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a b s t r a c t

A new, operationally simple one-pot method has been developed for the regioselective synthesis of
a series of novel 4-olefinated dihydropyridines bearing various functional groups from the reaction of
pyridine, acylacetamides, and sulfuryl chlorides under mild conditions. In this multicomponent process,
subsequent the activation of pyridine by sulfuryl chloride/nucleophilic addition of acylacetonitrile
formed in situ/enolization/sulfonylation leads to the formation of final products.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Functionalization of nitrogen heterocycles represents a power-
ful tool for the synthesis of natural products and bioactive sub-
stances. Pyridines are an important class of structure motifs widely
present in many bioactive compounds and functional materials.1,2

The development of efficient methods for the functionalization
and transformation of commercially available pyridine compounds
is therefore highly desirable to provide facile access to numerousN-
heterocyclic compounds with bioactive and photo-electronic
functions. However, the chemistry to functionalize pyridines re-
mains a significant challenge because of the electron-deficient
nature of pyridine systems,3 as well as their poor regioselectivity
and strong coordination to transition metal centers. Considerable
efforts have been directed towards addressing these challenges,
and as a result a series of methods of functionalization of pyridines
have been established. The most notable of these methods include
traditional nucleophilic and electrophilic addition reactions to N-
activated pyridines (pyridinium salts),4 as well as the transition-
metal-catalyzed direct transformation of activated and unac-
tivated pyridines.5 Despite transition-metal-catalyzed functionali-
zation of pyridines has recently triggered widespread interest for
in_0912@126.com (T.-X. Liu),
synthetic flexibility and overall efficiency, the development of tra-
ditional metal-free organic transformation of pyridines is funda-
mental and important, given the particular purity requirements in
the areas of biological and medicinal chemistry.

Reactive N-activated pyridinium species, which can be pre-
formed or formed in situ from the corresponding pyridines, are
usually indispensable for the success of these traditional metal-free
transformations. Most of the reactions reported to date for the
functionalization of pyridines through the corresponding N-acti-
vated pyridinium species involve the use of alkyl halides, acyl
chlorides or chloroformates as activating agents to generate the
required pyridinium salts.4a,c,6 In contrast, there have been very few
reports pertaining to the preparation of activated pyridinium salts
by the N-sulfonylation of pyridines with triflic anhydrides or sul-
fonyl chlorides,7 especially for the latter. Katritzky and co-workers
investigated the nucleophilic addition of ketones to pyridine using
triflic anhydride as activating agents, which provided regioselective
access to a series of 4-(2-oxoalkyl) �1,4-dihydropyridines and
-pyridines (Scheme 1a).7c Furthermore, Corey and Tian reported
the regioselective 4-arylation of pyridines by the treatment of
pyridines with electron-rich aromatic compounds in the presence
of triflic anhydride (Scheme 1b).7d More recently, Clayden and Brice
prepared various spirocyclic and doubly spirocyclic heterocycles
using triflic anhydride to treat the pyridine containing a tethered
latent nucleophile (Scheme 1c).7e,f Herein, we report a new,
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regioselective one-pot procedure for the synthesis of 4-olefinated
dihydropyridine derivatives 4 bearing dihydropyridine, acryloni-
trile, and enol ester moieties by the reaction of pyridine with an
acetoacetamide/benzoylacetamide and a sulfonyl chloride (Scheme
1d). The dihydropyridine,8 cyano and acrylonitrile9 moieties pres-
ent in these products are powerful functional groups for synthetic
reactions. Furthermore, acrylonitrile moiety is the most common
scaffold embedded in various dyes, agrochemicals, herbicides, and
natural products.10 These a,b-unsaturated nitriles also form a core
motif of biologically important pharmaceuticals,11 for example,
entacapone12 and rilpivirine,13 which are used in the treatment of
Parkinson’s disease and HIV infections, respectively. Thus, this new
method might be used in a wide range of synthetic applications to
obtain complicated organic compounds, including pharmaceuticals
and functional materials.
Scheme 1. Organic transformation of pyridine via N-sulfonylation intermediates.
2. Results and discussion

