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ABSTRACT: The regiospecific radical reactions of β-alkyl nitro-
alkenes with sulfonyl hydrazides depended to a great extent on the
choice of a solvent and catalyst. In the presence of dimethylformamide
(DMF), β-alkyl nitroalkenes more likely converted into electron-rich
allyl nitro compounds, which reacted with sulfonyl hydrazides to
afford allyl sulfones with high regioselectivity. While in acetonitrile
(CH3CN), vinyl sulfones were obtained directly via sulfonation of
electron-deficient β-alkyl nitroalkenes. The mechanism investigation revealed that the regioselectivity was controlled by the
equilibrium of β-alkyl nitroalkenes and allyl nitro compounds.

■ INTRODUCTION

The main challenge in free-radical reactions is the methods for
activating specific reaction sites for organic substrates or
control different reactive sites in a molecule.1 The strategies for
high selectivity are mainly reflected in the selection of a
catalyst,2 oxidant,3 ligand,4 solvent,5 or acid/base.6 Regiose-
lective synthesis of different isomeric products from the same
reactants is of great significance for method development. Allyl
and vinyl sulfones are regioisomers; they are both important
structural motifs, which widely exist in bioactive compounds.7

Furthermore, they play important roles in the field of synthetic
organic chemistry due to the general molecular framework of
various organic transformations.8 Thus, increasing attentions
have been devoted to the preparation of allyl sulfones and vinyl
sulfones (Scheme 1).9 The directly method of preparing allyl
sulfones is to oxidize the corresponding sulfides with
stoichiometric strong oxidants.10 Another approach is Pd or
Ir-catalyzed allyl substitution (Tsuji−Trost reaction).11 In

general, these reactions require precise condition control,
prefunctionalization of allyl compounds or expensive cata-
lysts.12 For the synthesis of vinyl sulfones, some methods have
also been established, such as sulfide oxidation,13 β-elimination
seleno(halogenated) sulfones,14 and direct cross coupling of
sulfonyl derivatives with olefins15 or alkynes.16 In spite of these
achievements, achieving regiospecific control in the synthesis
of allyl sulfones and vinyl sulfones is challenging and
rewarding.
Previously, we have developed a metal-free direct allyl

sulfonation of β-alkyl nitroalkenes with sodium sulfites as a
sulfonyl precursor, it was found that sodium sulfites or DMF/
DMSO solvents could be served as a Lewis base17 to promote
the isomerization of β-alkyl nitroalkenes to allyl nitro
compounds, and the sulfonyl radical tended to react with the
electron-rich allyl nitro equilibrium isomers; in this case, vinyl
sulfones could not be formed (Scheme 2A).18 In continuation
of the development of new reactivities of β-alkyl nitroalkenes,
herein, we disclose an oxidative radical reaction of β-alkyl
nitroalkenes and sulfonyl hydrazides. By tuning the sulfonyl
radical source and choice of different solvents and catalysts, the
reactions could form allyl sulfones and vinyl sulfones via a new
equilibrium-control strategy of β-alkyl nitroalkenes and allyl
nitro compounds (Scheme 2B).
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Scheme 1. Synthesis of Allyl and Vinyl Sulfones
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■ RESULTS AND DISCUSSION
We initiated our research on the model reaction of (E)-(1-
nitroprop-1-en-2-yl)benzene (1a) with 4-methylbenzenesulfo-
nohydrazide (2a) under different reaction conditions (Table
1). When the reaction ran in DMSO at 100 °C, the allyl
sulfone 3a was obtained as only product in 45% yield (entry
1). If the reaction performed using an I2/TBHP catalytic
system, 3a was obtained in 61% yield; however, the vinyl
sulfone 4a was also formed (entry 2). In addition, the TBAI/
TBHP reaction system gave a similar result (entry 3). Then,

other catalysts were tested (for detailed results see the
Supporting Information). It was found that FeCl3 was the
most effective catalyst to obtain 3a (entries 4−6). Gratefully, a
higher yield was obtained when DMF was used as a solvent
(entry 7). Different types of oxidants including DTBP, H2O2,
and K2S2O8 were also screened (entries 8−10), and it turned
out that DTBP exhibited the best result, the yield of 3a was up
to 92%, and 4a was totally inhibited (entry 8). Moreover,
reducing the temperature is unfavorable to the reaction (entry
11).
Exceptionally, under the I2/TBHP system, when DMF was

replaced by CH3CN, 4a was obtained as the major product
(entry 12). Then, other conditions were also tested, the results
showed that, no matter what catalytic system was chosen
(FeCl3/DTBP, FeCl3/TBHP, TBAI/TBHP, entries 13−15),
4a was the major product as long as CH3CN served as the
solvent (for more solvent studies see the Supporting
Information); under the TBAI/TBHP system, the formation
of 3a was inhibited totally, and 4a was obtained with 94%
yield. Replacing different oxidants, such as K2S2O8 and H2O2,
resulted in a slight decrease in the yield of 4a (entries 16−17).
It was noteworthy that the addition of DMF or other base was
in favor of the formation of 3a and reduced the yield of 4a
(entries 18−20), which implied that DMF or other bases were
probably served as a Lewis base to promote the formation of
allyl sulfones.17,18

With the optimal condition in hand, we start to investigate
the scope of the reactions. For the synthesis of allyl sulfones,
the results are summarized in Table 2. The reactions of β-alkyl
nitroalkenes containing electron-donating or electron-with-
drawing groups with sulfonyl hydrazides proceeded efficiently
and provided the corresponding products in moderate-to-good
yields. Meanwhile, it was found that yields of sulfonyl
hydrazides with electron-donating groups (R = CH3, OMe)
were higher than that with electron-withdrawing groups (R =
F, Cl, Br, NO2), but reactions of p-nitrobenzenesulfonyl
hydrazides with β-alkyl nitroalkenes resulted in lower yields.
The scope of vinyl sulfones was also investigated (Table 3).

Different β-alkyl nitroalkenes and sulfonyl hydrazides were also
suitable substrates, which all afforded E-products with good-to-
excellent yields, and β-ethyl nitroalkene also provided good
yields (4m and 4o). The same substituent effect was also
observed, it showed that the sulfonyl hydrazides with electron-
donating groups gave higher yields, and the substituent effects
were not obvious for β-alkyl nitroalkenes.
To gain insights into the reaction mechanism, 1a and 2a

reacted in the presence of 2,2,6,6-tetramethylpiperidinooxy
(TEMPO, 3 equiv). However, 3a or 4a was not detected,
which implied that the reaction could involve a radical process.
During the formation of 3a (under condition A), we detected
the isomeric 1a′ intermediate; further investigation showed
that 3a was obtained with 94% isolated yield in only 1.5 h
under condition A for the reaction of 1a′ and 2a, which
revealed that allyl sulfones could be formed from isomeric allyl
nitro compounds (Scheme 3A).
To explore the isomerization of β-alkyl nitroalkenes,

following experiments were carried out (Scheme 3B). The
results showed that 1a did not convert to 1a′ at DMF in 30 °C
or at CH3CN in 80 °C with 2a. However, 1a gradually
converted to 1a′ at DMF in 100 °C and remained an
equilibrium at 50% conversion, which demonstrated that DMF
could be served as a Lewis base17 to effectively promote the
isomerization of 1a at 100 °C; a proposed mechanism is

Scheme 2. Activation of β-Alkyl Nitroalkenes

Table 1. Optimization of Reaction Conditionsa

entry catalyst oxidant additive solvent
3a/4a/conv.

(%)b

1 DMSOc 45/0/100
2 I2 TBHPe DMSOc 61/5/100
3 TBAIf TBHP DMSOc 65/7/100
4 FeCl2 TBHP DMSOc 54/6/100
5 Fe(NO3)3 TBHP DMSOc 63/12/100
6 FeCl3 TBHP DMSOc 68/9/100
7 FeCl3 TBHP DMFc 87/3/100
8 FeCl3 DTBPg DMFc 92/0/100
9 FeCl3 K2S2O8 DMFc 61/5/100
10 FeCl3 H2O2 DMFc 19/9/100
11 FeCl3 DTBP DMFd 47/0/80
12 I2 TBHP CH3CN

d 9/72/100
13 FeCl3 TBHP CH3CN

d 13/80/100
14 FeCl3 DTBP CH3CN

c 12/75/100
15 TBAI TBHP CH3CN

d 0/94/100
16 TBAI K2S2O8 CH3CN

d 8/81/100
17 TBAI H2O2 CH3CN

d 10/78/100
18 TBAI TBHP DMF CH3CN

d 54/27/100
19 TBAI TBHP NaOAc CH3CN

d 62/30/100
20 TBAI TBHP Et3N CH3CN

d 0/84/100

aReaction conditions: 1a (0.5 mmol), 2a (1 mmol), catalyst (0.1
mmol), oxidant (1 mmol), additive (2 mmol), open air. bIsolated
yield. cReacted in 100 °C (oil bath), 2 h. dReacted in 80 °C (oil
bath), 2 h. eTBHP: 2-hydroperoxy-2-methylpropane. fTBAI:
tetrabutylammonium iodide. gDTBP: 2-(tert-butylperoxy)-2-methyl-
propane.
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outlined in Scheme 3C. Meanwhile, 1a′ could not be obtained
from 1a under the condition of FeCl3/DTBP and CH3CN as
solvents at 80 °C. It is noteworthy that 1a could be converted
to 1a′ in a small amount under the TBAI/TBHP condition
with CH3CN as the solvent in 80 °C.
To disclose the reaction process of 1a and 2a under the

condition A or B, the content of each component was
monitored (Scheme 3D). Under the condition A, 1a was
consumed rapidly; with the formation of 3a, 1a′ was formed
instantly. Overall, the 1a and 1a′ should be all converted to
product 3a. Under the condition B, the conversion of 1a to 1a′
is not likely to be the dominant one, so 2a reacted with 1a
directly to obtain 4a. Notably, the precursor S-(p-tolyl) 4-
methylbenzenesulfonothioate 2a′ of the sulfonylhydrazine
radical could be obtained under FeCl3/DTBP to participate
in the reaction. Under condition B, the reaction of 1a′ and 2a′
still gave 3a, which revealed the reaction selectivity was not
controlled by the sulfonyl radical source (Scheme 3E).
In addition, the conversion between 3a and 4a was

systematically attempted (Scheme 4). It found that 4a did
not converted to 3a under the condition A, and 3a could yield
4a in only 12% yield under the condition B, which
demonstrated that 4a is not likely formed from the
isomerization of 3a.

