, 120.4,
120.2, 119.6, 119.1, 114.9, 112.2, 111.6, 110.6 ppm; HRMS
(ESI-TOF): m/z calculated for C32H23N2 [M + H]+ 435.1861,
found 435.1867
2,2-Bis(4-(dimethylamino)phenyl)-1-phenylethan-1-

one (15). Compound 15 was obtained (using 25% EtOAc/
petroleum ether) as a pale white solid (67 mg, 68%); mp:
161−162 °C; 1H NMR (500 MHz, CDCl3): δ 8.00 (d, J = 7.0
Hz, 2H), 7.47 (t, J = 7.5 Hz, 1H), 7.37 (t, J = 8.0 Hz, 2H), 7.12
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(d, J = 8.5 Hz, 4H), 6.67 (d, J = 9.0 Hz, 4H), 5.84 (s, 1H),
2.90 (s, 12H) ppm; 13C{1H} NMR (100 MHz, CDCl3): δ
199.5, 149.9, 138.9, 138.2, 132.5, 129.9, 129.0, 128.6, 128.3,
113.2, 58.1, 40.7 ppm; HRMS (ESI-TOF) m/z: [M + H]+
calculated for [C24H27N2O]+: 359.2123; found; 359.2121. IR
(film): νmax 3457, 3020, 1741, 1368, 1217, 1115, 885, 574
cm−1.
1-(4-Chlorophenyl)-2-(p-tolylimino)ethan-1-one (A1).

To a solution of phenyl glyoxal (250 mg, 1.64 mmol) in
acetonitrile was added toluidine (175.9 mg, 1.64 mmol) in a
ball mill under standard conditions. After completion of the
reaction, keto imine was purified by a filter column to obtain
A1 as a brownish red colored viscous compound. 1H NMR
(500 MHz, CDCl3): δ 7.87(s, 1H), 7.85−7.83 (m,2H), 7.53−
7.50(m, 3H), 7.44(t, J = 7.5 Hz, 2H), 7.14(d, J = 8 Hz, 2H),
2.32(s, 3H); 13C{1H} NMR(100 MHz, CDCl3): δ 165.8,
135.5, 135.2, 134.3, 131.8, 129.7, 128.8, 127.1, 120.5, 21.0;
HRMS (ESI-TOF): m/z [M + H]+ calculated for
C15H13ClNOH: 224.1075; found: 224.1072.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c09218.

Experimental procedures, characterization data, NMR
spectra, and details of single-crystal data of compounds
4d (PDF)
Calculation of statistics and refinement (TXT)

■ AUTHOR INFORMATION
Corresponding Authors

Srinivasarao Yaragorla − School of Chemistry, University of
Hyderabad, P.O. Central University, Hyderabad 500046,
India; orcid.org/0000-0001-6152-5861;
Email: srinivas.yaragorla@uohyd.ac.in

Jagadeshwar Vannada − University College of Science,
Saifabad, Osmania University, 500007 Hyderabad, India;
Email: ysruoh@gmail.com

Authors
Mahesh Sulthan − School of Chemistry, University of
Hyderabad, P.O. Central University, Hyderabad 500046,
India; University College of Science, Saifabad, Osmania
University, 500007 Hyderabad, India

Doma Arun − School of Chemistry, University of Hyderabad,
P.O. Central University, Hyderabad 500046, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c09218

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.Y. gratefully acknowledges the financial support from SERB
through grant no. CRG/2023/000577. All the authors are
thankful to the School of Chemistry, University of Hyderabad,
for the facilities.

