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ABSTRACT: A facile I2O5-mediated direct oxidative coupling of aromatic alkenes with thiols toward vinyl sulfones has been
developed under metal-free conditions. This methodology provides a convenient and efficient approach to various (E)-vinyl
sulfones from readily available starting materials with excellent regioselectivity. The present oxidative coupling reaction, not only
expands the scope of functionalization of alkenes with thiols, but also makes it a practical and powerful complement to traditional
methods for the synthesis of (E)-vinyl sulfones.

■ INTRODUCTION

Sulfur-containing compounds are an important class of
chemicals that have wide applications in the field of organic
synthesis,1 materials science,2 and medicinal chemistry.3 Thus,
the development of a convenient and efficient method for the
construction of C−S bond has attracted the increasing
synthetic pursuit of chemists in both academic and industrial
communities.4 In this context, the functionalization of alkenes
with thiols represents one of most straightforward and
fascinating protocol to access various organosulfur com-
pounds.5−10 Over the past decades, some sulfur-containing
products, such as thioethers,5 sulfoxides,6 β-acetamido sulfides,7

β-oxy sulfoxides,8 β-hydroxy sulfides and sulfoxides,9 and β-
ketosulfones,10 have been successfully prepared via the direct
addition reaction of alkenes with thiols (Scheme 1). Despite the
significance of these functionalization reactions, it is still an
attractive but challenging task to develop novel, efficient, and
especially, environmentally benign methods to construct other
important functional sulfur compounds through direct
functionalization of alkenes with thiols. Recently, iodine
pentoxide (I2O5) as safe and reliable single-electron oxidative
surrogates have been increasingly utilized for various syntheti-
cally useful transformations because of their ready availability,
stability, and low toxicity.11 As part of our continued interest in
the construction of sulfur-containing compounds,12 here, we
wish to report a new and facile I2O5-mediated direct oxidative
coupling of alkenes with thiols toward (E)-vinyl sulfones under
metal-free conditions (Scheme 1).

Vinyl sulfones as an important class of sulfur-containing
compounds play a significant role in pharmaceutical and
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Scheme 1. Methods for the Functionalization of Alkenes
with Thiols
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material sciences.13 In particular, they can serve as the versatile
building blocks to access various useful compounds through a
number of organic transformations.14 The traditional methods
to prepare vinyl sulfones are based on the Knoevenagel
condensation of aromatic aldehydes with sulfonylacetic acids,15

Horner−Emmons reaction of carbonyl compounds with
sulfonyl phosphoranes,16 and Wittig reaction.17 Recently, a
series of alternative methods for vinyl sulfones synthesis have
also been developed, such as transition-metal-catalyzed the
cross-coupling of sulfinate salts with vinyl bromides, vinyl
triflates, or vinyl boronic acids;18 the oxidation of preformed
vinyl sulfides with stoichiometric oxidants,19 the coupling
reactions of alkenes or cinnamic acids with sulfonyl halides,
sodium sulfinates, and sulfonyl hydrazides;20 and the addition
of sulfinic acids, sodium sulfinates, sulfonyl hydrazides, or
dimethyl sulfoxide to alkynes.21 Nevertheless, most of these
reactions might suffer from some limitations, such as the need
of inaccessible starting materials, tedious procedures, harsh
reaction conditions, low atom economy, and poor regioselec-
tivity or toxic metal catalysts. Therefore, it still remains an
attractive task to develop more economic, efficient, and highly
selective methods to access vinyl sulfones under metal-free
conditions. The present protocol of I2O5-mediated direct
oxidative coupling alkenes with thiols provides a facile and
efficient approach to various (E)-vinyl sulfones in moderate to
good yields from simple and commercially available starting
materials with high regioselectivity, and does not require the
use of any metal-catalysts.

■ RESULTS AND DISCUSSION
Initially, styrene (1a) and 4-methylbenzenethiol (2a) were
selected as the model substrates to optimize various reaction
conditions. As shown in Table 1, none of desired product 3aa
was obtained when the model reaction was performed at room
temperature in the presence of I2O5/DBU system (entry 1). To
our delight, the yield of desired vinyl sulfone 3aa was largely
improved along with the increasing of the reaction temperature,
and the highest yield (55%) of 3aa was obtained at 80 °C in
CH3CN (entry 4). Subsequently, the screening of a range of
solvents demonstrated that the reaction performed in THF was
significantly better than those conducted in 1,4-dioxane, DME,
DMSO, DMF, EtOH, and H2O (entries 4−10). Further
optimization of various bases showed that DBU was the best
choice. Only a trace amount of product or no product was
detected when other bases, such as K2CO3, KOH, KO

tBu, and
Et3N, were employed (entries 11−14). The yield of 3a
obviously declined with the decreasing of DBU loading to 0.5
equiv (entry 15) and no conversion was observed in the
absence of DBU (entry 16). Next, the investigation on the
effect of I2O5 loading found that the best yield (87%) was
obtained when 1.2 equiv of I2O5 was used in the present
reaction system (entry 17). Moreover, no conversion was
observed when the reaction was performed without I2O5 (entry
18).
Under the established reaction conditions, the scope of the

I2O5-mediated oxidative coupling of alkenes with thiols for the
construction of (E)-vinyl sulfones was explored, with the results
summarized in Table 2. In general, the reactions of styrene with
various aryl thiols bearing electron-rich or electron-poor groups
on the aryl rings gave the corresponding products 3aa−3am in
moderate to good yields. It was found that halogen
substituents, such as Br, Cl, and F, were all well tolerated,
which made this protocol more useful for further structural

modification (3ag−3al). 2-Naphthalenethiol and heterocycle
arylthiols, such as pyridine-4-thiol and pyridine-2-thiol, were
also compatible with this process, leading to the expected
products 3an−3ap in moderate yields. It is noteworthy that
alkyl thiols with long aliphatic chains, such as butane-1-thiol
and heptane-1-thiol, could also be used in the reactions to give
the corresponding products 3aq and 3ar in moderate yields.
The scope of this oxidative coupling reaction was further
expanded to a variety of alkenes. Aromatic alkenes with
electron-donating substituents and with electron-withdrawing
substituents were all tolerated under the standard reaction
conditions (3ba−3ga). As expected, 2-vinylnaphthalene and
heterocycle alkene, such as 2-vinylpyridine, could also be
unambiguously converted into the desired products 3ha and
3ia in 78% and 82% yields, respectively. It should be noted that
internal aromatic alkenes (i.e., (E)-prop-1-enylbenzene and 1,2-
dihydronaphthalene) were also suitable substrates, generating
the corresponding products 3ja and 3ka in 44% and 65% yields,
respectively. Nevertheless, when aliphatic alkene, such as hex-1-
ene, was employed in the present reaction system, and the
corresponding product 3la was obtained in relatively low yield.
In addition, methyl acrylate and (E)-methyl but-2-enoate could
also be used in this transformation to produce the desired
products (3ma and 3na) in 40% and 34% yields, respectively.
Unfortunately, none of the desired product 3oa was detected
when the reaction of stilbene with 4-methylbenzenethiol was
conducted under the standard conditions.
Furthermore, to demonstrate the efficiency and practicality

of this transformation, a scaled up reaction was conducted
between styrene (1a) and 4-methylbenzenethiol (2a) under the
standard conditions. As shown in Scheme 2, the gram-scale
synthesis of (E)-vinyl sulfone 3aa was achieved in 80% yield