Initially, readily available acetoacetamide 2a was treated with
2 equiv of tosyl chloride 3a in pyridine as a solvent at 25 �C for 18 h.
Surprisingly, this reaction afforded the highly functionalized dihy-
dropyridine 4aa as an unexpected product in 34% yield. The
structure of 4aa was unambiguously determined by X-ray analy-
sis,14 and the NOE spectrum revealed that the reaction occurred in
a stereoselective manner to give the E-isomer exclusively. This in-
teresting result promoted us to further optimize the reaction con-
ditions, as shown in Table 1. Lowering the reaction temperature to
0 �C led to an increase in the yield to 52% (Table 1, entry 2). When
the amount of tosyl chloride 3a was increased to 3 equiv, the yield
was improved drastically to 74% (Table 1, entry 3). Prolonging re-
action time to 24 h could further enhance the yield to 81% (Table 1,
entry 4). Further increasing the amount of tosyl chloride did not
lead to a further improvement in the yield (Table 1, entry 5).
However, when 4-chlorobenzenesulfonyl chloride 3f with an
electron-withdrawing group was employed instead of tosyl chlo-
ride 3a, the reaction only afforded the expected product 4af in 12%
yield (Table 1, entry 6). We then proceeded to investigate the effect
of several different solvents. Pleasingly, the yield of the desired
product 4af was improved to 65% when CH2Cl2 was used as the
solvent (Table 1, entry 7), while other solvents, such as DMF, DMSO,
toluene, THF and CH3CN were invalid or less effective (Table 1,
entries 8e12). Attempting to increase or decrease the quantity of
pyridine led to an obvious decrease in the yield of 4af (Table 1,
entries 13 and 14). We also found CH2Cl2 was compatible with tosyl
chloride 3a, giving the corresponding product 4aa in 83% yield
(Table 1, entry 15).

With the optimized conditions in hand, a variety of sulfonyl
chlorides 3 were first evaluated in the reaction of pyridine and
acetoacetamide 2a. As outlined in Table 2, various arylsulfonyl
chlorides 3ae3h with different substituents at different positions
on the phenyl ring reacted smoothly with pyridine and acetoace-
tamide 2a to give the corresponding 4-olefinated dihydropyridines
4aae4ah in moderate to good yields (35e83%). The position effect
of the substituent group on the phenyl ring of arylsulfonyl chloride
could be obviously observed, as exemplified for the para-, meta-
and ortho-methyl substituted arylsulfonyl chloride 3ae3c. The re-
action with arylsulfonyl chlorides 3fe3h bearing electron-
withdrawing groups (Cl, CO2Et and NO2) gave the lower yield
than the substrate with electron-rich groups, indicating that the
electronic effect of substituent group had a significant influence on
the reaction. b-Naphthalene sulfonylchloride gave a higher yield
than the corresponding a-substituted substrate, which might be
attributed to the steric hindrance. The use of 2-thiophenesulfonyl
chloride and methylsufonyl chloride as activating agents only
resulted in the formation of the desired products 4ak and 4al in 32%



Table 1
Screening of reaction conditionsa

Entry Molar ratio (1:2a:3) Solvent R Time (h) Yield (%)

1 Excess:1:2 Pyridine Me 18 34b

2 Excess:1:2 Pyridine Me 18 52
3 Excess:1:3 Pyridine Me 18 74
4 Excess:1:3 Pyridine Me 24 81
5 Excess:1:4 Pyridine Me 24 82
6 Excess:1:3 Pyridine Cl 24 12
7 10:1:3 CH2Cl2 Cl 24 65
8 10:1:3 DMF Cl 24 0
9 10:1:3 DMSO Cl 24 0
10 10:1:3 Toluene Cl 24 32
11 10:1:3 THF Cl 24 39
12 10:1:3 CH3CN Cl 24 35
13 20:1:3 CH2Cl2 Cl 24 35
14 5:1:3 CH2Cl2 Cl 24 24
15 10:1:3 CH2Cl2 Me 24 83

a All reactions were carried out at 0 �C unless specified otherwise.
b The reaction was performed at 25 �C.
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and 16%, respectively, and the exact reason are not clear at the
present stage. It was envisaged that the use of triflic anhydride in
this reaction would lead to nucleophilic attack predominantly at
the 4-position. However, only a small quantity of 3-
oxobutyronitrile was observed together with an unidentified
black residue.

Next, different benzoylacetamides were investigated to expand
the scope of this newmethod, as shown in Table 3. Interestingly, the
treatment of pyridine and benzoylacetamide 2bwith tosyl chloride
at 0 �C for 24 h, the reaction only afforded the expected product 4ba
in 32% yield, accompanied with the unwanted byproduct 5ba in
62% yield. Raising reaction temperature to 25 �C, the yield of
byproduct 5ba was enhanced to 90%, with only a trace amount of
4ba being observed. However, the desired product 4ba was ob-
tained in satisfactory yield of 79%, when the reaction temperature
proceeded at �20 �C. Moreover, the reactions of benzenesulfonyl
chloride and 4-nitrobenzenesulfonyl chloride with pyridine and
benzoylacetamide gave the desired products 4bd and 4bh in 77%
and 64% yield, respectively, under the same conditions. Based on
these results, we also investigated the reaction of pyridine with 4-
MeO-benzoylacetamide 2c or 4-Cl-benzoylacetamide 2d in the
presence of several different arylsulfonyl chlorides at�20 �C. To our
satisfactory, all of these reactions proceeded smoothly to afford the
desired products in moderate to good yields (52e75%). In addition,
other active methylene compounds, including acetylacetone 2e,
ethyl acetoacetate 2f, pivaloylacetonitrile 2g and 3-(1H-indol-3-yl)-
3-oxopropanenitrile 2hwere also investigated. Only the reaction of
pyridine, tosyl chloride and 2g afforded the corresponding product
4ga in 47% yield, while substrates 2e, 2f and 2h did not provide any
of the desired products 4ea, 4fa and 4ha but resulting instead in the
formation of a complex mixture.