■ REFERENCES
(1) (a) Das, P.; Delost, M. D.; Qureshi, M. H.; Smith, D. T.;
Njardarson, J. T. A Survey of the Structures of US FDA Approved
Combination Drugs. J. Med. Chem. 2019, 62, 4265−4311. (b) Feng,

M.; Tang, B.; Liang, S. H.; Jiang, X. Sulfur Containing Scaffolds in
Drugs: Synthesis and Application in Medicinal Chemistry. Curr. Top.
Med. Chem. 2016, 16, 1200−1216. (c) Ilardi, E. A.; Vitaku, E.;
Njardarson, J. T. Data-Mining for Sulfur and Fluorine: An Evaluation
of Pharmaceuticals To Reveal Opportunities for Drug Design and
Discovery. J. Med. Chem. 2014, 57, 2832−2842. (d) Smith, B. R.;
Eastman, C. M.; Njardarson, J. T. Beyond C, H, O, and N! Analysis of
the Elemental Composition of U.S. FDA Approved Drug
Architectures. J. Med. Chem. 2014, 57, 9764−9773. (e) Sulphur-
containing drugs and related organic compounds: chemistry, biochemistry
and toxicology; Metabolism and pharmokinetics of sulphur-containing
drugs. Damani, L. A., Ed.; Wiley: New York, 1989; Vol. 3, pt. A.
(2) (a) Liu, H.; Jiang, X. Transfer of Sulfur: From Simple to Diverse.
Chem. - Asian J. 2013, 8, 2546−2563. (b) Sulfur Compounds: Advances
in Research and Application; Acton, A. Q., Ed.; Scholarly ed.s: Atlanta,
GA, 2012. (c) Thuillier, A.; Metzner, P. Sulfur Reagents in Organic
Synthesis; Academic Press: New York, 1994.
(3) (a) Takimiya, K.; Osaka, I.; Mori, T.; Nakano, M. Organic
Semiconductors Based on [1]Benzothieno[3,2-b][1]benzothiophene
Substructure. Acc. Chem. Res. 2014, 47, 1493−1502. (b) Mishra, A.;
Ma, C. Q.; Bäuerle, P. Functional Oligothiophenes: Molecular Design
for Multidimensional Nanoarchitectures and Their Applications.
Chem. Rev. 2009, 109, 1141−1276. (c) Murphy, A. R.; Frechet, J.
M. J. Organic Semiconducting Oligomers for Use in Thin Film
Transistors. Chem. Rev. 2007, 107, 1066−1096.
(4) (a) Fontecave, M.; Ollagnier-de-Choudens, S.; Mulliez, E.
Biological Radical Sulfur Insertion Reactions. Chem. Rev. 2003, 103,
2149−2166. (b) Frausto da Silva, J. R.; Williams, R. J. P. The
Biological Chemistry of the Elements; Oxford University Press: New
York, 2001.
(5) (a) Wang, C.; Qi, R.; Wang, R.; Xu, Z. Photoinduced C(sp3)−H
Functionalization of Glycine Derivatives: Preparation of Unnatural α-
Amino Acids and Late-Stage Modification of Peptides. Acc. Chem. Res.
2023, 56, 2110−2125. (b) Nowak, M. G.; Skwarecki, A. S.; Milewska,