Table 1. Optimization of the Reaction Conditionsa

entry base (equiv) solvent T (°C) yield (%)b

1 DBU (1) CH3CN 25 0
2 DBU (1) CH3CN 50 26
3 DBU (1) CH3CN 60 44
4 DBU (1) CH3CN 80 55
5 DBU (1) 1,4-dioxane 80 54
6 DBU (1) DME 80 63
7 DBU (1) THF 80 75
8 DBU (1) DMSO 80 58
9 DBU (1) DMF 80 43
10 DBU (1) EtOH 80 21
11 DBU (1) H2O 80 0
11 K2CO3 (1) THF 80 trace
12 KOH (1) THF 80 0
13 KOtBu (1) THF 80 0
14 Et3N (1) THF 80 0
15 DBU (0.5) THF 80 49
16 THF 80 0
17 DBU (1) THF 80 87c

18 DBU (1) THF 80 0d

aReaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), I2O5 (1 equiv),
base (0−1 equiv), solvent (2 mL), 50−80 °C, 12 h. bYields based on
1a. cI2O5 (1.2 equiv). dWithout I2O5.
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Table 2. Results for the I2O5-Mediated Oxidative Coupling of Alkenes with Thiols Leading to (E)-Vinyl Sulfonesa,b

aReaction conditions: 1 (0.2 mmol), 2 (0.4 mmol), I2O5 (0.24 mmol), THF (2 mL), 80 °C, 12 h. bYields based on 1.
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without the significant loss of its efficiency. This result indicates
that the present method should be employed as the practical
protocol for a large scale synthesis of (E)-vinyl sulfones.
In order to gain some further insights into the reaction

mechanism, several control experiments were carried out
(Scheme 3). Initially, the p-tolyl 4-methylbenzenesulfono-
thioate (5a) was isolated in 82% yield when the reaction of
4-methylbenzenethiol (2a) with I2O5 was conducted for 12 h in
the absence of styrene and DBU (Scheme 3a). Furthermore,
1,2-dip-tolyldisulfane (4a) was isolated in 24% yield along with
p-tolyl 4-methylbenzenesulfonothioate 5a (56%) when the
reaction of 4-methylbenzenethiol (2a) with I2O5 was conducted
for 1 h (Scheme 3b). Then, the interaction of 1,2-dip-
tolyldisulfane (4a) with I2O5 gave p-tolyl 4-methylbenzene-
sulfonothioate (5a) in 58% yield, suggesting that p-tolyl 4-
methylbenzenesulfonothioate (5a) might be generated from
the oxidation of 1,2-dip-tolyldisulfane (4a) (Scheme 3c). Next,
we checked the role of p-tolyl 4-methylbenzenesulfonothioate
(5a) in the formation of product 3aa. As shown in Scheme 3d,
the desired product 3aa was obtained in 75% yield when the
reaction of styrene (1a) and p-tolyl 4-methylbenzenesulfono-
thioate (5a) was conducted under the standard conditions.
Moreover, styrene (1a) reacted with sulfonyl iodide (6a) would
lead to the formation of 3aa in 83% yield in the presence of
DBU (Scheme 3e). The above results indicated that
benzenesulfonothioate and sulfonyl iodide might be the key
intermediates in the present reaction system. In addition, the
model reaction of 1a and 2a was extremely inhibited by the

addition of radical scavenge 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO) and TEMPO-trapped thiyl radical complex (p-
MePhS−TEMPO) was detected by LC-MS experiment (see
Supporting Information), suggesting that the present reaction
might proceed via a proposed radical pathway (Scheme 3f).
Based on the above the experimental results and previous

reports,20,22,23 a possible reaction pathway was proposed as
shown in Scheme 4. Initially, thiyl radical was generated from

the oxidation of thiophenol 2.,22a Subsequently, the dimeriza-
tion of thiyl radical generated disulfide 4,22b which was further
oxidized by I2O5 would produce benzenesulfonothioate 5 with
the concomitant formation of molecular iodine.22 Then, the
interaction of benzenesulfonothioate 5 with iodine gave the
sulfonyl iodide 6. Next, the addition of sulfonyl iodide 6 to
alkene 1 afforded β-iodo sulfone 7. Finally, the elimination of
HI from β-iodo sulfone with the assistance of DBU provided
the desired product 3.20a,d,23

■ CONCLUSIONS
In summary, a novel and facile method has been successfully
developed for the construction of (E)-vinyl sulfones through
metal-free I2O5-promoted direct oxidative coupling of aromatic

Scheme 2. Gram Scale Reaction

Scheme 3. Control Experiments

Scheme 4. Postulated Reaction Pathway
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alkenes with thiols. Some notable features can be obtained for
this reaction, such as operation simplicity, ready availability of
starting materials, metal-free, oxidant of low toxicity, and high
regio- and stereoselectivity, thus making it a practical and
powerful complement to traditional methods for the con-
struction of (E)-vinyl sulfones.

■ EXPERIMENTAL SECTION
General. Chemicals were commercially available and were used

without further purification unless otherwise stated. All solvents were
used as received without further purification unless otherwise stated.
1H NMR and 13C{1H}NMR spectra were obtained in CDCl3 with
TMS as internal standard (500 MHz 1H and 125 MHz 13C) at room
temperature, the chemical shifts (δ) were expressed in ppm and J
values were given in Hz. The following abbreviations are used to
indicate the multiplicity: singlet (s), doublet (d), triplet (t), quartet
(q), doublet of doublets (dd), doublet of triplets (dt), doublet of
quartets (dq), and multiplet (m). All first order splitting patterns were
assigned on the basis of the appearance of the multiplet. Splitting
patterns that could not be easily interpreted were designated as
multiplet (m). In a few cases the number of signals in the 13C NMR
spectrum is than due, which may be caused by the superimposition of
signals. HRMS data were obtained by ESI on a TOF mass analyzer.
Column chromatography was performed on silica gel (100−200
mesh).
General Experimental Procedure. In a tube (25 mL), alkene 1

(0.2 mmol), thiol 2 (0.4 mmol), I2O5 (0.24 mmol, 80.1 mg), DBU
(0.2 mmol, 30 μL), and THF (2 mL) were added. Then, the tube was
sealed and the reaction vessel was allowed to stir at 80 °C for 12 h.
After the reaction, the solvent was removed under vacuum. The
residue was purified by flash column chromatography using a mixture
of petroleum ether and ethyl acetate as eluent to give the desired
product 3.
Gram-Scale Reaction. In a tube (100 mL), styrene (10 mmol,