Based on these results, a possible mechanism is proposed in
Scheme 5. In the TBAI/TBHP or FeCl3/DTBP reaction
system, sulfonyl hydrazine converted to a sulfonyl radical.
Under the condition A, 1a was isomerized to an allyl nitro
compound (1a′), which reacted with sulfonyl radical easily to
afford allyl sulfone (3a). Under the condition B, the sulfonyl
radical preferentially reacted with 1a directly to obtain alkenyl
sulfone (4a). The key for the selectivity is not the formation of
the sulfonyl radical but the equilibrium of β-alkyl nitroalkene
and allyl nitro compound.

■ CONCLUSIONS
In conclusion, we have developed an oxidative radical reaction
of β-alkyl nitroalkenes and sulfonyl hydrazides. The reaction
proceeded under mild conditions and showed a wide substrate
scope. By tuning the solvent and catalytic system, the vinyl and
allyl sulfones could be selective obtained in good-to-excellent
yields. This work sheds some lights on the study of the diverse
reactivity of β-alkyl nitroalkenes.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise stated, all chemicals used

in the experiments were obtained from commercial sources and used
directly without further treatment. TLC was performed with the
detection of compounds with UV light. Flash column chromatography
purification of the products was accomplished on silica gel (200−300
mesh). Petroleum ether (PE) (60−90 °C) and ethyl acetate (EA)
were used as eluents for silica gel chromatography. Melting points for

Table 2. Scope of Allyl Sulfonesa

aGeneral conditions: β-alkyl nitroalkenes (0.5 mmol), sulfonyl
hydrazides (1 mmol), FeCl3 (0.1 mmol), and DTBP (1 mmol) in 3
mL of DMF, in 100 °C (oil bath) for 2 h; isolated yield based on β-
alkyl nitroalkenes.

Table 3. Scope of Vinyl Sulfonesa

aGeneral conditions: β-alkyl nitroalkenes (0.5 mmol), sulfonyl
hydrazides (1 mmol), TBAI (0.1 mmol), and TBHP (1 mmol) in 3
mL of CH3CN, in 80 °C (oil bath) for 2 h; isolated yield based on β-
alkyl nitroalkenes.
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all solid products were measured on an X − 4A melting point
apparatus without correction. 1H and 13C NMR spectra were
recorded at 22 °C on Bruker AV 400 MHz spectrometers with
tetramethylsilane (TMS) as an internal standard. 1H and 13C chemical
shifts in NMR spectra were referenced relative to signals of CDCl3 (δ
7.26 ppm for 1H and 77.0 ppm for 13C). High-resolution mass spectra
(HRMS) were acquired on Waters Acquity UPLC Class I/Xevo
G2Q−TOF.
General Procedure for the Synthesis of Allyl Sulfones. A

mixture of (E)-(1-nitroprop-1-en-2-yl)benzene (1a) (0.5 mmol), 4-
methylbenzenesulfonohydrazide (2a) (1 mmol), FeCl3 (0.1 mmol),
and DTBP (1 mmol) in 3 mL of DMF was stirred under an air
atmosphere in a 10 mL tube at 100 °C (oil bath). After the reaction

finished (as monitored by TLC), the mixture was quenched with
water and extracted with EtOAc (3 × 25 mL). The combined organic
layers were dried over anhydrous Na2SO4, and the solvent was
evaporated in vacuo. The resulting mixture was chromatographed on
silica gel by eluting with petroleum ether/ethyl acetate to provide the
product.

General Procedures for the Synthesis of 3a in the Gram
Scale. A mixture of (E)-(1-nitroprop-1-en-2-yl)benzene (1a) (5
mmol), 4-methylbenzenesulfonohydrazide (2a) (10 mmol), FeCl3 (1
mmol), and DTBP (10 mmol) in 12 mL of DMF was stirred under an
air atmosphere in a 25 mL tube at 100 °C (oil bath). After the
reaction finished (as monitored by TLC), the mixture was quenched
with water and extracted with EtOAc (3 × 25 mL). The combined
organic layers were dried over anhydrous Na2SO4, and the solvent was
evaporated in vacuo. The resulting mixture was chromatographed on
silica gel by eluting with petroleum ether/ethyl acetate to provide the
product 3a (1.12 g, 82%).

General Procedure for the Synthesis of Vinyl Sulfones. A
mixture of (E)-(1-nitroprop-1-en-2-yl)benzene (1a) (0.5 mmol), 4-
methylbenzenesulfonohydrazide (2a) (1 mmol), TBAI (0.1 mmol),
and TBHP (1 mmol) in 3 mL of CH3CN was stirred under an air
atmosphere in a 10 mL tube at 80 °C (oil bath). After the reaction
finished (as monitored by TLC), the mixture was quenched with
water and extracted with EtOAc (3 × 25 mL). The combined organic
layers were dried over anhydrous Na2SO4, and the solvent was
evaporated in vacuo. The resulting mixture was chromatographed on
silica gel by eluting with petroleum ether/ethyl acetate to provide the
product.

General Procedures for the Synthesis of 4a in the Gram
Scale. A mixture of (E)-(1-nitroprop-1-en-2-yl)benzene (1a) (5
mmol), 4-methylbenzenesulfonohydrazide (2a) (10 mmol), TBAI (1

Scheme 3. Control Experiments Scheme 4. Interconversion of 3a and 4a

Scheme 5. Plausible Mechanism
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mmol), and TBHP (10 mmol) in 12 mL of CH3CN was stirred under
an air atmosphere in a 25 mL tube at 80 °C (oil bath). After the
reaction finished (as monitored by TLC), the mixture was quenched
with water and extracted with EtOAc (3 × 25 mL). The combined
organic layers were dried over anhydrous Na2SO4, and the solvent was
evaporated in vacuo. The resulting mixture was chromatographed on
silica gel by eluting with petroleum ether/ethyl acetate to provide the
product 4a (1.13 g, 83%).
Characterization Data. S-(p-Tolyl) 4-Methylbenzenesulfono-

thioate (2a′).19 White solid (125.1 mg, 90%); mp 76−78 °C;
purification by silica gel chromatography (eluent: PE/EA = 20:1, Rf =
0.21); 1H NMR (400 MHz, CDCl3, ppm) δ 7.45 (d, J = 8.3 Hz, 2H),
7.25−7.19 (m, 4H), 7.13 (d, J = 8.0 Hz, 2H), 2.41 (s, 3H), 2.37 (s,
3H); 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 144.6, 142.0, 140.3,
136.4, 130.1, 129.3, 127.5, 124.5, 21.6, 21.4. HRMS (ESI-TOF) m/z:
[M + Na]+ calcd for C14H14O2S2Na 301.0327; found 301.0315.
1-Methyl-4-((2-phenylallyl)sulfonyl)benzene (3a).9c White solid

(125.1 mg, 92%); mp 97−98 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.13); 1H NMR (400
MHz, CDCl3, ppm) δ 7.64 (d, J = 5.32 Hz, 2H), 7.28−7.17 (m, 7H),
5.56 (s, 1H), 5.19 (s, 1H), 4.23 (s, 2H), 2.36 (s, 3H). 13C{1H} NMR
(100 MHz, CDCl3, ppm) δ 144.5, 138.7, 136.4, 135.3, 129.4, 128.5,
128.2, 127.8, 126.1, 121.6, 62.0, 21.4.
((2-Phenylallyl)sulfonyl)benzene (3b).9c White solid (117.4 mg,

91%); mp 45−47 °C; purification by silica gel chromatography
(eluent: PE/EA = 15:1, Rf = 0.11); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.77 (d, J = 5.20 Hz, 2H), 7.52 (t, J = 4.92 Hz, 1H), 7.40 (t, J
= 5.12 Hz, 2H), 7.27−7.20 (m, 5H), 5.57 (s, 1H), 5.20 (s, 1H), 4.26
(s, 2H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 138.6, 138.3,
136.3, 133.5, 128.8, 128.5, 128.3, 127.9, 126.1, 121.7, 61.9.
1-Fluoro-4-((2-phenylallyl)sulfonyl)benzene (3c).18 White solid

(115.9 mg, 84%); mp 84−86 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.12); 1H NMR (400
MHz, CDCl3, ppm) δ 7.76 (dd, J = 5.68, 3.44 Hz, 2H), 7.23 (m, 5H),
7.07 (t, J = 5.64 Hz, 2H), 5.60 (s, 1H), 5.24 (s, 1H), 4.28 (s, 2H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 165.7 (d, J = 256.3 Hz),
138.5, 136.5, 134.3 (d, J = 2.9 Hz), 131.5 (d, J = 9.6 Hz), 128.4,
128.1, 126.1, 122.0, 116.1 (d, J = 22.7 Hz), 62.2.
1-Nitro-3-((2-phenylallyl)sulfonyl)benzene (3d). White solid

(122.7 mg, 81%); mp 110−111 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.14); 1H NMR (400
MHz, CDCl3, ppm) δ 8.48 (s, 1H), 8.31 (d, J = 8.16 Hz, 1H), 8.05 (d,
J = 7.72 Hz, 1H), 7.59 (t, J = 7.96 Hz, 1H), 7.16 (s, 5H), 5.63 (s, 1H),
5.35 (s, 1H), 4.37 (s, 2H). 13C{1H} NMR (100 MHz, CDCl3, ppm)
147.8, 140.3, 137.9, 136.0, 134.0, 128.5, 128.3, 128.0, 126.1, 124.2,
122.8, 62.1. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C15H13NO4SNa 326.0457; found 326.0443.
1-Methoxy-3-(3-(phenylsulfonyl)prop-1-en-2-yl)benzene (3e).