To demonstrate the easy use of this method, the scale-up of the
reaction of pyridine (16 mL, 200 mmol), acetoacetamide 2a
(2.022 g, 20 mmol), and tosyl chloride 3a (11.44 g, 60 mmol) has
been examined. The reaction afforded corresponding product 4aa
(8.0 g, 85% yield) as a yellow solid under identical conditions, in-
dicating that the efficiency of the present method stays high at
large scale.

During the course of our investigation on the reaction of pyri-
dine, acetoacetamide 2a and p-nitrobenzenesulfonyl chloride 3h,
the mixture of (Z)- and (E)-1-cyanoprop-1-en-2-yl 4-
methylbenzenesulfonate 5ah was obtained in 21% yield, besides
the formation of desired product 4ah (Scheme 2a). However, the
compounds 5ah and 5ba could not be converted to the corre-
sponding dihydropyridine compounds 4ah and 4ba under the
standard conditions, indicating that they are not the intermediates



Table 2
Preparation of 4-olefinated dihydropyridines from pyridine, acetoacetamide and different sulfonyl chlorides

X. Zhao et al. / Tetrahedron 72 (2016) 4938e4946 4941
for the formation of 4-olefinated dihydropyridine derivatives
(Scheme 2b and c). To pursue the reaction mechanism in more
detail, the treatment of pyridine, 3-oxobutanenitrile 2i and p-
nitrobenzenesulfonyl chloride 3h afforded the same product 4ah in
a comparable yield, thus indicating that the 3-oxobutanenitrile
intermediate was generated during the transformation (Scheme
2d).

On the basis of the aforementioned experimental results, two
possible reaction mechanisms are proposed for sequential forma-
tion of 4-olefinated dihydropyridine derivatives 4 (Scheme 3).
Under the current reaction conditions, the pyridinium salt I and 3-
oxobutanenitrile or 3-oxo-3-phenylpropanenitriles II were gener-
ated in situ via the activation or dehydration of sulfuryl chloride,
respectively.4b,c,6,7,15 The subsequent nuclear addition of in-
termediate II to pyridinium salt I occurred in the presence of pyr-
idine as a base, which led to the formation of the key 4-(2-
oxopentanenitrile)-1,4-dihydropyridine III. Intermediate III would
then undergo sequential enolization and O-sulfonylation reactions
in the presence of pyridine to give the final product 4. Alternatively,
the direct nucleophilic addition of the amide 2 to pyridinium salt I
generated the corresponding intermediate IV, and then the in-
termediate IV undergo further dehydration and O-sulfonylation to
afford the product 4. The dual role of pyridine and the multiple role
of sulfuryl chloride are clearly disclosed in this interesting
transformation.

3. Conclusion

In summary, we have demonstrated a novel and operationally
convenient method for the highly regioselective synthesis of 4-
olefinated dihydropyridine derivatives bearing valuable reactive
units of dihydropyridine, acrylonitrile, and enol ester groups from
pyridine, acetoacetamide/benzoylacetamides and sulfuryl chlo-
rides. This methodology might be used in constructing a variety of
natural alkaloids, biologically active molecules, and functional
materials. Investigations aimed at the further functionalization of
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Scheme 2. Probe reaction mechanism.
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the dihydropyridine products resulting from this reaction, as well
as the broadening of the scope of this transformation, are currently
underway in our laboratory.

4. Experimental section

4.1. General

All chemicals, reagents, and solvents were purchased from
commercial sources and used without further treatment. 1H NMR
and 13C{1H} NMR spectra were recorded on a 400 or 600 MHz NMR
spectrometer. Data are represented as follows: chemical shift, in-
tegration, multiplicity (s¼singlet, d¼doublet, dd¼double doublet,
t¼triplet, q¼quartet, m¼multiplet), coupling constants in Hertz
(Hz). Chemical shifts are reported in d units, parts per million (ppm)
relative to the residual chloroform (1H 7.26 ppm and 13C 77.16 ppm)
in the deuterated solvent. All high resolution mass spectra (HRMS)
were performed on amass spectrometer via electrospray ionization
(ESI). Melting points were measured on a melting point apparatus
equipped with a thermometer and were uncorrected. All reactions
were monitored by TLC with GF254 silica gel pre-coated plates.
Flash chromatography was carried out on SiO2 (silica gel
200e300 mesh).