1.15 mL), 4-methylbenzenethiol (20 mmol, 2.5 g), I2O5 (12 mmol, 4.0
g), DBU (10 mmol, 1.5 mL), and THF (20 mL) were added. Then,
the tube was sealed and the reaction vessel was allowed to stir at 80 °C
for 12 h. After the reaction, the resulting mixture was concentrated
under vacuum and the residue was purified by flash column
chromatography using a mixture of petroleum ether and ethyl acetate
as eluent to give the desired product 3aa in 80% yield (2.06 g).
Reaction of 4-Methylbenzenethiol (2a) with I2O5 (12h). In a seal

tube (15 mL), 4-methylbenzenethiol 2a (0.4 mmol, 49.6 mg), I2O5
(0.24 mmol, 80.1 mg), and THF (2 mL) were added. Then, the tube
was sealed and the reaction vessel was allowed to stir at 80 °C for 12 h.
After the reaction, the solution was concentrated in vacuum, the
product 5a was isolated in 82% yield (45.6 mg).
Reaction of 4-Methylbenzenethiol (2a) with I2O5 (1h). In a seal

tube (15 mL), 4-methylbenzenethiol 2a (0.4 mmol, 49.6 mg), I2O5
(0.24 mmol, 80.1 mg), and THF (2 mL) were added. Then, the tube
was sealed and the reaction vessel was allowed to stir at 80 °C for 1 h.
After the reaction, the solution was concentrated in vacuum, the
product 4a and 5a were isolated in 24% (11.8 mg) and 56% (31.1 mg)
yields, respectively.
Reaction of 1,2-Dip-tolyldisulfane (4a) with I2O5. In a seal tube

(15 mL), 1,2-dip-tolyldisulfane (4a) (0.2 mmol, 49.2 mg), I2O5 (0.24
mmol, 80.1 mg), and THF (2 mL) were added. Then, the tube was
sealed and the reaction vessel was allowed to stir at 80 °C for 12 h.
After the reaction, the solution was concentrated in vacuum, the
product 5a were isolated in 58% yield (32.2 mg).
Reaction of Styrene (1a) and p-Tolyl 4-Methylbenzenesulfono-

thioate (5a) under Standard Conditions. In a seal tube (15 mL),
styrene (0.2 mmol, 23 μL), p-tolyl 4-methylbenzenesulfonothioate
(0.2 mmol, 55.6 mg), I2O5 (0.24 mmol, 80.1 mg), DBU (0.2 mmol, 30
μL), and THF (2 mL) were added. Then, the tube was sealed and the
reaction vessel was allowed to stir at 80 °C for 12 h. After the reaction,
the resulting mixture was concentrated under vacuum and the residue
was purified by flash column chromatography using a mixture of

petroleum ether and ethyl acetate as eluent to give the desired product
3aa in 75% yield (38.7 mg).

Reaction of Styrene (1a) with Sulfonyl Iodide (6a) in the
Presence of DBU. In a seal tube (15 mL), styrene (0.2 mmol, 23 μL),
4-methylbenzene-1-sulfonyl iodide (0.4 mmol, 112.8 mg), DBU (0.2
mmol, 30 μL), and THF (2 mL) were added. The reaction vessel was
allowed to stir at 80 °C for 12 h. After the reaction, the resulting
mixture was concentrated under vacuum and the residue was purified
by flash column chromatography using a mixture of petroleum ether
and ethyl acetate as eluent to give the desired product 3aa in 83% yield
(42.8 mg).

Radical Trapping Experiment with TEMPO. In a seal tube (15
mL), styrene (0.2 mmol, 23 μL), 4-methylbenzenethiol (0.4 mmol,
49.6 mg), TEMPO (0.4 mmol, 62.5 mg), I2O5 (0.24 mmol, 80.1 mg),
DBU (0.2 mmol, 30 μL), and THF (2 mL) were added. The reaction
vessel was allowed to stir for 12 h at 80 °C. After the reaction, the
solution was concentrated in vacuum, only a trace amount of desired
product 3aa was detected and TEMPO-trapped thiyl radical complex
(p-MePhS−TEMPO) was also detected by LC-MS experiment (see
Supporting Information).

(E)-(2-(Phenylsulfonyl)vinyl)benzene (3aa). Compound 3aa was
obtained in 87% yield (44.9 mg) according to the general procedure.
White solid; mp: 124.0−124.9 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.85 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 15.5 Hz, 1H), 7.51−7.49 (m,
2H), 7.42−7.41 (m, 3H), 7.37 (d, J = 8.1 Hz, 2H), 6.87 (d, J = 15.4
Hz, 1H), 2.46 (s, 3H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ
144.4, 141.9, 137.8, 132.5, 131.1, 130.0, 129.1, 128.5, 127.7, 127.6,
21.6; HRMS calc. for C15H14O2SNa (M+Na)+, 281.0612; found,
281.0616.

(E)-(2-(Phenylsulfonyl)vinyl)benzene (3ab). Compound 3ab was
obtained in 91% yield (44.4 mg) according to the general procedure.
Yellow solid; mp: 71.7−73.0 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.96 (d, J = 7. Four Hz, 2H), 7.70 (d, J = 15. Four Hz, 1H), 7.64−
7.61 (m, 1H), 7.55 (t, J = 7.3 Hz, 2H), 7.50−7.48 (m, 2H), 7.42−7.38
(m, 3H), 6.86 (d, J = 15. Four Hz, 1H); 13C{1H}NMR (CDCl3, 125
MHz, ppm): δ 142.5, 140.7, 133.4, 132.4, 131.3, 129.4, 129.1, 128.6,
127.7, 127.3; HRMS calc. for C14H12O2SNa (M+Na)+, 267.0456;
found, 267.04569.

(E)-1-Methyl-3-(styrylsulfonyl)benzene (3ac). Compound 3ac was
obtained in 73% yield (37.6 mg) according to the general procedure.
Yellow oil. 1H NMR (CDCl3, 500 MHz, ppm): δ 7.75−7.74 (m, 2H),
7.68 (d, J = 15.4 Hz, 1H), 7.50−7.48 (m, 2H), 7.44−7.38 (m, 5H),
6.86 (d, J = 15.4 Hz, 1H), 2.44 (s, 3H); 13C{1H}NMR (CDCl3, 125
MHz, ppm): δ 142.3, 140.5, 139.7, 134.2, 132.4, 131.2, 129.2, 129.1,
128.6, 128.0, 127.4, 124.8, 21.4; HRMS calc. for C15H14O2SNa (M
+Na)+, 281.0612; found, 281.0613.

(E)-1-Methyl-2-(styrylsulfonyl)benzene (3ad). Compound 3ad was
obtained in 56% yield (28.9 mg) according to the general procedure.
Yellow oil. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.12−8.10 (m, 1H),
7.69 (d, J = 15.4 Hz, 1H), 7.52−7.48 (m, 3H), 7.42−7.37 (m, 4H),
7.30 (d, J = 7.8 Hz, 1H), 6.85 (d, J = 15.3 Hz, 1H), 2.63 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 142.9, 138.3, 138.1, 133.6,
132.6, 132.4, 131.2, 129.5, 129.1, 128.6, 126.7, 20.4; HRMS calc. for
C15H14O2SNa (M+Na)+, 281.0612; found, 281.0615.

(E)-2,4-Dimethyl-1-(styrylsulfonyl)benzene (3ae). Compound 3ae
was obtained in 72% yield (39.1 mg) according to the general
procedure. Yellow solid; mp: 74.6−75.3 °C. 1H NMR (CDCl3, 500
MHz, ppm): δ 7.99 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 15.4 Hz, 1H),
7.49−7.48 (m, 2H), 7.42−7.39 (m, 3H), 7.19 (d, J = 8.1 Hz, 1H), 7.10
(s, 1H), 6.83 (d, J = 15.4 Hz, 1H), 2.59 (s, 3H), 2.38 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 144.5, 142.3, 137.9, 135.4,
133.3, 132.5, 131.1, 129.7, 129.1, 128.5, 127.4, 127.1, 21.4, 20.3;
HRMS calc. for C16H16O2SNa (M+Na)+, 295.0769; found, 295.0771.