M. J. Amino Acid Based Antimicrobial Agents−Synthesis and
Properties. ChemMedChem. 2021, 16, 3513−3544. (c) Hedges, J.
B.; Ryan, K. S. Biosynthetic Pathways to Nonproteinogenic α-Amino
Acids. Chem. Rev. 2020, 120, 3161−3209. (d) He, G.; Wang, B.;
Nack, W. A.; Chen, G. Syntheses and Transformations of α-Amino
Acids via Palladium-Catalyzed Auxiliary-Directed sp3 C−H Function-
alization. Acc. Chem. Res. 2016, 49, 635−645. (e) Edupuganti, R.;
Davis, F. A. Synthesis and applications of masked oxo-sulfinamides in
asymmetric synthesis. Org. Biomol. Chem. 2012, 10, 5021−5031.
(f) Klingler, F. D. Asymmetric Hydrogenation of Prochiral Amino
Ketones to Amino Alcohols for Pharmaceutical Use. Acc. Chem. Res.
2007, 40, 1367−1376. (g) Gellman, S. H. Foldamers: A Manifesto.
Acc. Chem. Res. 1998, 31, 173−180. (h) Ohfune, Y. Stereoselective
routes toward the synthesis of unusual amino acids. Acc. Chem. Res.
1992, 25, 360−366. (i) Chemistry and Biochemistry of the Amino Acids;
Barrett, G. C., Ed.; Chapman and Hall: London, 1985; p. 55.
(6) (a) Liu, X.-X.; Wu, Z.-Y.; He, Y.-Q.; Zhou, X.-Q.; Hu, T.; Ma,
C.-W.; Huang, G.-S. Copper-Catalyzed C−N Bond Formation via
Oxidative Cross-Coupling of Amines with α-Aminocarbonyl Com-
pounds. Adv. Synth. Catal. 2016, 358, 2385−2391. (b) Li, L.; Zhao,
Y.-L.; Wang, Q.; Lin, T.; Liu, Q. Base-Promoted Oxidative C−H
Functionalization of α-Amino Carbonyl Compounds under Mild
Metal-Free Conditions: Using Molecular Oxygen as the Oxidant. Org.
Lett. 2015, 17, 370−373. (c) Yan, R.-L.; Kang, X.; Zhou, X.-Q.; Li, X.-
N.; Liu, X.-X.; Xiang, L.-K.; Li, Y.-M.; Huang, G.-S. I2-Catalyzed
Synthesis of Substituted Pyrroles from α-Amino Carbonyl Com-
pounds and Aldehydes. J. Org. Chem. 2014, 79, 465−470. (d) Peng,
H.-B.; Yu, J.-T.; Jiang, Y.; Yang, H.-T.; Cheng, J. Di-tert-butyl
Peroxide-Promoted α-Alkylation of α-Amino Carbonyl Compounds
by Simple Alkanes. J. Org. Chem. 2014, 79, 9847−9853. (e) Huo, C.-
D.; Yuan, Y.; Wu, M.-X.; Jia, X.-D.; Wang, X.-C.; Chen, F.-J.; Tang, J.
Auto-Oxidative Coupling of Glycine Derivatives. Angew. Chem., Int.
Ed. 2014, 53, 13544−13547. (f) Yang, B.; Yang, T.-T.; Li, X.-A.;
Wang, J.-J.; Yang, S.-D. A Mild, Selective Copper-Catalyzed Oxidative
Phosphonation of α-Amino Ketones. Org. Lett. 2013, 15, 5024−5027.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09218
ACS Omega 2025, 10, 4636−4650