White solid (128.2 mg, 89%); mp 78−80 °C; purification by silica
gel chromatography (eluent: PE/EA = 12:1, Rf = 0.13); 1H NMR
(400 MHz, CDCl3, ppm) δ 7.81−7.73 (m, 2H), 7.50 (t, J = 7.32 Hz,
1H), 7.40 (t, J = 7.96 Hz, 2H), 7.12 (t, J = 7.96 Hz, 1H), 6.83 (dt, J =
7.76, 0.68 Hz, 1H), 6.80−6.69 (m, 2H), 5.57 (s, 1H), 5.20 (s, 1H),
4.25 (s, 2H), 3.72 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ
159.2, 140.0, 138.1, 136.1, 133.5, 129.2, 128.7, 128.4, 121.8, 118.5,
113.2, 111.9, 61.8, 55.0. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C16H16O3SNa 311.0712; found 311.0698.
1-Methoxy-3-(3-tosylprop-1-en-2-yl)benzene (3f).9g White solid

(137.5 mg, 91%); mp 89−90 °C; purification by silica gel
chromatography (eluent: PE/EA = 12:1, Rf = 0.11); 1H NMR (400
MHz, CDCl3, ppm) δ 7.65 (d, J = 8.24 Hz, 2H), 7.24−7.10 (m, 3H),
6.89−6.80 (m, 1H), 6.80−6.70 (m, 2H), 5.57 (s, 1H), 5.21 (s, 1H),
4.23 (s, 2H), 3.75 (s, 3H), 2.37 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3, ppm) δ 159.3, 144.5, 140.2, 136.4, 135.2, 129.4, 129.2, 128.5,
121.8, 118.6, 113.2, 112.0, 62.1, 55.1, 21.4.
1-(3-((4-Bromophenyl)sulfonyl)prop-1-en-2-yl)-3-methoxyben-

zene (3g). White solid (159.2 mg, 87%); mp 138−140 °C;
purification by silica gel chromatography (eluent: PE/EA = 12:1, Rf
= 0.12); 1H NMR (400 MHz, CDCl3, ppm) δ 7.59 (d, J = 8.56 Hz,
2H), 7.52 (d, J = 8.60 Hz, 2H), 7.15 (t, J = 7.96 Hz, 1H), 6.78 (dd, J

= 7.88, 2.08 Hz, 2H), 6.68 (m, 1H), 5.60 (s, 1H), 5.26 (s, 1H), 4.25
(s, 2H), 3.76 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ
159.5, 139.9, 137.3, 136.3, 132.1, 130.2, 129.5, 129.1, 122.4, 118.7,
113.1, 112.5, 62.3, 55.3. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C16H15BrO3SNa 388.9817; found 388.9806.

1-Nitro-3-(3-(phenylsulfonyl)prop-1-en-2-yl)benzene (3h). White
solid (121.2 mg, 80%); mp 105−106 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.10); 1H NMR (400
MHz, CDCl3, ppm) δ 8.13−8.02 (m, 2H), 7.79 (d, J = 7.60 Hz, 2H),
7.68 (d, J = 7.64 Hz, 1H), 7.57 (t, J = 7.40 Hz, 1H), 7.46 (t, J = 7.60
Hz, 3H), 5.72 (s, 1H), 5.38 (s, 1H), 4.29 (s, 2H). 13C{1H} NMR
(100 MHz, CDCl3, ppm) δ 148.1, 140.4, 138.0, 134.6, 133.9, 132.2,
129.5, 129.1, 128.5, 124.5, 122.8, 121.1, 61.7. HRMS (ESI-TOF) m/
z: [M + H]+ calcd for C15H13NO4SH 304.0638; found 304.0638.

1-Nitro-3-(3-tosylprop-1-en-2-yl)benzene (3i). White solid (133.2
mg, 84%); mp 143−145 °C; purification by silica gel chromatography
(eluent: PE/EA = 15:1, Rf = 0.11); 1H NMR (400 MHz, CDCl3,
ppm) δ 8.09−7.94 (m, 2H), 7.66 (dd, J = 0.72, 6.68 Hz, 3H), 7.44 (t,
J = 8.04 Hz, 1H), 7.21 (d, J = 7.96 Hz, 2H), 5.69 (s, 1H), 5.35 (s,
1H), 4.27 (s, 2H), 2.35 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3,
ppm) δ 148.0, 145.0, 140.4, 134.9, 134.7, 132.3, 129.6, 129.4, 128.4,
124.3, 122.5, 121.0, 61.7, 21.4. HRMS (ESI-TOF) m/z: [M + Na]+

calcd for C16H15NO4SNa 340.0614; found 340.0601.
1-Nitro-3-(3-((4-nitrophenyl)sulfonyl)prop-1-en-2-yl)benzene

(3j). White solid (130.5 mg, 75%); mp 115−117 °C; purification by
silica gel chromatography (eluent: PE/EA = 15:1, Rf = 0.12); 1H
NMR (400 MHz, CDCl3, ppm) δ 8.35 (d, J = 7.84 Hz, 2H), 8.15 (d, J
= 8.92 Hz, 2H), 8.04 (d, J = 7.68 Hz, 2H), 7.72 (d, J = 7.96 Hz, 1H),
7.52 (t, J = 7.96 Hz, 1H), 5.79 (s, 1H), 5.38 (s, 1H), 4.36 (s, 2H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 150.9, 143.6, 139.9, 134.0,
132.2, 130.1, 129.8, 125.2, 124.3, 123.2, 121.1, 61.7. HRMS (ESI-
TOF) m/z: [M + Na]+ calcd for C15H12N2O6SNa 371.0308; found
371.0295.

1-Fluoro-4-((2-(4-methoxyphenyl)allyl)sulfonyl)benzene (3k).18

White solid (127.0 mg, 83%); mp 131−132 °C; purification by silica
gel chromatography (eluent: PE/EA = 15:1, Rf = 0.11); 1H NMR
(400 MHz, CDCl3, ppm) δ 7.81−7.72 (m, 2H), 7.18 (dt, J = 2.08,
4.64 Hz, 2H), 7.13−7.04 (m, 2H), 6.77 (dt, J = 2.12, 4.64 Hz, 2H),
5.61 (s, 1H), 5.32 (s, 1H), 4.22 (s, 2H), 3.87 (s, 3H). 13C{1H} NMR
(100 MHz, CDCl3, ppm) δ 165.7 (d, J = 256.2 Hz), 159.6, 135.9,
134.5, 131.5 (d, J = 9.6 Hz), 130.9, 127.4, 120.1, 116.0 (d, J = 22.7
Hz), 113.8, 62.4, 55.3.

1-Chloro-4-((2-(4-methoxyphenyl)allyl)sulfonyl)benzene (3l).18

White solid (140.1 mg, 87%); mp 120−121 °C; purification by silica
gel chromatography (eluent: PE/EA = 15:1, Rf = 0.14); 1H NMR
(400 MHz, CDCl3, ppm) δ 7.67 (d, J = 8.56 Hz, 2H), 7.37 (d, J =
8.52 Hz, 2H), 7.16 (dt, J = 1.92, 4.84 Hz, 2H), 6.76 (dt, J = 1.92, 4.88
Hz, 2H), 5.50 (s, 1H), 5.11 (s, 1H), 4.24 (s, 2H), 3.78 (s, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 159.6, 140.2, 136.9, 135.8,
130.8, 130.1, 129.0, 127.4, 120.2, 113.8, 62.4, 55.3.

1-Bromo-4-((2-(4-methoxyphenyl)allyl)sulfonyl)benzene (3m).18

Yellow oil (155.6 mg, 85%); purification by silica gel chromatography
(eluent: PE/EA = 15:1, Rf = 0.11); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.71 (d, J = 8.88 Hz, 2H), 7.30−7.26 (m, 2H), 7.00−6.89 (m,
4H), 5.55 (s, 1H), 5.20 (s, 1H), 4.24 (s, 2H), 3.87 (s, 3H). 13C{1H}
NMR (100 MHz, CDCl3, ppm) δ 163.8, 137.7, 135.9, 131.5, 130.8,
129.7, 127.9, 122.2, 122.1, 114.1, 62.3, 55.7.