(E)-1,2-Dimethoxy-4-(styrylsulfonyl)benzene (3af). Compound
3af was obtained in 94% yield (57.1 mg) according to the general
procedure. Yellow solid; mp: 101.9−103.0 °C. 1H NMR (CDCl3, 500
MHz, ppm): δ 7.63 (d, J = 15.5 Hz, 1H), 7.58−7.56 (m, 1H), 7.49−
7.47 (m, 2H), 7.42−7.38 (m, 4H), 6.98 (d, J = 8.5 Hz, 1H), 6.86 (d, J
= 15.5 Hz, 1H), 3.95 (3H), 3.94 (3H); 13C{1H}NMR (CDCl3, 125
MHz, ppm): δ 153.2, 149.3, 141.4, 132.5, 132.3, 131.1, 129.1, 128.5,
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127.8, 121.9, 111.0, 109.8, 56.3, 56.3; HRMS calc. for C16H16O4SNa
(M+Na)+, 327.0667; found, 327.0669.
(E)-1-Bromo-4-(styrylsulfonyl)benzene (3ag). Compound 3ag was

obtained in 90% yield (57.9 mg) according to the general procedure.
White solid; mp: 101.2−102.6 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.81 (d, J = 8.7 Hz, 2H), 7.70−7.67 (m, 3H), 7.50−7.48 (m, 2H),
7.43−7.40 (m, 3H), 6.83 (d, J = 15.4 Hz, 1H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 143.1, 139.8, 132.7, 132.2, 131.5, 129.2, 129.2,
128.7, 126.8; HRMS calc. for C14H11BrO2SNa (M+Na)+, 344.9561;
found, 344.9563.
(E)-1-Chloro-4-(styrylsulfonyl)benzene (3ah). Compound 3ah was

obtained in 91% yield (50.6 mg) according to the general procedure.
White solid; mp: 83.4−84.5 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ
7.89 (d, J = 8.7 Hz, 2H), 7.69 (d, J = 15.4 Hz, 1H), 7.52 (d, J = 8.6 Hz,
2H), 7.49 (d, J = 6.4 Hz, 2H), 7.43−7.38 (m, 3H), 6.83 (d, J = 15.4
Hz, 1H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 143.1, 140.1,
139.3, 132.2, 131.4, 129.7, 129.2, 129,2, 128.7, 126.9; HRMS calc. for
C14H11O2ClSNa (M+Na)+, 301.0066; found, 301.0069.
(E)-1-Chloro-3-(styrylsulfonyl)benzene (3ai). Compound 3ai was

obtained in 88% yield (48.9 mg) according to the general procedure.
White solid; mp: 71.1−72.7 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ
7.94 (t, J = 1.8 Hz, 1H), 7.84 (d, J = 7.9 Hz, 1H), 7.71 (d, J = 15.4 Hz,
1H), 7.59 (d, J = 8.1 Hz, 1H), 7.51−7.48 (m, 3H), 7.44−7.39 (m,
3H), 6.85 (d, J = 15.4 Hz, 1H); 13C{1H}NMR (CDCl3, 125 MHz,
ppm): δ 143.5, 142.6, 135.6, 133.5, 132.1, 131.5, 130.7, 129.2, 128.7,
127.7, 126.6, 125.8; HRMS calc. for C14H11O2ClSNa (M+Na)+,
301.0066; found, 301.0067.
(E)-1-Chloro-2-(styrylsulfonyl)benzene (3aj). Compound 3aj was

obtained in 83% yield (46.1 mg) according to the general procedure.
White solid; mp: 93.3−94.0 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ
8.23 (dd, J1 = 1.5 Hz, J2 = 8.0 Hz, 1H), 7.77 (d, J = 15.4 Hz, 1H),
7.57−7.51 (m, 4H), 7.49−7.46 (m, 1H), 7.44−7.39 (m, 3H), 7.08 (d, J
= 15.4 Hz, 1H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 145.3,
138.3, 134.6, 132.8, 132.4, 131.9, 131.5, 130.7, 129.2, 128.7, 127.5,
125.3; HRMS calc. for C14H11O2ClSNa (M+Na)+, 301.0066; found,
301.0065.
(E)-2,4-Dichloro-1-(styrylsulfonyl)benzene (3ak). Compound 3ak

was obtained in 87% yield (54.3 mg) according to the general
procedure. White solid; mp: 80.8−81.4 °C. 1H NMR (CDCl3, 500
MHz, ppm): δ 8.16 (d, J = 8.6 Hz, 1H), 7.77 (d, J = 15.4 Hz, 1H),
7.53−7.51 (m, 3H), 7.46−7.40 (m, 4H), 7.03 (d, J = 15.4 Hz, 1H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 145.8, 140.5, 136.9, 133.8,
132.2, 131.8, 131.7, 131.6, 129.2, 128.8, 127.8, 124.9; HRMS calc. for
C14H10O2Cl2SNa (M+Na)+, 334.9676; found, 334.96768.
(E)-1-Fluoro-4-(styrylsulfonyl)benzene (3al). Compound 3al was

obtained in 86% yield (45.1 mg) according to the general procedure.
White solid; mp: 78.8−80.1 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ
7.98−7.95 (m, 2H), 7.68 (d, J = 15.4 Hz, 1H), 7.50−7.48 (m, 2H),
7.43−7.39 (m, 3H), 7.22 (d, J = 8.5 Hz, 1H), 6.84 (d, J = 15.4 Hz,
1H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 165.6 (d, J = 254.5
Hz), 142.7, 136.8 (d, J = 3.1 Hz), 132.2, 131.4, 130.5 (d, J = 254.5
Hz), 129.2, 128.6, 127.1, 116.8 (d, J = 22.5 Hz); HRMS calc. for
C14H11FO2SNa (M+Na)+, 285.0361; found, 285.0363.
(E)-1-(Styrylsulfonyl)-2-(trifluoromethyl)benzene (3am). Com-

pound 3am was obtained in 84% yield (52.4 mg) according to the
general procedure. Yellow solid; mp 79.7−81.2 °C. 1H NMR (CDCl3,
500 MHz, ppm): δ 8.36 (d, J = 7.4 Hz, 1H), 7.90 (d, J = 7.2 Hz, 1H),
7.79−7.76 (m, 2H), 7.70 (d, J = 15.4 Hz, 1H) 7.50−7.49 (m, 2H),
7.43−7.38 (m, 3H), 6.99 (d, J = 15.4 Hz, 1H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 144.4, 139.8 (d, J = 1.0 Hz), 133.5 132.8, 132.3
131.9, 131.5, 129.2, 129.0, 128.7, 128.4 (q, J = 6.2 Hz), 126.9 (q, J =
2.7 Hz), 122.7 (q, J = 272.3 Hz); HRMS calc. for C15H11O2F3SNa (M
+Na)+, 335.0330; found, 335.0331.
(E)-2-(Styrylsulfonyl)naphthalene (3an). Compound 3an was

obtained in 58% yield (34.1 mg) according to the general procedure.
Yellow solid; mp: 129.9−131.2 °C. 1H NMR (CDCl3, 500 MHz,
ppm): δ 8.55 (s, 1H), 8.00−7.97 (m, 2H), 7.92−7.88 (m, 2H), 7.75
(d, J = 15.4 Hz, 1H), 7.67−7.60 (m, 2H), 7.49 (d, J = 7.5 Hz, 2H),
7.41−7.37 (m, 3H), 6.92 (d, J = 15.4 Hz, 1H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 142.6, 137.5, 135.2, 132.4, 132.3, 131.3, 129.7,

129.4, 129.3, 129.2, 129.1, 128.6, 128.0, 127.7, 127.3, 122.6; HRMS
calc. for C18H14O2SNa (M+Na)+, 317.0612; found, 317.0614.