4648

https://pubs.acs.org/doi/10.1021/acsomega.4c09218?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09218/suppl_file/ao4c09218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09218/suppl_file/ao4c09218_si_002.txt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Srinivasarao+Yaragorla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6152-5861
mailto:srinivas.yaragorla@uohyd.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jagadeshwar+Vannada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:ysruoh@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahesh+Sulthan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doma+Arun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09218?ref=pdf
https://doi.org/10.1021/acs.jmedchem.8b01610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b01610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm401375q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501105n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501105n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501105n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201300636
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400282g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8004229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8004229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020427j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.202100503
https://doi.org/10.1002/cmdc.202100503
https://doi.org/10.1021/acs.chemrev.9b00408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2ob25345c
https://doi.org/10.1039/c2ob25345c
https://doi.org/10.1021/ar700100e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar700100e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar960298r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00020a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00020a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201600132
https://doi.org/10.1002/adsc.201600132
https://doi.org/10.1002/adsc.201600132
https://doi.org/10.1021/ol503495h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503495h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503495h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402620z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402620z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo402620z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5017426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5017426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo5017426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201406905
https://doi.org/10.1021/ol402355a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol402355a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(g) Wang, Z.-Q.; Hu, M.; Huang, X.-C.; Gong, L.-B.; Xie, Y.-X.; Li, J.-
H. Direct α-Arylation of α-Amino Carbonyl Compounds with Indoles
Using Visible Light Photoredox Catalysis. J. Org. Chem. 2012, 77,
8705−8711. (h) Jia, X.; Peng, F.; Qing, C.; Huo, C.; Wang, X.
Catalytic Radical Cation Salt Induced Csp3−H Functionalization of
Glycine Derivatives: Synthesis of Substituted Quinolines. Org. Lett.
2012, 14, 4030−4033. (i) Wu, J.-C.; Song, R.-J.; Wang, Z.-Q.; Huang,
X.-C.; Xie, Y.-X.; Li, J.-H. Copper-Catalyzed C-H Oxidation/Cross-
Coupling of α-Amino Carbonyl Compounds. Angew. Chem., Int. Ed.
2012, 51, 3453−3457. (j) Tang, B.-X.; Song, R.-J.; Wu, C.-Y.; Wang,
Z.-Q.; Liu, Y.; Huang, X.-C.; Xie, Y.-X.; Li, J.-H. Ruthenium-catalyzed
intramolecular carbocyclization of alkynes with an sp3carbon involving