1-Methoxy-4-((2-(p-tolyl)allyl)sulfonyl)benzene (3n). White solid
(137.5 mg, 91%); mp 93−94 °C; purification by silica gel
chromatography (eluent: PE/EA = 12:1, Rf = 0.10); 1H NMR (400
MHz, CDCl3, ppm), δ 7.68 (d, J = 8.72 Hz, 2H), 7.17 (d, J = 8.00 Hz,
2H), 7.05 (d, J = 7.88 Hz, 2H), 6.87 (d, J = 8.72 Hz, 2H), 5.54 (s,
1H), 5.12 (s, 1H), 4.23 (s, 2H), 3.83 (s, 3H), 2.30 (s, 3H). 13C{1H}
NMR (100 MHz, CDCl3, ppm) δ 163.5, 137.7, 136.5, 135.8, 130.7,
129.8, 129.0, 126.0, 120.7, 113.9, 62.2, 55.5, 21.0. HRMS (ESI-TOF)
m/z: [M + Na]+ calcd for C17H18O3SNa 325.0869; found 325.0855.

1-Fluoro-4-((2-(p-tolyl)allyl)sulfonyl)benzene (3o).18 White solid
(116.1 mg, 80%); mp 83−84 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.13); 1H NMR (400
MHz, CDCl3, ppm) δ 7.80−7.73 (m, 2H), 7.15−7.01 (m, 6H), 5.56
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(s, 1H), 5.16 (s, 1H), 4.26 (s, 2H), 2.31 (s, 3H). 13C{1H} NMR (100
MHz, CDCl3, ppm) δ 165.72 (d, J = 256.2 Hz), 138.1, 136.3, 135.6,
134.4 (d, J = 3.2 Hz), 131.52 (d, J = 9.6 Hz), 129.1, 126.0, 121.0,
116.0 (d, J = 22.7 Hz), 62.3, 21.0.
1-Methyl-4-(3-((4-nitrophenyl)sulfonyl)prop-1-en-2-yl)benzene

(3p). White solid (123.7 mg, 78%); mp 113−114 °C; purification by
silica gel chromatography (eluent: PE/EA = 15:1, Rf = 0.12); 1H
NMR (400 MHz, CDCl3, ppm) δ 8.19 (dt, J = 1.96, 8.88 Hz, 2H),
7.90 (dt, J = 2.24, 8.92 Hz, 2H), 7.13−6.94 (m, 4H), 5.58 (s, 1H),
5.22 (s, 1H), 4.33 (s, 2H), 2.28 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3, ppm) δ 150.5, 143.8, 138.5, 135.8, 135.0, 130.2, 129.2, 126.0,
123.8, 121.8, 62.3, 21.0. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C16H15NO4SNa 340.0614; found 340.0601.
1-Bromo-4-(3-((4-chlorophenyl)sulfonyl)prop-1-en-2-yl)benzene

(3q).18 Yellow oil (153.5 mg, 83%); purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.15); 1H NMR (400
MHz, CDCl3, ppm) δ 7.69 (d, J = 5.72 Hz, 2H), 7.41 (dd, J = 5.76,
6.96 Hz, 4H), 7.14 (d, J = 5.68 Hz, 2H), 5.60 (s, 1H), 5.22 (s, 1H),
4.23 (s, 2H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 140.7, 137.4,
136.6, 135.4, 131.6, 130.1, 129.3, 127.8, 122.6, 122.4, 62.1.
1-Fluoro-4-(3-tosylprop-1-en-2-yl)benzene (3r).9g White

solid (123.3 mg, 85%); mp 108−110 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.11); 1H NMR (400
MHz, CDCl3, ppm) δ 7.65 (d, J = 8.24 Hz, 2H), 7.31−7.24 (m, 4H),
6.93 (t, J = 6.56 Hz, 2H), 5.53 (s, 1H), 5.17 (s, 1H), 4.21 (s, 2H),
2.40 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 162.5 (d, J =
247.8 Hz), 144.8, 135.7, 135.4, 135.0 (d, J = 3.3 Hz), 129.6, 128.6,
128.1 (d, J = 8.2 Hz), 121.7, 115.2 (d, J = 21.6 Hz), 62.3, 21.5.
1-Bromo-3-(3-((4-nitrophenyl)sulfonyl)prop-1-en-2-yl)benzene

(3s). Yellow oil (150.5 mg, 79%); purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.14); 1H NMR (400
MHz, CDCl3, ppm) δ 8.25 (dt, J = 2.20, 8.84 Hz, 2H), 7.92 (dt, J =
2.24, 8.84 Hz, 2H), 7.34 (dt, J = 1.20, 7.84 Hz, 1H), 7.21−7.14 (m,
2H), 7.15−7.07 (m, 1H), 5.64 (s, 1H), 5.36 (s, 1H), 4.31 (s, 2H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 150.7, 143.7, 140.1, 134.8,
131.3, 130.1, 130.1, 129.3, 124.9, 124.0, 123.9, 122.7, 62.1. HRMS
(ESI-TOF) m/z: [M + K]+ calcd for C15H12BrNO4SK 419.9302;
found 419.9285.
4-(3-(Phenylsulfonyl)prop-1-en-2-yl)-1,1′-biphenyl (3t). Yellow

solid (155.4 mg, 93%); mp 106−108 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.12); 1H NMR (400
MHz, CDCl3, ppm) δ 7.87−7.76 (m, 2H), 7.59−7.52 (m, 3H), 7.50−
7.41 (m, 6H), 7.50−7.41 (m, 3H), 5.66 (s, 1H), 5.24 (s, 1H), 4.32 (s,
2H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 140.8, 140.3, 138.3,
137.5, 136.0, 133.6, 128.9, 128.8, 128.6, 127.5, 127.0, 126.9, 126.6,
121.7, 62.0. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C21H18O2SNa 357.0920; found 357.0904.
4-(3-Tosylprop-1-en-2-yl)-1,1′-biphenyl (3u).9c White solid (160.2

mg, 92%); mp 112−114 °C; purification by silica gel chromatography
(eluent: PE/EA = 15:1, Rf = 0.15); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.69 (d, J = 8.24 Hz, 2H), 7.62−7.53 (m, 2H), 7.52−7.41 (m,
4H), 7.40−7.32 (m, 3H), 7.22 (d, J = 7.96 Hz, 2H), 5.66 (s, 1H),
5.23 (s, 1H), 4.30 (s, 2H), 2.36 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3, ppm) δ 144.6, 140.7, 140.3, 137.5, 136.0, 135.3, 129.4, 128.7,
128.6, 127.4, 126.9, 126.9, 126.6, 121.6, 62.0, 21.5.
4-(3-((4-Methoxyphenyl)sulfonyl)prop-1-en-2-yl)-1,1′-biphenyl

(3v). Yellow solid (167.5 mg, 92%); mp 118−120 °C; purification by
silica gel chromatography (eluent: PE/EA = 12:1, Rf = 0.13); 1H
NMR (400 MHz, CDCl3, ppm) δ 7.79−7.63 (m, 2H), 7.56 (d, J =
3.68 Hz, 2H), 7.50−7.40 (m, 4H), 7.39−7.30 (m, 3H), 6.91−6.81
(m, 2H), 5.65 (s, 1H), 5.24 (s, 1H), 4.29 (s, 2H), 3.77 (s, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 163.6, 140.7, 140.3, 137.5,
136.3, 130.8, 129.8, 128.8, 127.5, 127.0, 126.9, 126.6, 121.6114.0,
62.3, 55.5. HRMS (ESI-TOF) m/z: [M + H]+ calcd for C22H20O3SH
365.1206; found 365.1191.
4-(3-((4-Bromophenyl)sulfonyl)prop-1-en-2-yl)-1,1′-biphenyl

(3w). Yellow oil (183.4 mg, 89%); purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.16); 1H NMR (400
MHz, CDCl3, ppm) δ 7.66−7.51 (m, 6H), 7.50−7.41 (m, 4H), 7.40−
7.27 (m, 3H), 5.67 (s, 1H), 5.27 (s, 1H), 4.32 (s, 2H). 13C{1H} NMR

(100 MHz, CDCl3, ppm) δ 141.0, 140.2, 137.2, 137.1, 135.9, 132.1,
130.2, 129.0, 128.8, 127.5, 127.1, 127.0, 126.6, 122.0, 62.1. HRMS
(ESI-TOF) m/z: [M + Na]+ calcd for C21H17BrO2SNa 435.0025;
found 435.0008.

2-(3-Tosylprop-1-en-2-yl)naphthalene (3x).9c White solid (145.0
mg, 90%); mp 114−116 °C; purification by silica gel chromatography
(eluent: PE/EA = 15:1, Rf = 0.12); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.80−7.74 (m, 1H), 7.73−7.67 (m, 2H), 7.64 (d, J = 8.20 Hz,
2H), 7.57 (d, J = 0.84 Hz, 1H), 7.50−7.37 (m, 3H), 7.09 (d, J = 8.04
Hz, 2H), 5.73 (s, 1H), 5.34 (s, 1H), 4.37 (s, 2H), 2.21 (s, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 144.6, 136.5, 135.8, 135.3,
132.9, 132.7, 129.4, 128.6, 128.1, 127.9, 127.4, 126.2, 126.2, 125.4,
124.0, 122.0, 62.2, 21.3.

(E)-1-Methyl-4-((2-phenylprop-1-en-1-yl)sulfonyl)benzene
(4a).9b White solid (127.9 mg, 94%); mp 90−91 °C; purification by
silica gel chromatography (eluent: PE/EA = 20:1, Rf = 0.12); 1H
NMR (400 MHz, CDCl3, ppm) δ 7.85 (d, J = 8.32 Hz, 2H), 7.47−
7.30 (m, 7H), 6.59 (d, J = 1.24 Hz, 1H), 2.52 (d, J = 1.20 Hz, 3H),
2.44 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 152.9, 144.1,
140.2, 139.3, 129.8, 129.8, 128.7, 127.8, 127.3, 126.3, 21.6, 17.2.