4.2. General Procedures for Preparing compounds 4aaL4al

To a conical flask (25 mL) were added a stir bar, pyridine
(6 mmol, 0.5 mL), sulfonyl chlorides (1.8 mmol) and CH2Cl2 (1 mL).
The flask was cooled to 0 �C and then acetoacetamide (0.6 mmol)
was added. The resulting reaction mixture was stirred at 0 �C for
24 h and was directly purified by flash column chromatography on
silica gel using petroleum ether and CH2Cl2 (v/v¼1:3) as the eluent.

Compound 4aa: 233.8 mg, 83%; yellow solid; mp 83e85 �C. 1H
NMR (400 MHz, CDCl3) d 7.79 (d, J¼8.0 Hz, 2H), 7.66 (d, J¼8.0 Hz,
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2H), 7.40 (d, J¼8.0 Hz, 2H), 7.32 (d, J¼8.0 Hz, 2H), 6.65 (dd, J¼8.4 Hz,
1.2 Hz, 2H), 4.56e4.50 (m, 2H), 4.08e4.03 (m, 1H), 2.48 (s, 3H), 2.42
(s, 3H), 2.19 (s, 3H). 13C{1H} NMR (100MHz, CDCl3) d 155.90, 146.69,
144.70, 134.77, 132.70, 130.47, 130.13, 128.13, 127.01, 124.86, 115.89,
111.87, 105.04, 31.84, 21.91, 21.73, 20.19. HRMS (ESI), m/z calcd for
C23H23N2O5S2 [MþH]þ 471.1043, found 471.1050.

Compound 4ab: 205.5 mg, 73%; yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.71 (d, J¼6.8 Hz, 2H), 7.60e7.46 (m, 4H), 7.41 (d, J¼4.8 Hz,
2H), 6.67 (d, J¼8.6 Hz, 0.8 Hz, 2H), 4.56e4.52 (m, 2H), 4.10e4.03 (m,
1H), 2.46 (s, 3H), 2.42 (s, 3H), 2.19 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 155.81,140.44,139.94,137.52,136.00,135.57,134.51,129.71,
129.33, 128.29, 127.22, 125.23, 124.86, 124.16, 115.76, 111.99, 105.05,
31.86, 21.50, 21.46, 20.23. HRMS (ESI), m/z calcd for C23H23N2O5S2
[MþH]þ 471.1043, found 471.1055.

Compound 4ac: 181.3 mg, 64%; yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.96 (d, J¼8.0 Hz, 1H), 7.92e7.87 (m, 1H), 7.60 (m, 1H),
7.50e7.38 (m, 3H), 7.36e7.29 (m, 2H), 6.69 (d, J¼8.4 Hz, 0.8 Hz, 2H),
4.66e4.59 (m, 2H), 4.21 (t, J¼3.6 Hz, 1H), 2.70 (s, 3H), 2.64 (s, 3H),
2.14 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) d 155.84, 138.75, 138.05,
137.06, 135.10, 134.98, 133.61, 133.24, 133.18, 129.70, 129.02, 126.94,
126.60, 125.13, 116.19, 112.26, 103.81, 32.11, 20.80, 20.63, 20.16.
HRMS (ESI), m/z calcd for C23H23N2O5S2 [MþH]þ 471.1043, found
471.1051.

Compound 4ad: 215.8 mg, 81%; yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.92 (d, J¼8.0 Hz, 2H), 7.82e7.72 (m, 3H), 7.62 (t, J¼8.0 Hz,
3H), 7.54 (t, J¼7.6 Hz, 2H), 6.67 (d, J¼8.0 Hz, 2H), 4.59e4.50 (m, 2H),
4.05 (t, J¼3.2 Hz, 1H), 2.19 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3)
d 155.80, 137.71, 135.76, 135.24, 133.69, 129.92, 129.57, 128.13,
127.03, 124.88, 115.70, 112.04, 105.20, 31.90, 20.25. HRMS (ESI), m/z
calcd for C21H19N2O5S2 [MþH]þ 443.0730, found 443.0727.