an oxidative deprotonation process. Chem. Sci. 2011, 2, 2131−2134.
(k) Richter, H.; Mancheco, O. G. TEMPO Oxoammonium Salt-
Mediated Dehydrogenative Povarov/Oxidation Tandem Reaction of
N-Alkyl Anilines. Org. Lett. 2011, 13, 6066−6069. (l) Zhang, G.;
Zhang, Y.; Wang, R. Catalytic Asymmetric Activation of a Csp3H Bond
Adjacent to a Nitrogen Atom: A Versatile Approach to Optically
Active α-Alkyl α-Amino Acids and C1-Alkylated Tetrahydroisoquino-
line Derivatives. Angew. Chem., Int. Ed. 2011, 50, 10429−10432.
(m) Xie, J.; Huang, Z.-Z. Cross-Dehydrogenative Coupling Reactions
by Transition-Metal and Aminocatalysis for the Synthesis of Amino
Acid Derivatives. Angew. Chem., Int. Ed. 2010, 49, 10181−10185.
(n) Lupi, V.; Penso, M.; Foschi, F.; Gassa, F.; Mihali, V.; Tagliabue,
A. Highly stereoselective intramolecular α-arylation of self-stabilized
non-racemic enolates: synthesis of α-quaternary α-amino acid
derivatives. Chem. Commun. 2009, 5012−5014. (o) Zhao, L.; Baslé,
O.; Li, C.-J. Site-specific C-functionalization of free-(NH) peptides
and glycine derivatives via direct C−H bond functionalization. Proc.
Natl. Acad. Sci. U. S. A. 2009, 106, 4106−4111. (p) Zhao, L.; Li, C.-J.
Functionalizing Glycine Derivatives by Direct C-C Bond Formation.
Angew. Chem., Int. Ed. 2008, 47, 7075−7078. (q) Beenen, M. A.;
Weix, D. J.; Ellman, J. A. Asymmetric Synthesis of Protected
Arylglycines by Rhodium-Catalyzed Addition of Arylboronic Acids
to N-tert-Butanesulfinyl Imino Esters. J. Am. Chem. Soc. 2006, 128,
6304−6305.
(7) (a) Bellina, F.; Rossi, R. Transition Metal-Catalyzed Direct
Arylation of Substrates with Activated sp3-Hybridized C−H Bonds
and Some of Their Synthetic Equivalents with Aryl Halides and
Pseudohalides. Chem. Rev. 2010, 110, 1082−1146. (b) Hashimoto,
T.; Maruoka, K. Recent Development and Application of Chiral
Phase-Transfer Catalysts. Chem. Rev. 2007, 107, 5656−5682.
(c) Maruoka, K.; Ooi, T. Enantioselective Amino Acid Synthesis by
Chiral Phase-Transfer Catalysis. Chem. Rev. 2003, 103, 3013−3028.
(d) Culkin, D.; Hartwig, J. F. Acc. Chem. Res. Palladium-Catalyzed α-
Arylation of Carbonyl Compounds and Nitriles. 2003, 36, 234−245.
(e) Miura, M.; Nomura, M. Top. Curr. Chem. 2002, 219, 211−212.
(8) (a) Yang, X.; Toste, F. D. Direct Asymmetric Amination of α-
Branched Cyclic Ketones Catalyzed by a Chiral Phosphoric Acid. J.
Am. Chem. Soc. 2015, 137, 3205−3208. (b) Miles, D. H.; Guasch, J.;
Toste, F. D. A Nucleophilic Strategy for Enantioselective
Intermolecular α-Amination: Access to Enantioenriched α-Arylamino
Ketones. J. Am. Chem. Soc. 2015, 137, 7632−7635. (c) McDonald, S.
L.; Wang, Q. Selective α-amination and α-acylation of esters and
amides via dual reactivity of O-acylhydroxylamines toward zinc
enolates. Chem. Commun. 2014, 50, 2535−2538. (d) Konishi, H.;
Lam, T. Y.; Malerich, J. P.; Rawal, V. H. Enantioselective α-Amination
of 1,3-Dicarbonyl Compounds Using Squaramide Derivatives as
Hydrogen Bonding Catalysts. Org. Lett. 2010, 12, 2028−2031.
(e) Janey, J. M. Recent Advances in Catalytic, Enantioselective α
Aminations and α Oxygenations of Carbonyl Compounds. Angew.
Chem., Int. Ed. 2005, 44, 4292−4300. (f) List, B. Direct Catalytic
Asymmetric α-Amination of Aldehydes. J. Am. Chem. Soc. 2002, 124,
5656−5657. (g) Bogevig, A.; Juhl, K.; Kumaragurubaran, N.; Zhuang,
W.; Jorgensen, K. A. Direct Organo-Catalytic Asymmetric α-
Amination of Aldehydes�A Simple Approach to Optically Active
α-Amino Aldehydes, α-Amino Alcohols, and α-Amino Acids. Angew.
Chem., Int. Ed. 2002, 41, 1790−1793.