(E)-((2-Phenylprop-1-en-1-yl)sulfonyl)benzene (4b).9i Colorless
oil (118.7 mg, 92%); purification by silica gel chromatography
(eluent: PE/EA = 20:1, Rf = 0.11); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.98 (dt, J = 1.96, 7.24 Hz, 2H), 7.65−7.59 (m, 1H), 7.58−
7.51 (m, 2H), 7.45−7.32 (m, 5H), 6.61 (d, J = 1.20 Hz, 1H), 2.53 (d,
J = 1.12 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 153.4,
142.1, 140.0, 133.1, 129.8, 129.2, 128.6, 127.3, 127.1, 126.2, 17.1.

(E)-1-Bromo-4-((2-phenylprop-1-en-1-yl)sulfonyl)benzene (4c).
Yellow oil (151.2 mg, 90%); purification by silica gel chromatography
(eluent: PE/EA = 20:1, Rf = 0.13); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.83 (dt, J = 1.92, 8.60 Hz, 2H), 7.69 (dt, J = 1.84, 8.60 Hz,
2H), 7.46−7.33 (m, 5H), 6.57 (d, J = 1.16 Hz, 1H), 2.52 (d, J = 1.16
Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 154.2, 141.2,
139.9, 132.5, 130.0, 128.8, 128.8, 128.4, 127.0, 126.3, 17.3. HRMS
(ESI-TOF) m/z: [M + K]+ calcd for C15H13BrO2SK 374.9451; found
374.9442.

(E)-1-Fluoro-4-((2-phenylprop-1-en-1-yl)sulfonyl)benzene (4d).9b

Colorless oil (114.6 mg, 83%); purification by silica gel chromatog-
raphy (eluent: PE/EA = 20:1, Rf = 0.14); 1H NMR (400 MHz,
CDCl3, ppm) δ 8.03−7.93 (m, 2H), 7.43−7.32 (m, 5H), 7.27−7.19
(m, 2H), 6.58 (d, J = 1.20 Hz, 1H), 2.53 (d, J = 1.16 Hz, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 165.5 (d, J = 254.1 Hz),
153.8, 140.1, 138.3, 130.1, 130.0 (d, J = 1.6 Hz), 128.8, 127.3, 126.3,
116.5 (d, J = 22.5 Hz), 17.2.

(E)-1-Methoxy-3-(1-(phenylsulfonyl)prop-1-en-2-yl)benzene
(4e).9i White solid (131.1 mg, 91%); mp 64−66 °C; purification by
silica gel chromatography (eluent: PE/EA = 15:1, Rf = 0.11); 1H
NMR (400 MHz, CDCl3, ppm) δ 8.01−7.93 (m, 2H), 7.65−7.51 (m,
3H), 7.30−7.24 (m, 1H), 7.00−6.87 (m, 3H), 6.60 (d, J = 1.20 Hz,
1H), 3.80 (s, 3H), 2.51 (d, J = 1.20 Hz, 3H). 13C{1H} NMR (100
MHz, CDCl3, ppm) δ 159.8, 153.4, 142.2, 141.6, 133.3, 129.8, 129.3,
127.6, 127.3, 118.7, 115.2, 112.2, 55.4, 17.3.

(E)-1-Methoxy-3-(1-tosylprop-1-en-2-yl)benzene (4f).20 White
solid (140.5 mg, 93%); mp 70−72 °C; purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.15); 1H NMR (400
MHz, CDCl3, ppm) δ 7.84 (d, J = 8.28 Hz, 2H), 7.34 (d, J = 8.12 Hz,
2H), 7.26 (t, J = 7.52 Hz, 1H), 7.02−6.84 (m, 3H), 6.59 (d, J = 0.96
Hz, 1H), 3.80 (s, 3H), 2.50 (d, J = 0.88 Hz, 3H), 2.43 (s, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 159.7, 152.9, 144.2, 141.7,
139.3, 129.9, 129.8, 128.0, 127.3, 118.7, 115.1, 112.2, 55.4, 21.6, 17.3.

(E)-1-(1-((4-Bromophenyl)sulfonyl)prop-1-en-2-yl)-3-methoxy-
benzene (4g). Yellow oil (161.1 mg, 88%); purification by silica gel
chromatography (eluent: PE/EA = 15:1, Rf = 0.18); 1H NMR (400
MHz, CDCl3, ppm) δ 7.82 (dt, J = 2.24, 8.64 Hz, 2H), 7.69 (dt, J =
1.72, 8.64 Hz, 2H), 7.29 (d, J = 7.96 Hz, 1H), 7.00−6.86 (m, 3H),
6.57 (d, J = 1.20 Hz, 1H), 3.81 (s, 3H), 2.50 (d, J = 1.16 Hz, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 159.8, 154.1, 141.5, 141.2,
132.6, 132.5, 129.9, 128.8, 127.1, 118.7, 115.3, 112.2, 55.4, 17.4.
HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C16H15BrO3SNa
388.9817; found 388.9805.
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(E)-1-Bromo-3-(1-(phenylsulfonyl)prop-1-en-2-yl)benzene
(4h).7a White solid (151.2 mg, 90%); mp 82−84 °C; purification by
silica gel chromatography (eluent: PE/EA = 20:1, Rf = 0.13); 1H
NMR (400 MHz, CDCl3, ppm) δ 8.00−7.92 (m, 2H), 7.64−7.60 (m,
1H), 7.60−7.54 (m, 2H), 7.53−7.46 (m, 2H), 7.31 (dt, J = 1.40, 7.76
Hz, 1H), 7.25−7.20 (m, 1H), 6.58 (q, J = 1.28 Hz, 1H), 2.51 (d, J =
1.24 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 151.8,
142.3, 141.9, 133.5, 132.8, 130.3, 129.4, 129.3, 128.6, 127.3, 125.0,
122.9, 17.2.
(E)-1-Nitro-3-(1-tosylprop-1-en-2-yl)benzene (4i).9i Yellow oil

(139.5 mg, 88%); purification by silica gel chromatography (eluent:
PE/EA = 20:1, Rf = 0.12); 1H NMR (400 MHz, CDCl3, ppm) δ
8.22−8.21 (m, 2H), 7.86 (d, J = 8.28 Hz, 2H), 7.71 (d, J = 7.88 Hz,
1H), 7.58−7.56 (m, 1H), 7.37 (d, J = 8.04 Hz, 2H), 6.65 (d, J = 0.76
Hz, 1H), 2.58 (d, J = 1.12 Hz, 3H), 2.45 (s, 3H). 13C{1H} NMR (100
MHz, CDCl3, ppm) δ 149.9, 148.4, 144.8, 142.0, 138.6, 132.2, 130.3,
130.1, 129.9, 127.5, 124.3, 121.3, 21.6, 17.2.
(E)-4-(1-(Phenylsulfonyl)prop-1-en-2-yl)-1,1′-biphenyl (4j). Yel-

low oil (152.0 mg, 91%); purification by silica gel chromatography
(eluent: PE/EA = 20:1, Rf = 0.13); 1H NMR (400 MHz, CDCl3,
ppm) δ 8.01−7.99 (m, 2H), 7.62−7.59 (m, 7H), 7.57−7.47 (m, 4H),
7.37 (t, J = 7.16 Hz, 1H), 6.69 (d, J = 1.08 Hz, 1H), 2.58 (d, J = 0.96
Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 153.0, 142.9,
142.3, 139.9, 138.8, 133.3, 129.3, 129.0, 127.9, 127.4, 127.3, 127.2,
127.1, 126.8, 17.1. HRMS (ESI-TOF) m/z: [M + H]+ calcd for
C21H18O2SNa 335.1100; found 335.1101.
(E)-2-(1-Tosylprop-1-en-2-yl)naphthalene (4k). White solid

(144.9 mg, 90%); mp 124−126 °C; purification by silica gel
chromatography (eluent: PE/EA = 20:1, Rf = 0.14); 1H NMR (400
MHz, CDCl3, ppm) δ 7.93−7.89 (m, 3H), 7.85−7.82 (m, 3H), 7.54−
7.51 (m, 3H), 7.40−7.38 (m, 2H), 6.77 (s, 1H), 2.66 (s, 3H), 2.47 (s,
3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 152.8, 144.2, 139.4,
137.4, 133.8, 133.0, 129.9, 128.6, 128.5, 128.1, 127.6, 127.4, 127.2,
126.8, 126.3, 123.5, 21.6, 17.2. HRMS (ESI-TOF) m/z: [M + Na]+

calcd for C20H18O2SNa 345.0920; found 345.0905.
(E)-2-(1-((4-Bromophenyl)sulfonyl)prop-1-en-2-yl)naphthalene

(4l). Yellow oil (167.9 mg, 87%); purification by silica gel
chromatography (eluent: PE/EA = 20:1, Rf = 0.15); 1H NMR (400
MHz, CDCl3, ppm) δ 7.91−7.79 (m, 6H), 7.77−7.67 (m, 2H), 7.53−
7.46 (m, 3H), 6.72 (d, J = 1.16 Hz, 1H), 2.63 (d, J = 1.16 Hz, 3H).
13C{1H} NMR (100 MHz, CDCl3, ppm) δ 154.0, 141.3, 137.1, 133.9,
132.9, 132.6, 132.3, 130.1, 128.9, 128.6, 127.7, 127.4, 127.3, 126.9,
126.4, 123.4, 17.3. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C19H15BrO2SNa 408.9868; found 408.9883.
(E)-((2-Phenylbut-1-en-1-yl)sulfonyl)benzene (4m).18 Yellow oil