(E)-4-(Styrylsulfonyl)pyridine (3ao). Compound 3ao was obtained
in 53% yield (25.9 mg) according to the general procedure. Yellow
solid; mp: 83.1−84.0 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.88
(s, J = 6.0 Hz, 2H), 7.81−7.79 (m, 2H), 7.77 (d, J = 15.4 Hz, 1H),
7.52−7.50 (m, 2H), 7.48−7.41 (m, 3H), 6.86 (d, J = 15.4 Hz, 1H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 151.3, 149.0, 145.2, 131.9,
129.3, 128.9, 125.4, 120.6; HRMS calc. for C13H11NO2SNa (M+Na)+,
268.0408; found, 268.0409.

(E)-2-(Styrylsulfonyl)pyridine (3ap). Compound 3ap was obtained
in 36% yield (17.6 mg) according to the general procedure. Yellow
solid; mp: 86.7−88.1 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.75
(d, J = 4.2 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 7.98−7.94 (dt, J1 = 1.7
Hz, J2 = 7.8 Hz, 1H), 7.79 (d, J = 15.5 Hz, 1H), 7.55−7.51 (m, 3H),
7.45−7.39 (m, 3H), 7.12 (d, J = 15.5 Hz, 1H); 13C NMR (CDCl3, 125
MHz, ppm): δ 158.6, 150.4, 145.2, 138.2, 132.4, 131.4, 129.1, 128.8,
127.1, 124.6, 121.9; HRMS calc. for C13H11NO2SNa (M+Na)+,
268.0408; found, 268.0411.

(E)-(2-(Butylsulfonyl)vinyl)benzene (3aq). Compound 3aq was
obtained in 43% yield (19.2 mg) according to the general procedure.
Yellow solid; mp: 83.1−84.0 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.60 (d, J = 15.5 Hz, 1H), 7.54−7.52 (m, 2H), 7.45−7.43 (m, 3H),
6.83 (d, J = 15.5 Hz, 1H), 3.06 (t, J = 8.1 Hz, 2H), 1.85−1.78 (m, 2H),
1.50−1.45 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 144.8, 132.3, 131.3, 129.2, 128.6, 124.7, 55.0, 24.6,
21.7, 13.6; HRMS calc. for C12H16O2SNa (M+Na)+, 247.0769; found,
247.0771.

(E)-(2-(Heptylsulfonyl)vinyl)benzene (3ar). Compound 3ar was
obtained in 40% yield (21.3 mg) according to the general procedure.
Yellow oil. 1H NMR (CDCl3, 500 MHz, ppm): δ 7.60 (d, J = 15.5 Hz,
1H), 7.52 (d, J = 7.1 Hz, 2H), 7.43 (m, 3H), 6.83 (d, J = 15.5 Hz, 1H),
3.06 (t, J = 8.1 Hz, 2H), 1.86−1.79 (m, 2H), 1.45−1.40 (m, 2H),
1.34−1.26 (m, 6H), 0.87 (t, J = 5.9 Hz, 3H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 144.7, 132.3, 131.3, 129.2, 128.6, 124.8, 55.2, 31.4,
28.7, 28.4, 22.6, 22.5, 14.0; HRMS calc. for C15H22O2SNa (M+Na)+,
289.1238; found, 289.1239.

(E)-1-Methyl-4-(4-methylstyrylsulfonyl)benzene (3ba). Com-
pound 3ba was obtained in 79% yield (42.9 mg) according to the
general procedure. Yellow solid; mp: 145.7−147.2 °C. 1H NMR
(CDCl3, 500 MHz, ppm): δ 7.84 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 15.4
Hz, 1H), 7.40−7.35 (m, 4H), 7.21 (d, J = 8.0 Hz, 2H), 6.81 (d, J =
15.4 Hz, 1H), 2.45 (s, 3H), 2.39 (s, 3H); 13C{1H}NMR (CDCl3, 125
MHz, ppm): δ 144.3, 142.0, 141.7, 138.0, 129.9, 129.8, 129.7, 128.5,
127.7, 126.4, 21.6, 21.5; HRMS calc. for C16H16O2SNa (M+Na)+,
295.0769; found, 295.0771.

(E)-1-Methyl-3-(2-tosylvinyl)benzene (3ca). Compound 3ca was
obtained in 81% yield (44.0 mg) according to the general procedure.
White solid; mp: 93.4−94.9 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ
7.85 (d, J = 8.3 Hz, 2H), 7.65 (d, J = 15.4 Hz, 1H), 7.36 (d, J = 8.2 Hz,
2H), 7.31−7.29 (m, 3H), 7.25−7.23 (m, 1H), 6.85 (d, J = 15.4 Hz,
1H), 2.46 (s, 3H), 2.37 (s, 3H); 13C{1H}NMR (CDCl3, 125 MHz,
ppm): δ 144.3, 142.1, 138.8, 137.9, 132.4, 132.0, 130.0, 129.1, 129.0,
127.7, 127.4, 125.8, 21.6, 21.3; HRMS calc. for C16H16O2SNa (M
+Na)+, 295.0769; found, 295.0767.

(E)-1-Fluoro-4-(2-tosylvinyl)benzene (3da). Compound 3da was
obtained in 84% yield (46.3 mg) according to the general procedure.
Yellow solid; mp: 92.5−93.9 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.82 (d, J = 8.3 Hz, 2H), 7.62 (d, J = 15.4 Hz, 1H), 7.49−7.45 (m,
2H), 7.35 (d, J = 8.3 Hz, 2H), 7.08 (t, J = 8.6 Hz, 2H), 6.78 (d, J =
15.4 Hz, 1H), 2.44 (s, 3H); 13C{1H}NMR (CDCl3, 125 MHz, ppm):
δ 164.3 (d, J = 251.3 Hz), 144.5, 140.6, 137.7, 130.6 (d, J = 8.7 Hz),
130.0, 128.7 (d, J = 8.7 Hz), 127.7, 127.4 (d, J = 2.4 Hz), 116.3 (d, J =
21.9 Hz), 21.6; HRMS calc. for C15H13O2FSNa (M+Na)+, 299.0518;
found, 299.0519.