(9) (a) Hu, K.; Qian, P.; Su, J.; Li, Z.; Wang, J.; Zha, Z.; Wang, Z.
Multifunctionalization of Unactivated Cyclic Ketones via an Electro-
chemical Process: Access to Cyclic α-Enaminones. J. Org. Chem. 2019,
84, 1647−1653. (b) de la Torre, A.; Tona, V.; Maulide, N. Reversing
Polarity: Carbonyl α-Aminations with Nitrogen Nucleophiles. Angew.
Chem., Int. Ed. 2017, 56, 12416−12423. (c) Shang, M.; Wang, X.;
Koo, S. M.; Youn, J.; Chan, J. Z.; Yao, W.; Hastings, B. T.; Wasa, M.
Frustrated Lewis Acid/Bro̷nsted Base Catalysts for Direct Enantio-
selective α-Amination of Carbonyl Compounds. J. Am. Chem. Soc.
2017, 139, 95−98. (d) Liang, S.; Zeng, C. C.; Tian, H. Y.; Sun, B. G.;
Luo, X. G.; Ren, F. Electrochemically Oxidative α-C−H Function-
alization of Ketones: A Cascade Synthesis of α-Amino Ketones
Mediated by NH4I. J. Org. Chem. 2016, 81, 11565−11573. (e) Murru,
S.; Lott, C. S.; Fronczek, F. R.; Srivastava, R. S. Fe-Catalyzed Direct α
C−H Amination of Carbonyl Compounds. Org. Lett. 2015, 17, 2122−
2125. (f) Jia, W. G.; Li, D. D.; Dai, Y. C.; Zhang, H.; Yan, L. Q.;
Sheng, E. H.; Wei, Y.; Mu, X. L.; Huang, K. W. Synthesis and
characterization of bisoxazolines- and pybox-copper(II) complexes
and their application in the coupling of α-carbonyls with function-
alized amines. Org. Biomol. Chem. 2014, 12, 5509−5516. (g) Cecere,
G.; Konig, C. M.; Alleva, J. L.; MacMillan, D. W. C. Enantioselective
Direct α-Amination of Aldehydes via a Photoredox Mechanism: A
Strategy for Asymmetric Amine Fragment Coupling. J. Am. Chem. Soc.
2013, 135, 11521−11524.
(10) (a) Zhou, Z.; Cheng, Q. Q.; Kurti, L. Aza-Rubottom Oxidation:
Synthetic Access to Primary α-Aminoketones. J. Am. Chem. Soc. 2019,
141, 2242−2246. (b) Matsuda, N.; Hirano, K.; Satoh, T.; Miura, M.
Copper-Catalyzed Amination of Ketene Silyl Acetals with Hydroxyl-
amines: Electrophilic Amination Approach to α-Amino Acids. Angew.
Chem., Int. Ed. 2012, 51, 11827−11831. (c) Mizara, P.; Wirth, T.
Flexible stereoselective functionalizations of ketones through
umpolung with hypervalent iodine reagents. Angew. Chem., Int. Ed.
2014, 53, 5993−5997. (d) Miura, T.; Morimoto, M.; Murakami, M.
Copper-Catalyzed Amination of Silyl Ketene Acetals with N-
Chloroamines. Org. Lett. 2012, 14, 5214−5217. (e) Wei, Y.; Lin, S.;
Liang, F. One-Pot Cascade Leading to Direct α-Imidation of Ketones
by a Combinat ion of N-Bromosuccinimide and 1,8-
Diazabicyclo[5.4.1]undec-7-ene. Org. Lett. 2012, 14, 4202−4205.
(f) Tian, J. S.; Ng, K. W. J.; Wong, J. R.; Loh, T. P. α-Amination of
Aldehydes Catalyzed by In Situ Generated Hypoiodite. Angew. Chem.,
Int. Ed. 2012, 51, 9105−9109. (g) Tian, J. S.; Loh, T. P. Copper-
catalyzed a-amination of aliphatic aldehydes Chem. Commun. 2011,
47, 5458−5460.
(11) Liu, X.; Pu, J.; Luo, X.; Cui, X.; Wu, Z.; Huang, G. CBr4-
mediated cross-coupling reactions of α-amino carbonyl compounds
with alcohols and thiols to build C−O and C−S bonds, respectively.
Org. Chem. Front. 2018, 5, 361−365.
(12) Chalotra, N.; Rizvi, M. A.; Shah, B. A. Photoredox-Mediated
Generation of gem-Difunctionalized Ketones: Synthesis of α,α-
Aminothioketones. Org. Lett. 2019, 21, 4793−4797.
(13) Li, G.; Zhao, X.; Zhang, J.; Liu, X.; Sun, B.; Xu, F. Nickel-
catalyzed oxidative thiolation of α-amino carbonyl compounds with
thiols. Org. Biomol. Chem. 2024, 22, 2003−2006.
(14) (a) Yaragorla, S.; Arun, D.; Tangellapalli, R. Arylation and
Alkyne Insertion to C-Acylimines: Rapid Access to 2-Trifluoromethy-
lated and Other Fully Substituted Pyrroles in OnePot. Synthesis 2023,
55, 1298−1308. (b) Yaragorla, S.; Arun, D. Arylation and Aryne
Insertion into C-Acylimines: A Simple, Flexible, and Divergent
Synthesis of C2-Aryl Indoles. J. Org. Chem. 2022, 87, 14250−14263.
(c) Vannada, J.; Sulthan, M.; Arun, D.; Dada, R.; Yaragorla, S.
Regiodivergent Synthesis of Penta-Substituted Pyrroles through a
Cascade [3 + 2] Cyclization of C-Acylimines with Activated Alkynes
and Aromatic Nucleophiles. J. Org. Chem. 2020, 85, 6697−6708.
(15) (a) Dada, R.; Sulthan, M.; Yaragorla, S. Calcium-Catalyzed
Stereoselective Tandem [4 + 2] and [3 + 2] Annulation Reaction for
the Synthesis of Dihydropyrrolo[1,2-a]quinolines. Org. Lett. 2020, 22,
279−283. (b) Khaja Mohinuddin, P. M.; Dada, R.; Almansour, A. I.;
Arumugam, N.; Yaragorla, S. Ca(II)-catalyzed diastereoselective