Compound 4ae: 240.7 mg, 80%; yellow solid; mp 44e46 �C. 1H
NMR (400 MHz, CDCl3) d 7.85e7.81 (m, 2H), 7.73e7.68 (m, 2H),
7.06e7.02 (m, 2H), 7.00e6.96 (m, 2H), 6.65 (dd, J¼8.4 Hz, 1.2 Hz,
2H), 4.58e4.52 (m, 2H), 4.08e4.04 (m,1H), 3.90 (s, 3H), 3.85 (s, 3H),
2.18 (s, 3H). 13C{1H} NMR (100MHz, CDCl3) d 164.86, 163.69, 155.94,
130.46, 129.20, 126.75, 124.87, 115.96, 115.02, 114.71, 111.74, 105.08,
56.05, 55.78, 31.83, 20.17. HRMS (ESI), m/z calcd for C23H23N2O7S2
[MþH]þ 503.0941, found 503.0962.
Compound 4af: 199.1 mg, 65%; yellow solid; mp 110e112 �C. 1H
NMR (400 MHz, CDCl3) d 7.86 (d, J¼8.8 Hz, 2H), 7.72 (d, J¼8.8 Hz,
2H), 7.60 (d, J¼8.8 Hz, 2H), 7.51 (d, J¼8.8 Hz, 2H), 6.67 (d, J¼8.0 Hz,
2H), 4.67e4.59 (m, 2H), 4.08 (t, J¼3.6 Hz, 1H), 2.20 (s, 3H). 13C{1H}
NMR (100 MHz, CDCl3) d 155.66, 142.24, 140.40, 135.99, 134.17,
130.29, 129.93, 129.50, 128.47, 124.80, 115.58, 112.17, 105.63, 31.99,
20.29. HRMS (ESI), m/z calcd for C21H17Cl2N2O5S2 [MþH]þ

510.9950, found 510.9962.
Compound 4ag: 186.1 mg, 53%; yellow oil. 1H NMR (400 MHz,

CDCl3) d 8.26 (d, J¼8.4 Hz, 2H), 8.19 (d, J¼8.4 Hz, 2H), 7.99 (d,
J¼8.4 Hz, 2H), 7.84 (d, J¼8.4 Hz, 2H), 6.70 (dd, J¼8.4 Hz, 0.8 Hz, 2H),
4.69e4.61 (m, 2H), 4.49e4.42 (q, J¼7.2 Hz, 2H), 4.42e436 (q,
J¼7.2 Hz, 2H), 4.08 (t, J¼3.6 Hz, 1H), 2.17 (s, 3H), 1.46e1.41 (t,
J¼7.2 Hz, 3H), 1.42e1.36 (t, J¼7.2 Hz, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 165.09,164.56,155.61,141.15,139.36,136.55,135.12, 130.91,
130.74, 128.12, 127.05, 124.76, 115.49, 112.24, 105.67, 62.33, 61.90,
31.99, 20.26, 14.37. HRMS (ESI),m/z calcd for C27H27N2O9S2 [MþH]þ

587.1152, found 587.1159.
Compound 4ah: 111.0 mg, 35%; yellow solid; mp 121e123 �C. 1H

NMR (400 MHz, CDCl3) d 8.46 (d, J¼8.8 Hz, 2H), 8.38 (d, J¼8.8 Hz,
2H), 8.15 (d, J¼8.8 Hz, 2H), 7.96 (d, J¼8.8 Hz, 2H), 6.72 (d, J¼7.6 Hz,
2H), 4.82e4.74 (m, 2H), 4.15 (t, J¼4.0 Hz, 1H), 2.17 (s, 3H). 13C{1H}
NMR (100 MHz, CDCl3) d 155.41, 150.76, 142.63, 141.26, 129.53,
128.41, 125.10, 124.95, 124.68, 115.10, 112.50, 106.49, 32.21, 20.36.
HRMS (ESI), m/z calcd for C21H16N4O9S2Na [MþNa]þ 555.0251,
found 555.0264.

Compound 4ai: 157.3 mg, 48%; yellow solid; mp 135e137 �C. 1H
NMR (400 MHz, CDCl3) d 8.59 (t, J¼10.0 Hz, 2H), 8.27 (d, J¼7.2 Hz,
1H), 8.21 (d, J¼8.4 Hz, 1H), 8.13 (d, J¼7.2 Hz, 1H), 8.07 (d, J¼8.4 Hz,
1H), 7.99 (d, J¼8.4 Hz, 1H), 7.93 (d, J¼8.4 Hz, 1H), 7.76e7.51 (m, 6H),
6.76 (d, J¼8.4 Hz, 2H), 4.56e4.45 (m, 2H), 4.14 (t, J¼3.2 Hz, 1H), 2.10
(s, 3H). 13C{1H} NMR (100 MHz, CDCl3) d 156.10, 136.73, 134.97,
134.56, 134.49, 134.34, 131.75, 130.56, 129.52, 129.41, 129.15, 128.76,
128.54,128.42,128.26,127.92,127.30,125.04,124.59,124.42,124.39,
124.31, 116.09, 111.78, 104.31, 31.91, 20.01. HRMS (ESI), m/z calcd for
C29H23N2O5S2 [MþH]þ 543.1043, found 543.1042.