(E)-1-Chloro-4-(2-tosylvinyl)benzene (3ea). Compound 3ea was
obtained in 80% yield (46.7 mg) according to the general procedure.
Yellow solid; mp: 143.7−144.8 °C. 1H NMR (CDCl3, 500 MHz,
ppm): δ 7.84 (d, J = 8.3 Hz, 2H), 7.62 (d, J = 15.5 Hz, 1H), 7.43 (d, J
= 8.6 Hz, 2H), 7.39−7.36 (m, 4H), 6.85 (d, J = 15.4 Hz, 1H), 2.46 (s,

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00994
J. Org. Chem. 2017, 82, 6857−6864

6862

http://dx.doi.org/10.1021/acs.joc.7b00994


3H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 144.6, 140.4, 137.5,
137.1, 131.0, 130.0, 129.7, 129.4, 128.3, 127.8, 21.6; HRMS calc. for
C15H13O2ClSNa (M+Na)+, 315.0222; found, 315.0225.
(E)-1-Bromo-4-(2-tosylvinyl)benzene (3fa). Compound 3fa was

obtained in 72% yield (48.4 mg) according to the general procedure.
Yellow solid; mp: 153.8−155.4 °C. 1H NMR (CDCl3, 500 MHz,
ppm): δ 7.85−7.84 (m, 2H), 7.61 (d, J = 15.4 Hz, 1H), 7.55−7.54 (m,
2H), 7.36 (t, J = 8.3 Hz, 4H), 6.86 (d, J = 15.4 Hz, 1H), 2.46 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 144.6, 140.5, 137.5, 132.4,
131.4, 130.0, 129.9, 128.4, 127.8, 125.5, 21.7; HRMS calc. for
C15H13BrO2SNa (M+Na)+, 358.9717; found, 358.9719.
(E)-1-Nitro-3-(2-tosylvinyl)benzene (3ga). Compound 3ga was

obtained in 48% yield (29.1 mg) according to the general procedure.
Yellow oil. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.35 (t, J = 1.9 Hz,
1H), 8.29−8.26 (m, 1H), 7.87−7.86 (d, J = 8.4 Hz, 2H), 7.81 (d, J =
7.8 Hz, 1H), 7.71 (d, J = 15.4 Hz, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.40
(d, J = 8.2 Hz, 2H), 7.03 (d, J = 15.5 Hz, 1H), 2.48 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 148.7, 145.0, 138.8, 136.9,
134.3, 134.2, 131.1, 130.2, 130,2, 128.0, 125.3, 122.7, 21.7; HRMS calc.
for C15H13NO4SNa (M+Na)+, 326.0463; found, 326.0465.
(E)-2-(2-Tosylvinyl)naphthalene (3ha). Compound 3ha was

obtained in 78% yield (48.0 mg) according to the general procedure.
Yellow solid; mp: 159.8−160.3 °C. 1H NMR (CDCl3, 500 MHz,
ppm): δ 7.93 (s, 1H), 7.87−7.79 (m, 6H), 7.55−7.52 (m, 3H), 7.36
(d, J = 8.3 Hz, 2H), 6.95 (d, J = 15.4 Hz, 1H), 2.44 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 144.4, 142.0, 137.9, 134.5,
133.1, 130.9, 130.0, 129.9, 129.0, 128.7, 127.8, 127.8, 127.7, 127.0,
123.5, 21.6; HRMS calc. for C19H16O2SNa (M+Na)+, 331.0769;
found, 331.0773.
(E)-2-(2-Tosylvinyl)pyridine (3ia). Compound 3ia was obtained in

82% yield (42.4 mg) according to the general procedure. Yellow solid;
mp: 91.8−93.4 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.63 (d, J =
4.0 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.77−7.73 (m, 1H), 7.64 (d, J =
14.9 Hz, 1H), 7.46 (d, J = 14.9 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.36
(d, J = 8.0 Hz, 2H), 7.32−7.29 (m, 1H), 2.45 (m, 3H); 13C{1H}NMR
(CDCl3, 125 MHz, ppm): δ 151.1, 150.3, 144.6, 140.0, 137.3, 137.0,
132.2, 130.0, 128.0, 125.4, 124.9, 21.6; HRMS calc. for
C14H13NO2SNa (M+Na)+, 282.0565; found, 282.0567.
(E)-1-Methyl-4-(1-phenylprop-1-en-2-ylsulfonyl)benzene (3ja).

Compound 3ja was obtained in 44% yield (23.9 mg) according to
the general procedure. Yellow solid; mp: 122.16−123.1 °C. 1H NMR
(CDCl3, 500 MHz, ppm): δ 7.83 (d, J = 8.2 Hz, 3H), 7.45−7.36 (m,
7H), 2.46 (m, 3H), 2.13 (d, J = 1.4 Hz, 3H); 13C{1H}NMR (CDCl3,
125 MHz, ppm): δ 144.3, 137.6, 137.0, 136.1, 133.9, 129.8, 129.6,
129.2, 128.7, 128.3, 21.6, 13.2; HRMS calc. for C16H16O2SNa (M
+Na)+, 295.0769; found, 295.0771.
3-Tosyl-1,2-dihydronaphthalene (3ka). Compound 3ka was

obtained in 65% yield (36.9 mg) according to the general procedure.
Yellow solid; mp: 115.8−116.7 °C. 1H NMR (CDCl3, 500 MHz,
ppm): δ 7.80 (d, J = 8.3 Hz, 2H), 7.56 (s, 1H), 7.32 (d, J = 8.1 Hz,
2H), 7.28−7.26 (m, 1H), 7.25−7.21 (m, 2H), 7.12 (d, J = 7.0 Hz,
1H), 2.86 (t, J = 8.1 Hz, 2H), 2.51−2.47 (t, J = 8.1 Hz, 2H), 2.42 (s,
3H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 144.3, 138.5, 136.6,
135.6, 134.8, 131.1, 130.4, 129.9, 129.0, 128.0, 127.8, 127.2, 27.6, 21.7,
21.6; HRMS calc. for C17H16O2SNa (M+Na)+, 307.0769; found,
307.0773.
(E)-1-(Hex-1-enylsulfonyl)-4-methylbenzene (3la). Compound 3la

was obtained in 23% yield (11.0 mg) according to the general
procedure. Yellow oil; 1H NMR (CDCl3, 500 MHz, ppm): δ 7.75 (d, J
= 8.3 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 6.99−6.93 (m, 1H), 6.31−
6.28 (dt, J1 = 1.4 Hz, J2 = 15.1 Hz, 1H), 2.43 (s, 3H), 2.25−2.20 (m,
2H), 1.47−1.41 (m, 2H), 1.36−1.29 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 146.7, 144.2, 137.8, 130.6,
129.9, 127.6, 31.2, 29.7, 22.1, 21.6, 13.7; HRMS calc. for C13H18O2SNa
(M+Na)+, 261.0925; found, 261.0929.
(E)-Methyl 3-tosyl acrylate (3ma). Compound 3ma was obtained

in 40% yield (19.2 mg) according to the general procedure. Yellow
solid; mp: 106.1−107.4 °C. 1H NMR (CDCl3, 500 MHz, ppm): δ 7.80
(d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 15.2 Hz,

1H), 6.80 (d, J = 15.2 Hz, 1H), 3.80 (s, 3H), 2.46 (s, 3H);
13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 164.0, 145.7, 143.7, 135.4,
130.3, 130.0, 128.4, 52.8, 21.7; HRMS calc. for C11H12O4SNa (M
+Na)+, 263.0354; found, 263.0357.