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09218
ACS Omega 2025, 10, 4636−4650

4649

https://doi.org/10.1021/jo301691h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo301691h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301909g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301909g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201109027
https://doi.org/10.1002/anie.201109027
https://doi.org/10.1039/c1sc00423a
https://doi.org/10.1039/c1sc00423a
https://doi.org/10.1039/c1sc00423a
https://doi.org/10.1021/ol202552y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol202552y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol202552y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201105123
https://doi.org/10.1002/anie.201105123
https://doi.org/10.1002/anie.201105123
https://doi.org/10.1002/anie.201105123
https://doi.org/10.1002/anie.201004940
https://doi.org/10.1002/anie.201004940
https://doi.org/10.1002/anie.201004940
https://doi.org/10.1039/b910326k
https://doi.org/10.1039/b910326k
https://doi.org/10.1039/b910326k
https://doi.org/10.1073/pnas.0809052106
https://doi.org/10.1073/pnas.0809052106
https://doi.org/10.1002/anie.200801367
https://doi.org/10.1021/ja060529h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja060529h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja060529h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9000836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9000836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9000836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9000836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068368n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068368n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020020e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b00229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CC49296F
https://doi.org/10.1039/C3CC49296F
https://doi.org/10.1039/C3CC49296F
https://doi.org/10.1021/ol1005104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol1005104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol1005104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200462314
https://doi.org/10.1002/anie.200462314
https://doi.org/10.1021/ja0261325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0261325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1521-3773(20020517)41:10<1790::AID-ANIE1790>3.0.CO;2-Y
https://doi.org/10.1002/1521-3773(20020517)41:10<1790::AID-ANIE1790>3.0.CO;2-Y
https://doi.org/10.1002/1521-3773(20020517)41:10<1790::AID-ANIE1790>3.0.CO;2-Y
https://doi.org/10.1021/acs.joc.8b02930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b02930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201702937
https://doi.org/10.1002/anie.201702937
https://doi.org/10.1021/jacs.6b11908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4OB01027B
https://doi.org/10.1039/C4OB01027B
https://doi.org/10.1039/C4OB01027B
https://doi.org/10.1039/C4OB01027B
https://doi.org/10.1021/ja406181e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406181e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406181e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b13818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201206755
https://doi.org/10.1002/anie.201206755
https://doi.org/10.1002/anie.201400405
https://doi.org/10.1002/anie.201400405
https://doi.org/10.1021/ol302331k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302331k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301871s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301871s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol301871s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201204215
https://doi.org/10.1002/anie.201204215
https://doi.org/10.1039/C1CC11102G
https://doi.org/10.1039/C1CC11102G
https://doi.org/10.1039/C7QO00830A
https://doi.org/10.1039/C7QO00830A
https://doi.org/10.1039/C7QO00830A
https://doi.org/10.1021/acs.orglett.9b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3OB01825C
https://doi.org/10.1039/D3OB01825C
https://doi.org/10.1039/D3OB01825C
https://doi.org/10.1055/s-0042-1751407
https://doi.org/10.1055/s-0042-1751407
https://doi.org/10.1055/s-0042-1751407
https://doi.org/10.1021/acs.joc.2c01753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01753?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b04293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2019.03.021
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formal [4 + 2] annulation of a 3-component solvent-free povarov
reaction. Tetrahedron Lett. 2019, 60, 1043−1048.
(16) (a) Cuccu, F.; De Luca, L.; Delogu, F.; Colacino, E.; Solin, N.;
Mocci, R.; Porcheddu, A. Mechanochemistry: New Tools to Navigate
the Uncharted Territory of “Impossible” Reactions. ChemSusChem
2022, 15, No. e202200362. (b) Andersen, J.; Mack, J. Mechano-
chemistry and organic synthesis: from mystical to practical. Green
Chem. 2018, 20, 1435−1443. (c) Do, J.-L.; Frisčǐc,́ T. Mechanochem-
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