Compound 4aj: 201.1 mg, 62%; yellow solid; mp 127e129 �C. 1H
NMR (400 MHz, CDCl3) d 8.48 (d, J¼1.6 Hz, 1H), 8.36 (d, J¼1.6 Hz,
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1H), 8.05e7.89 (m, 6H), 7.83 (dd, J¼8.8, 2.0 Hz, 1H), 7.68 (m, 5H),
6.71 (dd, J¼8.4,1.2 Hz, 2H), 4.56e4.48 (m, 2H), 4.09 (t, J¼3.6 Hz,1H),
2.18 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) d 155.88, 135.78, 135.33,
134.73, 132.41, 132.25, 131.93, 130.43, 130.38, 130.31, 130.04, 129.67,
129.56, 129.32, 128.60, 128.56, 128.27, 128.12, 127.82, 124.90, 122.07,
121.86, 115.80, 111.99, 105.14, 31.90, 20.30. HRMS (ESI),m/z calcd for
C29H22N2O5S2Na [MþNa]þ 565.0862, found 565.0860.

Compound 4ak: 86.5 mg, 32%; yellow solid; mp 88e90 �C. 1H
NMR (400 MHz, CDCl3) d 7.82 (dd, J¼15.2, 4.8 Hz, 2H), 7.62 (dd,
J¼13.4, 5.2 Hz, 2H), 7.21 (t, J¼4.4 Hz, 1H), 7.13 (t, J¼4.4 Hz, 1H), 6.69
(d, J¼8.4 Hz, 2H), 4.68e4.61 (m, 2H), 4.12 (t, J¼4.0 Hz, 1H), 2.26 (s,
3H). 13C{1H} NMR (100 MHz, CDCl3) d 156.00, 137.52, 135.87, 135.85,
135.07, 133.30, 133.05, 128.27, 127.93, 124.69, 115.56, 112.09, 105.98,
31.97, 20.09. HRMS (ESI), m/z calcd for C17H15N2O5S4 [MþH]þ

454.9858, found 454.9850.
Compound 4al: 31.3 mg, 16%; yellow oil. 1H NMR (400 MHz,

CDCl3) d 6.69 (d, J¼8.4 Hz, 2H), 4.91e4.83 (m, 2H), 4.29 (t, J¼4.4 Hz,
1H), 3.25 (s, 3H), 3.04 (s, 3H), 2.40 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 154.95, 125.15, 116.20, 112.47, 105.41, 40.01, 39.49, 32.39,
20.64. HRMS (ESI), m/z calcd for C11H15N2O5S2 [MþH]þ 319.0417,
found 319.0416.

4.3. General Procedures for Preparing compounds 4baL4ga

To a conicalflask (25mL)were added a stir bar, pyridine (3mmol,
0.25 mL), sulfonyl chlorides (0.9 mmol) and CH2Cl2 (1 mL). The flask
was cooled to �20 �C (for 4ga: 0 �C) and then aroylacetamide
(0.3 mmol) was added. The resulting reaction mixture was stirred
at �20 �C for 24 h and was directly purified by flash column
chromatography on silica gel using petroleum ether and CH2Cl2
(v/v¼1:3) as the eluent.

Compound 4ba: 126.7mg, 79%; yellow solid; mp 122e124 �C. 1H
NMR (400 MHz, CDCl3) d 7.73e7.67 (m, 2H), 7.46e7.40 (m, 2H),
7.37e7.32 (m, 3H), 7.32e7.28 (m, 2H), 7.21e7.15 (m, 2H), 7.12 (d,
J¼8.0 Hz, 2H), 6.76 (dd, J¼8.8, 1.2 Hz, 2H), 4.83e4.76 (m, 2H), 4.44
(m, 1H), 2.41 (s, 3H), 2.37 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3)
d 155.40, 146.10, 144.66, 134.95, 132.62, 131.15, 130.87, 130.16,
129.87, 128.92, 128.37, 128.35, 127.09, 125.17, 116.35, 111.82, 105.06,
21.79, 21.75. HRMS (ESI), m/z calcd for C28H25N2O5S2 [MþH]þ

533.1199, found 533.1195.
Compound 4bd: 116.2 mg, 77%; yellow oil. 1H NMR (400 MHz,

CDCl3) d 7.81 (d, J¼8.0 Hz, 2H), 7.65e7.49 (m, 6H), 7.37e7.27 (m,
5H), 7.15 (t, J¼7.6 Hz, 2H), 6.78 (d, J¼8.0 Hz, 2H), 4.87e4.78 (m, 2H),
4.46 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3) d 155.31, 137.69,
135.55, 134.68, 133.66, 131.30, 130.51, 129.54, 129.27, 128.81, 128.39,
128.24, 127.03, 125.07, 116.14, 111.80, 105.29, 33.34. HRMS (ESI),m/z
calcd for C26H21N2O5S2 [MþH]þ 505.0886, found 505.0886.