(E)-Methyl 3-tosylbut-2-enoate (3na). Compound 3na was
obtained in 34% yield (17.2 mg) according to the general procedure.
Yellow solid; mp: 55.2−56.6 °C. 1H NMR (CDCl3, 500 MHz, ppm):
δ 7.82 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.23−7.22 (q, J =
1. Five Hz, 1H), 3.78 (s, 3H), 2.46 (s, 3H), 2.33 (d, J = 1. Five Hz,
3H); 13C{1H}NMR (CDCl3, 125 MHz, ppm): δ 166.2, 145.2, 140.6,
137.7, 137.6, 130.1, 127.7, 53.0, 21.1, 13.3; HRMS calc. for
C12H14O4SNa (M+Na)+, 277.0510; found, 277.0513.
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F. J. Nat. Prod. 2010, 73, 980. (e) Wilson, A. J.; Kerns, J. K.; Callahan,
J. F.; Moody, C. J. J. Med. Chem. 2013, 56, 7463.
(4) (a) Rayner, C. M. In Organosulfur Chemistry: Synthetic Aspects;
Page, P., Ed.; Academic Press: London, 1995; p 89. (b) Taniguchi, N.
J. Org. Chem. 2006, 71, 7874. (c) Yang, F.-L.; Tian, S.-K. Angew. Chem.,
Int. Ed. 2013, 52, 4929. (d) Zhao, X.; Zhang, L.; Li, T.; Liu, G.; Wang,
H.; Lu, K. Chem. Commun. 2014, 50, 13121. (e) Cui, H.; Wei, W.;
Yang, D.; Zhang, J.; Xu, Z.; Wen, J.; Wang, H. RSC Adv. 2015, 5,
84657. (f) Zhao, X.; Zhang, L.; Lu, X.; Li, T.; Lu, K. J. Org. Chem.
2015, 80, 2918.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00994
J. Org. Chem. 2017, 82, 6857−6864

6863

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.7b00994
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00994/suppl_file/jo7b00994_si_001.pdf
mailto:weiweiqfnu@163.com
mailto:huawang_qfnu@126.com
http://orcid.org/0000-0003-0728-8986
http://dx.doi.org/10.1021/acs.joc.7b00994


(5) (a) Kharasch, M. S.; Nudenberg, W.; Mantell, G. J. J. Org. Chem.
1951, 16, 524. (b) Rahaman, H.; Ueda, M.; Miyata, O.; Naito, T. Org.
Lett. 2009, 11, 2651. (c) Zhou, S.; Pan, X.; Zhou, Z.; Shoberu, A.; Zou,
J. J. Org. Chem. 2015, 80, 3682. (d) Ueda, M.; Miyabe, H.; Shimizu,
H.; Sugino, H.; Miyata, O.; Naito, T. Angew. Chem., Int. Ed. 2008, 47,
5600. (e) Xi, H.; Deng, B.; Zong, Z.; Lu, S.; Li, Z. Org. Lett. 2015, 17,
1180. (f) Huo, C.; Wang, Y.; Yuan, Y.; Chen, F.; Tang, J. Chem.
Commun. 2016, 52, 7233. (g) Wang, B.; Lin, C.; Liu, Y.; Fan, Z.; Liu,
Z.; Zhang, Y. Org. Chem. Front. 2015, 2, 973.
(6) Yue, H.-L.; Klussmann, M. Synlett 2016, 27, 2505.
(7) (a) Zheng, Y.; He, Y.; Rong, G.; Zhang, X.; Weng, Y.; Dong, K.;
Xu, X.; Mao, J. Org. Lett. 2015, 17, 5444. (b) Cui, H.; Liu, X.; Wei, W.;
Yang, D.; He, C.; Zhang, T.; Wang, H. J. Org. Chem. 2016, 81, 2252.
(c) Wang, D.; Yan, Z.; Xie, Q.; Zhang, R.; Lin, S.; Wang, Y. Org.
Biomol. Chem. 2017, 15, 1998.
(8) Keshari, T.; Yadav, V. K.; Srivastava, V. P.; Yadav, L. D. S. Green
Chem. 2014, 16, 3986.
(9) Wang, H.; Lu, Q.; Qian, C.; Liu, C.; Liu, W.; Chen, K.; Lei, A.
Angew. Chem., Int. Ed. 2016, 55, 1094.
(10) (a) Singh, A. K.; Chawla, R.; Keshari, T.; Yadav, V. K.; Yadav, L.
D. S. Org. Biomol. Chem. 2014, 12, 8550. (b) Zhou, S.-F.; Pan, X.-Q.;
Zhou, Z.-H.; Shoberu, A.; Zhang, P.-Z.; Zou, J.-P. J. Org. Chem. 2015,
80, 5348.
(11) (a) Nicolaou, K. C.; Montagnon, T.; Baran, P. S. Angew. Chem.,
Int. Ed. 2002, 41, 1386. (b) Chai, L.; Zhao, Y.; Sheng, Q.; Liu, Z.-Q.
Tetrahedron Lett. 2006, 47, 9283. (c) Liu, Z.-Q.; Zhao, Y.; Luo, H.;
Chai, L.; Sheng, Q. Tetrahedron Lett. 2007, 48, 3017. (d) Hang, Z.; Li,
Z.; Liu, Z.-Q. Org. Lett. 2014, 16, 3648. (e) Zhang, L.; Li, Z.; Liu, Z.-Q.
Org. Lett. 2014, 16, 3688. (f) Liu, C.; Wei, W.; Yang, D.; Zheng, Y.; Bi,
Y.; Chen, M.; Wang, H. Tetrahedron 2015, 71, 6901. (g) Liu, C.; Zhu,
M.; Wei, W.; Yang, D.; Cui, H.; Liu, X.; Wang, H. Org. Chem. Front.
2015, 2, 1356.
(12) (a) Wei, W.; Liu, C.; Yang, D.; Wen, J.; You, J.; Suo, Y.; Wang,
H. Chem. Commun. 2013, 49, 10239. (b) Wei, W.; Wen, J.; Yang, D.;
Du, J.; You, J.; Wang, H. Green Chem. 2014, 16, 2988. (c) Wei, W.;
Wen, J.; Yang, D.; Liu, X.; Guo, M.; Dong, R.; Wang, H. J. Org. Chem.
2014, 79, 4225. (d) Wei, W.; Wen, J.; Yang, D.; Guo, M.; Wang, Y.;
You, J.; Wang, H. Chem. Commun. 2015, 51, 768. (e) Wen, J.; Wei, W.;
Xue, S.; Yang, D.; Lou, Y.; Gao, C.; Wang, H. J. Org. Chem. 2015, 80,
4966.
(13) (a) Woo, S. Y.; Kim, J. H.; Moon, M. K.; Han, S. H.; Yeon, S.
K.; Choi, J. W.; Jang, B. K.; Song, H. J.; Kang, Y. G.; Kim, J. W.; Lee, J.;
Kim, D. J.; Hwang, O.; Park, K. D. J. Med. Chem. 2014, 57, 1473.
(b) Dunny, E.; Doherty, W.; Evans, P.; Malthouse, J. P. G.; Nolan, D.;
Knox, A. J. S. J. Med. Chem. 2013, 56, 6638. (c) Frankel, B. A.; Bentley,
M.; Kruger, R. G.; McCafferty, D. G. J. Am. Chem. Soc. 2004, 126,
3404. (d) McCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber,
E. W.; Bey, P.; Lippert, B. J.; Snyder, R. D.; Sunkara, P. S. J. Am. Chem.
Soc. 1991, 113, 7439. (e) Wnuk, S. F.; Yuan, C.-S.; Borchardt, R. T.;
Balzarini, J.; Clercq, E. D.; Robins, M. J. J. Med. Chem. 1994, 37, 3579.
(f) Meadows, C.; Gervay-Hague, J. Med. Res. Rev. 2006, 26, 793.
(14) (a) Aziz, J.; Messaoudi, S.; Alami, M.; Hamze, A. Org. Biomol.
Chem. 2014, 12, 9743. (b) Noshi, M. N.; El-awa, A.; Torres, E.; Fuchs,
P. L. J. Am. Chem. Soc. 2007, 129, 11242. (c) Li, H. M.; Song, J.; Liu,
X. F.; Deng, L. J. Am. Chem. Soc. 2005, 127, 8948. (d) Fang, Y.; Luo,
Z.; Xu, X. RSC Adv. 2016, 6, 59661.
(15) (a) Chodroff, S.; Whitmore, W. F. J. Am. Chem. Soc. 1950, 72,
1073. (b) Happer, D. A. R.; Steenson, B. E. Synthesis 1980, 1980, 806.
(16) Popoff, I. C.; Dever, J. L.; Leader, G. R. J. Org. Chem. 1969, 34,
1128.
(17) (a) Mikolajczyk, M.; Perlikowska, W.; Omelanczuk, J.; Cristau,
H.; Perraud-Darcy, A. J. Org. Chem. 1998, 63, 9716. (b) van Steenis, J.
H.; van Es, J. J. G. S.; van der Gen, A. Eur. J. Org. Chem. 2000, 2000,
2787.
(18) (a) Kabalka, G. W.; Guchhait, S. K. Tetrahedron Lett. 2004, 45,
4021. (b) Cacchi, S.; Fabrizi, G.; Goggiamani, A.; Parisi, L. M.; Bernini,
R. J. Org. Chem. 2004, 69, 5608. (c) Huang, F.; Batey, R. A.
Tetrahedron 2007, 63, 7667. (d) Reeves, D. C.; Rodriguez, S.; Lee, H.;