(119.7 mg, 88%); purification by silica gel chromatography (eluent:
PE/EA = 20:1, Rf = 0.16); 1H NMR (400 MHz, CDCl3, ppm) δ
8.00−7.95 (m, 2H), 7.65−7.58 (m, 1H), 7.58−7.52 (m, 2H), 7.40−
7.33 (m, 5H), 6.48 (s, 1H), 3.07 (q, J = 7.48 Hz, 2H), 0.97 (t, J = 7.44
Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 159.8, 142.4,
138.8, 133.2, 129.8, 129.3, 128.8, 127.2, 127.2, 126.8, 23.7, 13.1.
HRMS (ESI-TOF) m/z: [M + Na]+ calcd for C16H16O2SNa
295.0763; found 295.0750.
(E)-1-Methyl-4-((2-phenylbut-1-en-1-yl)sulfonyl)benzene (4n).15a

Yellow oil (130.2 mg, 91%); purification by silica gel chromatography
(eluent: PE/EA = 20:1, Rf = 0.11); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.83 (dd, J = 8.08, 8.24 Hz, 2H), 7.39−7.33 (m, 7H), 6.46 (s,
1H), 3.06 (q, J = 7.48 Hz, 2H), 2.43 (s, 3H), 0.97 (t, J = 7.48 Hz,
3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ 159.2, 144.1, 139.5,
139.0, 129.9, 129.6, 128.8127.5, 127.3, 126.8, 23.7, 21.6, 13.1. HRMS
(ESI-TOF) m/z: [M + H]+ calcd for C17H18O2SH 287.1100; found
287.1091.
(E)-1-Bromo-4-((2-phenylbut-1-en-1-yl)sulfonyl)benzene (4o).

Yellow oil (140.0 mg, 80%); purification by silica gel chromatography
(eluent: PE/EA = 20:1, Rf = 0.13); 1H NMR (400 MHz, CDCl3,
ppm) δ 7.84 (dt, J = 2.36, 8.68 Hz, 2H), 7.69 (dt, J = 2.32, 8.68 Hz,
2H), 7.40−7.35 (m, 5H), 6.44 (s, 1H), 3.05 (q, J = 7.48 Hz, 2H),
0.99 (t, J = 7.48 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, ppm) δ
160.5, 141.4, 138.7, 132.6, 129.9, 128.8, 128.8, 128.4, 126.8, 126.6,

23.8, 13.2. HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C16H15BrO2SNa 372.9868; found 372.9868.
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Zanella, G.; Vera, S.; Gömez-Bengoa, E.; Oiarbide, M.; Palomo, C. α-
Branched Ketone Dienolates: Base-Catalysed Generation and Regio-
and Enantioselective Addition Reactions. Chem. − Eur. J. 2019, 25,
9701−9709. (e) Qiu, G.; Zhou, K.; Gao, L.; Wu, J. Insertion of Sulfur
Dioxide via a Radical Process: an Efficient Route to Sulfonyl
Compounds. Org. Chem. Front. 2018, 5, 691−705. (f) Fang, Y.; Yuan,
M.; Zhang, J.; Zhang, L.; Jin, X.; Li, R.; Li, J. An Efficient and
Straightforward Route to Terminal Vinyl Sulfones via Palladium-
Catalyzed Suzuki Reactions of α-Bromo Ethenylsulfones. Tetrahedron
Lett. 2016, 57, 1460−1463. (g) Thuong, M.B.T.; Sottocornola, S.;
Prestat, G.; Broggini, G.; Madec, D.; Poli, G. New Access to Kainic
Acid via Intramolecular Palladium-Catalyzed Allylic Alkylation. Synlett
2007, 2007, 1521−1524. (h) López-Pérez, A.; Robles-Machín, R.;
Adrio, J.; Carlos Carretero, J. Oligopyrrole Synthesis by 1,3-Dipolar
Cycloaddition of Azomethine Ylides with Bissulfonyl Ethylenes.
Angew. Chem., Int. Ed. 2007, 46, 9261−9264. (i) Jeon, H.S.; Yeo, J.;
Jeong, Y.; Koo, S. Stereoselective and Convergent Syntheses of
Retinoic Acid and its Ester Derivatives by the Sulfone Olefination
Reaction. Synthesis 2004, 2004, 2813−2820.
(9) (a) Storozhenko, O. A.; Festa, A. A.; Detistova, G. I.; Rybakov,
V. B.; Varlamov, A. V.; van der Eycken, E. V.; Voskressensky, L. G.
Photoredox-Catalyzed Hydrosulfonylation of Arylallenes. J. Org.
Chem. 2020, 85, 2250−2259. (b) Luo, D.; Min, L.; Zheng, W.;
Shan, L.; Wang, X.; Hu, Y. N,N’-Disulfonylhydrazines: New
Sulfonylating Reagents for Highly Efficient Synthesis of (E)-Vinyl
Sulfones at Room Temperature. Tetrahedron 2020, 76, 131019−
131024. (c) Zhang, G.; Zhang, L.; Yi, H.; Luo, Y.; Qi, X.; Tung, C.-
H.; Wu, L.-Z.; Lei, A. Visible-light Induced Oxidant-free Oxidative
Cross-Coupling for Constructing Allylic Sulfones from Olefins and
Sulfinic Acids. Chem. Commun. 2016, 52, 10407−10410. (d) Huang,
Z.; Lu, Q.; Liu, Y.; Liu, D.; Zhang, J.; Lei, A. Regio- and
Stereoselective Oxysulfonylation of Allenes. Org. Lett. 2016, 18,
3940−3943. (e) Miao, M.; Luo, Y.; Xu, H.; Chen, Z.; Xu, J.; Ren, H.
Solvent-Controlled, Tunable Hydrosulfonylation of 3-Cyclopropyli-
deneprop-2-en-1-ones. Org. Lett. 2016, 18, 4292−4295. (f) Gao, X.;