Compound 4bh: 114.8 mg, 64%; yellow solid; mp 133e135 �C. 1H
NMR (400 MHz, CDCl3) d 8.35e8.25 (m, 2H), 8.10e7.98 (m, 2H),
7.96e7.87 (m, 2H), 7.68e7.57 (m, 2H), 7.30e7.19 (m, 1H), 7.16 (d,
J¼7.2 Hz, 2H), 7.07 (t, J¼7.6 Hz, 2H), 6.74 (d, J¼8.4 Hz, 2H), 5.01e4.89
(m, 2H), 4.46 (m,1H).13C{1H}NMR (100MHz, CDCl3) d154.76,150.78,
150.51, 142.49, 140.80, 131.66, 129.66, 129.53, 128.69, 128.48, 128.28,
124.75, 124.66, 124.06, 115.31, 112.11, 106.36, 33.29. HRMS (ESI), m/z
calcd for C26H18N4O9S2Na [MþNa]þ 617.0407, found 617.0403.

Compound 4ca: 126.1 mg, 75%; yellow solid; mp 113e115 �C. 1H
NMR (400 MHz, CDCl3) d 7.69 (d, J¼8.4 Hz, 2H), 7.46 (d, J¼8.4 Hz,
2H), 7.36e7.28 (m, 4H), 7.15 (d, J¼8.0 Hz, 2H), 6.74 (dd, J¼8.4 Hz,
1.2 Hz, 2H), 6.71e6.65 (m, 2H), 4.82e4.73 (m, 2H), 4.38 (m,1H), 3.77
(s, 3H), 2.41 (s, 3H), 2.38 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3)
d 161.88, 155.40, 146.01, 144.62, 134.88, 132.68, 130.66, 130.13,
129.85, 128.34, 127.04, 124.94, 122.97, 116.79, 113.74, 109.85, 105.29,
55.51, 33.21, 21.77, 21.73. HRMS (ESI),m/z calcd for C29H26N2O6S2Na
[MþNa]þ 585.1124, found 585.1123.

Compound 4cd: 115.7 mg, 72%; yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.81 (d, J¼8.0 Hz, 2H), 7.65e7.50 (m, 6H), 7.37 (t, J¼7.6 Hz,
2H), 7.29 (d, J¼8.4 Hz, 2H), 6.76 (d, J¼8.4 Hz, 2H), 6.65 (d,
J¼8.8 Hz, 2H), 4.84e4.75 (m, 2H), 4.38 (t, J¼3.2 Hz, 1H), 3.76 (s,
3H). 13C{1H} NMR (100 MHz, CDCl3) d 161.90, 155.33, 137.77,
135.77, 134.62, 133.64, 130.63, 129.54, 129.30, 128.30, 127.05,
124.93, 122.77, 116.61, 113.82, 109.97, 105.50, 55.53, 33.26. HRMS
(ESI), m/z calcd for C27H23N2O6S2 [MþH]þ 535.0992, found
535.0992.

Compound 4ch: 125.2 mg, 67%; yellow solid; mp 126e128 �C.
1H NMR (400MHz, CDCl3) d 8.36 (d, J¼8.8 Hz, 2H), 8.13 (d, J¼8.8 Hz,
2H), 7.99 (d, J¼8.8 Hz, 2H), 7.71 (d, J¼8.8 Hz, 2H), 7.17 (d, J¼8.8 Hz,
2H), 6.80 (d, J¼8.0 Hz, 2H), 6.62 (d, J¼8.8 Hz, 2H), 5.03e4.93 (m,
2H), 4.48 (t, J¼4.0 Hz, 1H), 3.73 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 162.36, 154.95, 150.97, 150.69, 142.72, 141.21, 130.66,
129.75, 128.45, 124.93, 124.72, 124.20, 121.86, 115.93, 114.00, 110.51,
106.73, 55.63, 33.43. . HRMS (ESI), m/z calcd for C27H20N4O10S2Na
[MþNa]þ 647.0513, found 647.0511.

Compound 4da: 117.7 mg, 69%; yellow solid; mp 109e111 �C. 1H
NMR (400 MHz, CDCl3) d 7.69 (d, J¼8.4 Hz, 2H), 7.45 (d, J¼8.4 Hz,
2H), 7.35e7.25 (m, 4H), 7.21e7.11 (m, 4H), 6.76 (d, J¼7.6 Hz, 2H),
4.82e4.70 (m, 2H), 4.41 (t, J¼3.6 Hz, 1H), 2.41 (s, 6H). 13C{1H} NMR
(100 MHz, CDCl3) d 154.06, 146.54, 144.72, 137.49, 134.82, 132.41,
130.20, 130.16, 129.99, 129.32, 128.70, 128.34, 127.07, 125.26, 116.11,
112.18, 104.80, 33.37, 21.81, 21.75. HRMS (ESI), m/z calcd for
C28H24ClN2O5S2 [MþH]þ 567.0810, found 567.0809.