Haddad, N.; Krishnamurthy, D.; Senanayake, C. H. Tetrahedron Lett.
2009, 50, 2870.
(19) (a) Kirihara, M.; Yamamoto, J.; Noguchi, T.; Hirai, Y.
Tetrahedron Lett. 2009, 50, 1180. (b) Xue, Q.; Mao, Z.; Shi, Y.;
Mao, H.; Cheng, Y.; Zhu, C. Tetrahedron Lett. 2012, 53, 1851.
(20) Selective examples: (a) Cai, S.; Xu, Y.; Chen, D.; Li, L.; Chen,
Q.; Huang, M.; Weng, W. Org. Lett. 2016, 18, 2990. (b) Gao, J.; Lai, J.;
Yuan, G. RSC Adv. 2015, 5, 66723. (c) Zhang, N.; Yang, D. S.; Wei,
W.; Yuan, L.; Cao, Y. J.; Wang, H. RSC Adv. 2015, 5, 37013. (d) Rong,
G. W.; Mao, J. C.; Yan, H.; Zheng, Y.; Zhang, G. Q. J. Org. Chem.
2015, 80, 4697. (e) Li, X. W.; Xu, Y. L.; Jiang, C.; Qi, C. R.; Jiang, H.
F.; Wu, W. Chem. - Eur. J. 2014, 20, 7911. (f) Tang, S.; Wu, Y.; Liao,
W. Q.; Bai, R. P.; Liu, C.; Lei, A. W. Chem. Commun. 2014, 50, 4496.
(g) Singh, R.; Allam, B. K.; Singh, N.; Kumari, K.; Singh, S. K.; Singh,
K. N. Org. Lett. 2015, 17, 2656. (h) Rong, G.; Mao, J.; Yan, H.; Zheng,
Y.; Zhang, G. J. Org. Chem. 2015, 80, 7652. (i) Katrun, P.; Hlekhlai, S.;
Meesin, J.; Pohmakotr, M.; Reutrakul, V.; Jaipetch, T.; Soorukram, D.;
Kuhakarn, C. Org. Biomol. Chem. 2015, 13, 4785.
(21) (a) Xi, Y.; Dong, B.; McClain, E. J.; Wang, Q.; Gregg, T. L.;
Akhmedov, N. G.; Petersen, J. L.; Shi, X. Angew. Chem., Int. Ed. 2014,
53, 4657. (b) Wei, W.; Li, J.; Yang, D.; Wen, J.; Jiao, Y.; You, J.; Wang,
H. Org. Biomol. Chem. 2014, 12, 1861. (c) Xu, Y. L.; Zhao, J. W.; Tang,
X. D.; Wu, W. Q.; Jiang, H. F. Adv. Synth. Catal. 2014, 356, 2029.
(d) Rong, G. W.; Mao, J. C.; Yan, H.; Zheng, Y.; Zhang, G. Q. J. Org.
Chem. 2015, 80, 4697. (e) Xue, Q.; Mao, Z.; Shi, Y.; Mao, H.; Cheng,
Y.; Zhu, C. Tetrahedron Lett. 2012, 53, 1851. (f) Jiang, Y. J.; Loh, T. P.
Chem. Sci. 2014, 5, 4939.
(22) (a) Wang, H.; Lu, Q.; Qian, C.; Liu, C.; Liu, W.; Chen, K.; Lei,
A. Angew. Chem., Int. Ed. 2016, 55, 1094. (b) Nair, V.; Augustine, A.
Org. Lett. 2003, 5, 543. (c) Natarajan, P. Tetrahedron Lett. 2015, 56,
4131. (d) Iranpoor, N.; Mohajer, D.; Rezaeifard, A.-R. Tetrahedron
Lett. 2004, 45, 3811. (e) Bahrami, K.; Khodaei, M. M.; Khaledian, D.
Tetrahedron Lett. 2012, 53, 354. (f) Singh, R.; Allam, B. K.; Singh, N.;
Kumari, K.; Singh, S. K.; Singh, K. N. Org. Lett. 2015, 17, 2656.
(g) Shyam, P. K.; Kim, Y. K.; Lee, C.; Jang, H.-Y. Adv. Synth. Catal.
2016, 358, 56.
(23) (a) Jiang, Q.; Xu, B.; Zhao, A.; Zhao, Y. R.; Li, Y. Y.; He, N. N.;
Guo, C. C.; Jia, J. J. Org. Chem. 2014, 79, 7372. (b) Jiang, Q.; Jia, J.;
Zhao, A.; Guo, C. C.; Xu, B. J. Org. Chem. 2015, 80, 3586.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00994
J. Org. Chem. 2017, 82, 6857−6864

6864

http://dx.doi.org/10.1021/acs.joc.7b00994