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

https://dx.doi.org/10.1021/acs.joc.0c02869
J. Org. Chem. 2021, 86, 4018−4026

4025

https://dx.doi.org/10.1039/C5QO00004A
https://dx.doi.org/10.1039/C5QO00004A
https://dx.doi.org/10.1021/acs.orglett.9b02978
https://dx.doi.org/10.1021/acs.orglett.9b02978
https://dx.doi.org/10.1021/acs.orglett.9b02978
https://dx.doi.org/10.1021/acs.joc.7b00856
https://dx.doi.org/10.1021/acs.joc.7b00856
https://dx.doi.org/10.1021/acs.joc.7b00856
https://dx.doi.org/10.1002/chem.201501826
https://dx.doi.org/10.1002/chem.201501826
https://dx.doi.org/10.1002/chem.201501826
https://dx.doi.org/10.1021/ol4024248
https://dx.doi.org/10.1021/ol4024248
https://dx.doi.org/10.1039/c2cc38086b
https://dx.doi.org/10.1039/c2cc38086b
https://dx.doi.org/10.1039/C9OB00005D
https://dx.doi.org/10.1039/C9OB00005D
https://dx.doi.org/10.1021/acs.orglett.8b02481
https://dx.doi.org/10.1021/acs.orglett.8b02481
https://dx.doi.org/10.1002/anie.201709807
https://dx.doi.org/10.1002/anie.201709807
https://dx.doi.org/10.1002/anie.201709807
https://dx.doi.org/10.1021/acs.orglett.6b00324
https://dx.doi.org/10.1021/acs.orglett.6b00324
https://dx.doi.org/10.1021/acscatal.9b00544
https://dx.doi.org/10.1021/acscatal.9b00544
https://dx.doi.org/10.1021/acscatal.9b00544
https://dx.doi.org/10.1039/C8OB02971G
https://dx.doi.org/10.1039/C8OB02971G
https://dx.doi.org/10.1039/C8OB02971G
https://dx.doi.org/10.1002/adsc.201800674
https://dx.doi.org/10.1002/adsc.201800674
https://dx.doi.org/10.1039/C7GC02818K
https://dx.doi.org/10.1039/C7GC02818K
https://dx.doi.org/10.1039/C7OB00818J
https://dx.doi.org/10.1039/C7OB00818J
https://dx.doi.org/10.1039/C7OB00818J
https://dx.doi.org/10.1021/jo501171c
https://dx.doi.org/10.1021/jo501171c
https://dx.doi.org/10.1021/jo501171c
https://dx.doi.org/10.1039/D0OB00362J
https://dx.doi.org/10.1039/D0OB00362J
https://dx.doi.org/10.1039/D0OB00362J
https://dx.doi.org/10.1021/acscombsci.8b00152
https://dx.doi.org/10.1021/acscombsci.8b00152
https://dx.doi.org/10.1021/acscombsci.8b00152
https://dx.doi.org/10.1039/C8CC02377H
https://dx.doi.org/10.1039/C8CC02377H
https://dx.doi.org/10.1039/C7QO01105A
https://dx.doi.org/10.1039/C7QO01105A
https://dx.doi.org/10.1039/C7QO01105A
https://dx.doi.org/10.1039/C7OB01637A
https://dx.doi.org/10.1039/C7OB01637A
https://dx.doi.org/10.1039/C6CC03650C
https://dx.doi.org/10.1039/C6CC03650C
https://dx.doi.org/10.1021/acs.orglett.6b00821
https://dx.doi.org/10.1021/acs.orglett.6b00821
https://dx.doi.org/10.1021/acs.orglett.6b00821
https://dx.doi.org/10.1021/jacs.8b12657
https://dx.doi.org/10.1021/jacs.8b12657
https://dx.doi.org/10.2174/1568026615666150915111741
https://dx.doi.org/10.2174/1568026615666150915111741
https://dx.doi.org/10.2174/1568026615666150915111741
https://dx.doi.org/10.1039/C4OB01412J
https://dx.doi.org/10.1039/C4OB01412J
https://dx.doi.org/10.1021/jm401788m
https://dx.doi.org/10.1021/jm401788m
https://dx.doi.org/10.1021/jm401788m
https://dx.doi.org/10.1021/jm400294w
https://dx.doi.org/10.1021/jm400294w
https://dx.doi.org/10.1021/jm400294w
https://dx.doi.org/10.1002/med.20074
https://dx.doi.org/10.1002/med.20074
https://dx.doi.org/10.1016/j.biopha.2003.11.005
https://dx.doi.org/10.1016/j.biopha.2003.11.005
https://dx.doi.org/10.1021/ja973846k
https://dx.doi.org/10.1016/j.bmc.2020.115442
https://dx.doi.org/10.1016/j.bmc.2020.115442
https://dx.doi.org/10.1021/acs.orglett.9b02867
https://dx.doi.org/10.1021/acs.orglett.9b02867
https://dx.doi.org/10.1039/C9QO01058K
https://dx.doi.org/10.1039/C9QO01058K
https://dx.doi.org/10.1002/chem.201901694
https://dx.doi.org/10.1002/chem.201901694
https://dx.doi.org/10.1002/chem.201901694
https://dx.doi.org/10.1039/C7QO01073G
https://dx.doi.org/10.1039/C7QO01073G
https://dx.doi.org/10.1039/C7QO01073G
https://dx.doi.org/10.1016/j.tetlet.2016.02.065
https://dx.doi.org/10.1016/j.tetlet.2016.02.065
https://dx.doi.org/10.1016/j.tetlet.2016.02.065
https://dx.doi.org/10.1055/s-2007-982542
https://dx.doi.org/10.1055/s-2007-982542
https://dx.doi.org/10.1002/anie.200703258
https://dx.doi.org/10.1002/anie.200703258
https://dx.doi.org/10.1055/s-2004-834867
https://dx.doi.org/10.1055/s-2004-834867
https://dx.doi.org/10.1055/s-2004-834867
https://dx.doi.org/10.1021/acs.joc.9b02960
https://dx.doi.org/10.1016/j.tet.2020.131019
https://dx.doi.org/10.1016/j.tet.2020.131019
https://dx.doi.org/10.1016/j.tet.2020.131019
https://dx.doi.org/10.1039/C6CC04109D
https://dx.doi.org/10.1039/C6CC04109D
https://dx.doi.org/10.1039/C6CC04109D
https://dx.doi.org/10.1021/acs.orglett.6b01575
https://dx.doi.org/10.1021/acs.orglett.6b01575
https://dx.doi.org/10.1021/acs.orglett.6b02047
https://dx.doi.org/10.1021/acs.orglett.6b02047
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02869?ref=pdf


Pan, X.; Gao, J.; Huang, H.; Yuan, G.; Li, Y. Ammonium Iodide-
Induced Sulfonylation of Alkenes with DMSO and Water toward the
Synthesis of Vinyl Methyl Sulfones. Chem. Commun. 2015, 51, 210−
212. (g) Li, X.; Xu, X.; Zhou, C. Tetrabutylammonium Iodide
Catalyzed Allylic Sulfonylation of α-Methyl Styrene Derivatives with
Sulfonylhydrazides. Chem. Commun. 2012, 48, 12240−12242.
(h) Jiang, L.; Lei, Q.; Huang, X.; Cui, H.-L.; Zhou, X.; Chen, Y.-C.
Lewis Base Assisted Brønsted Base Catalysis: Direct Regioselective
Asymmetric Vinylogous Alkylation of Allylic Sulfones. Chem. − Eur. J.
2011, 17, 9489−9493. (i) Guo, H.; Ma, S. Highly Regio- and
Stereoselective Palladium(0) - Catalyzed Addition of Organoboronic
Acids with 1,2-Allenic Sulfones, Sulfoxides, or Alkyl- or Aryl-
Substituted Allenes in the Presence of Acetic Acid: An Efficient
Synthesis of E-Alkenes. Synthesis 2007, 2007, 2731−2745.
(10) (a) Huang, H.; Wang, W.; Zhou, Z.; Sun, B.; An, M.; Haeffner,
F.; Niu, J. Radical Ring-Closing/Ring-Opening Cascade Polymer-
ization. J. Am. Chem. Soc. 2019, 141, 12493−12497. (b) Kirihara, M.;
Yamamoto, J.; Noguchi, T.; Hirai, Y. Selective Synthesis of Sulfoxides
and Sulfones by Tantalum(V) Catalyzed Oxidation of Sulfides with
30% Hydrogen Peroxide. Tetrahedron Lett. 2009, 50, 1180−1183.
(11) For selected examples see: (a) Ueda, M.; Hartwig, J. F. Iridium-
Catalyzed, Regio- and Enantioselective Allylic Substitution with
Aromatic and Aliphatic Sulfinates. Org. Lett. 2010, 12, 92−94.
(b) Zheng, S.; Gao, N.; Liu, W.; Liu, D.; Zhao, X.; Cohen, T. Regio-
and Enantioselective Iridium-Catalyzed Allylation of Thiophenol:
Synthesis of Enantiopure Allyl Phenyl Sulfides. Org. Lett. 2010, 12,
4454−4457. (c) Trost, B. M.; Organ, M. G.; O’Doherty, G. A.
Asymmetric Synthesis of Allylic Sulfones Useful as Asymmetric
Building Blocks. J. Am. Chem. Soc. 1995, 117, 9662−9670.
(12) (a) Yang, F.-L.; Tian, S. -K. Sulfonyl Hydrazides as Sulfonyl
Sources in Organic Synthesis. Tetrahedron Lett. 2017, 58, 487−504.
(b) Chang, M.-Y.; Chen, H.-Y.; Wang, H.-S. Regiocontrolled
Synthesis of α-Sulfonylmethyl o-Nitrostyrenes via ZnI2-Mediated
Sulfonylation and AgNO2/Pd(PPh3)4-Promoted o-Nitration. J. Org.
Chem. 2017, 82, 10601−10610.
(13) (a) Wang, L.; Yue, H.; Yang, D.; Cui, H.; Zhu, M.; Wang, J.;
Wei, W.; Wang, H. Metal-free Oxidative Coupling of Aromatic
Alkenes with Thiols Leading to (E)-Vinyl Sulfones. J. Org. Chem.
2017, 82, 6857−6864. (b) Xue, Q.; Mao, Z.; Shi, Y.; Mao, H.; Cheng,
Y.; Zhu, C. Metal-free, One-pot Highly Selective Synthesis of (E)-
Vinyl Sulfones and Sulfoxides via Addition−Oxidation of Thiols with
Alkynes. Tetrahedron Lett. 2012, 53, 1851−1854. (c) Huang, X.;
Duan, D.; Zheng, W. Studies on Hydrozirconation of 1-Alkynyl
Sulfoxides or Sulfones and the Application for the Synthesis of
Stereodefined Vinyl Sulfoxides or Sulfones. J. Org. Chem. 2003, 68,
1958−1963.
(14) (a) Gancarz, R. A.; Kice, J. L. Photodecomposition of
Selenosulfonates and Their Facile Photoaddition to Alkenes.
Tetrahedron Lett. 1980, 21, 4155−4158. (b) Hopkins, P. B.; Fuchs,
P. L. Chlorosulfenylation-Dehydrochlorination Reactions. New and
Improved Methodology for the Synthesis of Unsaturated Aryl Sulfides
and Aryl Sulfones. J. Org. Chem. 1978, 43, 1208−1217. (c) Asscher,
M.; Vofsi, D. 954. Chlorine-activation by Redox-transfer. Part IV. The
Addition of Sulphonyl Chlorides to Vinylic Monomers and Other
Olefins. J. Chem. Soc. 1964, 4962−4971.
(15) (a) Zhang, G.; Fu, J.-G.; Zhao, Q.; Zhang, G.-S.; Li, M.-Y.;
Feng, C.-G.; Lin, G.-Q. Silver-Promoted Synthesis of Vinyl Sulfones
from Vinyl Bromides and Sulfonyl Hydrazides in Water. Chem.
Commun. 2020, 56, 4688−4691. (b) Aegurla, B.; Peddinti, R. K.
Metal-Free Sulfonylation of α,β-Conjugated Systems by Using
Sulfonyl Hydrazides. Asian J. Org. Chem. 2018, 7, 946−954.
(c) Keshari, T.; Kapoorr, R.; Yadav, L. D. S. Silver-Catalyzed
Denitrative Sulfonylation of β-Nitrostyrenes: A Convenient Approach
to (E)-Vinyl Sulfones. Eur. J. Org. Chem. 2016, 2016, 2695−2699.
(d) Nie, G.; Deng, X.; Lei, X.; Hu, Q.; Chen, Y. Mn(III)-mediated
Regioselective Synthesis of (E)-vinyl Sulfones from Sodium Sulfinates
and Nitro-olefins. RSC Adv. 2016, 6, 75277−75281. (e) Katrun, P.;
Hlekhlai, S.; Meesin, J.; Pohmakotr, M.; Reutrakul, V.; Jaipetch, T.;
Soorukram, D.; Kuhakarn, C. PhI(OAc)2 Mediated Decarboxylative