Compound 4dd: 102.0 mg, 63%; yellow oil. 1H NMR (400 MHz,
CDCl3) d 7.81 (d, J¼7.2 Hz, 2H), 7.64e7.51 (m, 6H), 7.39 (t, J¼8.0 Hz,
2H), 7.28 (d, J¼8.4 Hz, 2H), 7.14 (d, J¼8.4 Hz, 2H), 6.78 (d, J¼8.0 Hz,
2H), 4.83e4.75 (m, 2H), 4.42 (t, J¼3.6 Hz, 1H). 13C{1H} NMR
(100 MHz, CDCl3) d 153.99, 137.71, 137.60, 135.52, 134.90, 133.71,
130.15, 129.57, 129.45, 129.17, 128.76, 128.28, 127.05, 125.24, 115.92,
112.27, 104.99, 33.42. HRMS (ESI), m/z calcd for C26H20ClN2O5S2
[MþH]þ 539.0497, found 539.0497.

Compound 4dh: 98.7 mg, 52%; yellow solid; mp 130e132 �C. 1H
NMR (400 MHz, CDCl3) d 8.37 (d, J¼8.8 Hz, 2H), 8.21 (d, J¼8.8 Hz,
2H), 7.98 (d, J¼8.8 Hz, 2H), 7.75 (d, J¼8.8 Hz, 2H), 7.24e7.15 (m, 4H),
6.82 (d, J¼8.0 Hz, 2H), 5.00e4.91 (m, 2H), 4.49 (t, J¼4.0 Hz, 1H). 13C
{1H} NMR (100 MHz, CDCl3) d 153.44, 151.05, 150.63, 142.54, 140.83,
138.34, 129.97, 129.57, 128.96, 128.33, 124.92, 124.82, 124.33, 115.15,
112.62, 106.05, 33.50. HRMS (ESI), m/z calcd for C26H17ClN4O9S2Na
[MþNa]þ 651.0018, found 651.0019.

Compound 4ga: 144.1 mg, 47%; yellow solid; mp 129e131 �C.
1H NMR (600 MHz, CDCl3) d 7.80 (d, J¼8.4 Hz, 2H), 7.69 (d,
J¼8.0 Hz, 2H), 7.38 (d, J¼8.0 Hz, 2H), 7.33 (d, J¼8.0 Hz, 2H), 6.73 (d,
J¼8.4 Hz, 2H), 4.78 (dd, J¼8.4, 3.6 Hz, 2H), 4.26 (s, 1H), 2.47 (s, 3H),
2.42 (s, 3H), 1.26 (s, 9H). 13C NMR (150 MHz, CDCl3) d 166.25,
146.23, 144.60, 135.01, 133.36, 130.26, 130.13, 127.87, 127.12, 124.96,
115.94, 111.53,105.25, 38.43, 35.03, 29.11, 26.26, 21.92, 21.78. HRMS
(ESI), m/z calcd for C26H28N2O5S2 [MþNa]þ 535.1332, found
535.1332.

Compound 5ah1 (Z-isomer): 19.2 mg, 12%; white solid; mp
84e86 �C. 1H NMR (400 MHz, CDCl3) d 8.46 (d, J¼8.8 Hz, 2H), 8.26
(d, J¼8.8 Hz, 2H), 5.11 (s, 1H), 2.35 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 163.91, 151.62, 140.71, 130.12, 124.92, 112.88, 91.11, 21.57.
HRMS (ESI), m/z calcd for C10H9N2O5S [MþH]þ 269.0227, found
269.0235.

Compound 5ah2 (E-isomer): 14.7 mg, 9%; yellow solid; mp
72e74 �C. 1H NMR (400MHz, CDCl3) d 8.47 (d, J¼8.8 Hz, 2H), 8.17 (d,
J¼8.8 Hz, 2H), 5.33 (s, 1H), 2.24 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) d 165.47, 151.60, 140.71, 129.81, 125.01, 114.32, 91.34, 20.12.
HRMS (ESI), m/z calcd for C10H9N2O5S [MþH]þ 269.0227, found
269.0231.

Compound 5ba:16 161.2 mg, 90%; white solid; mp 109e111 �C.
1H NMR (400 MHz, CDCl3) d 7.92e7.86 (m, 2H), 7.52e7.47 (m,
2H), 7.50 (s, 1H), 7.44e7.34 (m, 4H), 5.58 (s, 1H), 2.47 (s, 3H). 13C
{1H} NMR (100 MHz, CDCl3) d 162.81, 146.55, 132.41, 132.28,
131.82, 130.20, 129.04, 128.91, 126.96, 114.07, 89.45, 21.95. HRMS
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(ESI), m/z calcd for C16H13NO3SNa [MþNa]þ 322.0508, found
322.0519.
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