Sulfonylation of β-aryl-α,β-Unsaturated Carboxylic Acids: A Synthesis
of (E)-Vinyl Sulfones. Org. Biomol. Chem. 2015, 13, 4785−4794.
(f) Singh, R.; Allam, B. K.; Singh, N.; Kumari, K.; Singh, S. K.; Singh,
K. N. A Direct Metal-Free Decarboxylative Sulfono Functionalization
(DSF) of Cinnamic Acids to α,β-Unsaturated Phenyl Sulfones. Org.
Lett. 2015, 17, 2656−2659.
(16) (a) Tong, C.; Gan, B.; Yan, Y.; Xie, Y.-Y. TBAI/K2S2O8-
Facilitated Reaction of Sulfonylhydrazides with Alkynes: Facile
Synthesis of (E)-β-Iodovinyl Sulfones. Synth. Commun. 2017, 47,
1927−1933. (b) Xu, Y.; Zhao, J.; Tang, X.; Wu, W.; Jiang, H.
Chemoselective Synthesis of Unsymmetrical Internal Alkynes or Vinyl
Sulfones via Palladium-Catalyzed Cross-Coupling Reaction of Sodium
Sulfinates with Alkynes. Adv. Synth. Catal. 2014, 356, 2029−2039.
(c) Taniguchi, N. Aerobic Copper-Catalyzed Synthesis of (E)-Alkenyl
Sulfones and (E)-β-Halo-alkenyl Sulfones via Addition of Sodium
Sulfinates to Alkynes. Tetrahedron 2014, 70, 1984−1990. (d) Sawang-
phon, T.; Katrun, P.; Chaisiwamongkhol, K.; Pohmakotr, M.;
Reutrakul, V.; Jaipetch, T.; Soorukram, D.; Kuhakarn, C. An
Improved Synthesis of Vinyl- and β-Iodovinyl Sulfones by a Molecular
Iodine-Mediated One-pot Iodosulfonation Dehydroiodination Reac-
tion. Synth. Commun. 2013, 43, 1692−1707. (e) Li, X.; Shi, X.; Fang,
M.; Xu, X. Iron Halide-Mediated Regio- and Stereoselective
Halosulfonylation of Terminal Alkynes with Sulfonylhydrazides:
Synthesis of (E)-β-Chloro and Bromo Vinylsulfones. J. Org. Chem.
2013, 78, 9499−9504.
(17) (a) Rege, P. D.; Malkina, O. L.; Goroff, N. S. The Effect of
Lewis Bases on the 13C NMR of Iodoalkynes. J. Am. Chem. Soc. 2002,
124, 370−371. (b) Tschinkl, M.; Schier, A.; Riede, J.; Gabbaï, F. P.
Complexation of DMF and DMSO by a Monodentate Organo-
mercurial Lewis Acid. Organometallics 1999, 18, 2040−2042.
(18) Lei, X.; Zheng, L.; Zhang, C.; Shi, X.; Chen, Y. Allylic C-S Bond
Construction through Metal-Free Direct Nitroalkene Sulfonation. J.
Org. Chem. 2018, 83, 1772−1778.
(19) Zhang, G.-Y.; Lv, S.-S.; Shoberu, A.; Zou, J.-P. Copper-
Catalyzed TBHP-Mediated Radical Cross-Coupling Reaction of
Sulfonylhydrazides with Thiols Leading to Thiosulfonates. J. Org.
Chem. 2017, 82, 9801−9807.
(20) Sun, Y.; Jiang, J.; Guo, X.; Wen, J.; Zhang, X. Asymmetric
Hydrogenation of α,β-Unsaturated Sulfones by a Rhodium/
Thiourea−Bisphosphine Complex. Org. Chem. Front. 2019, 6,
1438−1441.

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

https://dx.doi.org/10.1021/acs.joc.0c02869
J. Org. Chem. 2021, 86, 4018−4026

4026

https://dx.doi.org/10.1039/C4CC07606K
https://dx.doi.org/10.1039/C4CC07606K
https://dx.doi.org/10.1039/C4CC07606K
https://dx.doi.org/10.1039/c2cc36960e
https://dx.doi.org/10.1039/c2cc36960e
https://dx.doi.org/10.1039/c2cc36960e
https://dx.doi.org/10.1002/chem.201100534
https://dx.doi.org/10.1002/chem.201100534
https://dx.doi.org/10.1055/s-2007-983822
https://dx.doi.org/10.1055/s-2007-983822
https://dx.doi.org/10.1055/s-2007-983822
https://dx.doi.org/10.1055/s-2007-983822
https://dx.doi.org/10.1055/s-2007-983822
https://dx.doi.org/10.1021/jacs.9b05568
https://dx.doi.org/10.1021/jacs.9b05568
https://dx.doi.org/10.1016/j.tetlet.2008.12.064
https://dx.doi.org/10.1016/j.tetlet.2008.12.064
https://dx.doi.org/10.1016/j.tetlet.2008.12.064
https://dx.doi.org/10.1021/ol9023248
https://dx.doi.org/10.1021/ol9023248
https://dx.doi.org/10.1021/ol9023248
https://dx.doi.org/10.1021/ol101915b
https://dx.doi.org/10.1021/ol101915b
https://dx.doi.org/10.1021/ol101915b
https://dx.doi.org/10.1021/ja00143a007
https://dx.doi.org/10.1021/ja00143a007
https://dx.doi.org/10.1016/j.tetlet.2016.12.058
https://dx.doi.org/10.1016/j.tetlet.2016.12.058
https://dx.doi.org/10.1021/acs.joc.7b02311
https://dx.doi.org/10.1021/acs.joc.7b02311
https://dx.doi.org/10.1021/acs.joc.7b02311
https://dx.doi.org/10.1021/acs.joc.7b00994
https://dx.doi.org/10.1021/acs.joc.7b00994
https://dx.doi.org/10.1016/j.tetlet.2012.01.135
https://dx.doi.org/10.1016/j.tetlet.2012.01.135
https://dx.doi.org/10.1016/j.tetlet.2012.01.135
https://dx.doi.org/10.1021/jo0111154
https://dx.doi.org/10.1021/jo0111154
https://dx.doi.org/10.1021/jo0111154
https://dx.doi.org/10.1016/S0040-4039(00)93676-1
https://dx.doi.org/10.1016/S0040-4039(00)93676-1
https://dx.doi.org/10.1021/jo00400a041
https://dx.doi.org/10.1021/jo00400a041
https://dx.doi.org/10.1021/jo00400a041
https://dx.doi.org/10.1039/jr9640004962
https://dx.doi.org/10.1039/jr9640004962
https://dx.doi.org/10.1039/jr9640004962
https://dx.doi.org/10.1039/D0CC00784F
https://dx.doi.org/10.1039/D0CC00784F
https://dx.doi.org/10.1002/ajoc.201700696
https://dx.doi.org/10.1002/ajoc.201700696
https://dx.doi.org/10.1002/ejoc.201600237
https://dx.doi.org/10.1002/ejoc.201600237
https://dx.doi.org/10.1002/ejoc.201600237
https://dx.doi.org/10.1039/C6RA17842A
https://dx.doi.org/10.1039/C6RA17842A
https://dx.doi.org/10.1039/C6RA17842A
https://dx.doi.org/10.1039/C5OB00417A
https://dx.doi.org/10.1039/C5OB00417A
https://dx.doi.org/10.1039/C5OB00417A
https://dx.doi.org/10.1021/acs.orglett.5b01037
https://dx.doi.org/10.1021/acs.orglett.5b01037
https://dx.doi.org/10.1080/00397911.2017.1337152
https://dx.doi.org/10.1080/00397911.2017.1337152
https://dx.doi.org/10.1080/00397911.2017.1337152
https://dx.doi.org/10.1002/adsc.201300945
https://dx.doi.org/10.1002/adsc.201300945
https://dx.doi.org/10.1002/adsc.201300945
https://dx.doi.org/10.1016/j.tet.2014.01.071
https://dx.doi.org/10.1016/j.tet.2014.01.071
https://dx.doi.org/10.1016/j.tet.2014.01.071
https://dx.doi.org/10.1080/00397911.2012.663448
https://dx.doi.org/10.1080/00397911.2012.663448
https://dx.doi.org/10.1080/00397911.2012.663448
https://dx.doi.org/10.1080/00397911.2012.663448
https://dx.doi.org/10.1021/jo401581n
https://dx.doi.org/10.1021/jo401581n
https://dx.doi.org/10.1021/jo401581n
https://dx.doi.org/10.1021/ja016290g
https://dx.doi.org/10.1021/ja016290g
https://dx.doi.org/10.1021/om990081b
https://dx.doi.org/10.1021/om990081b
https://dx.doi.org/10.1021/acs.joc.7b02595
https://dx.doi.org/10.1021/acs.joc.7b02595
https://dx.doi.org/10.1021/acs.joc.7b01121
https://dx.doi.org/10.1021/acs.joc.7b01121
https://dx.doi.org/10.1021/acs.joc.7b01121
https://dx.doi.org/10.1039/C8QO01291A
https://dx.doi.org/10.1039/C8QO01291A
https://dx.doi.org/10.1039/C8QO01291A
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02869?ref=pdf

