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1,4-Diazabicyclo[2.2.2]octane (DABCO)-Catalyzed [4+2] Domino
Reaction of Allenoates: Synthesis of Benzo[4,5]thieno-
[3,2-b]pyran Derivatives

Jia, Jiru Yu, Aimin Liu, Xuguang Meng, Xiangtai™
(“ Tianjin Key Laboratory of Organic Solar Cells and Photochemical Conversion, School of Chemistry &
Chemical Engineering, Tianjin University of Technology, Tianjin 300384 China)

Abstract A 1,4-diazabicyclo[2.2.2]octane (DABCO)-catalyzed [4-+2] annulation reaction between 2-alkylidenebenzothio
phene-3(2H)-ones and allenoate has been developed. The substrate scope includes both electron-withdrawing and elec-
tron-donating groups on the benzothiophene moiety. This method can be carried out under mild conditions and gives a wide

range of highly functionalized benzothiophene-fused y-pyran derivatives in good yields with moderate selectivity.
Keywords domino reaction; allenoate; benzothiophene derivatives

1 Introduction

Benzothiophene-fused y-pyran derivatives are important
structural skeletons in biologically active compounds.'
For example, some benzo[b]thieno[3,2-b]pyran derivatives
have pronounced anti-asthmatic activity.”) This has moti-
vated considerable efforts in exploring various strategies
for their synthesis. Some reports include a C—H bond ac-
tivation approach from benzothiophene and carboxylic
acids as substrates.’) In another report, 2,3-substituted
benzothiophene derivatives were converted into benzothi-
ophene-fused pyran derivatives.!”! Although many methods
have been described to synthesize these skeletons, there are
only a few reports of the efficient synthesis of these target
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molecules using domino reaction.”’ We recently reported
many domino reactions based on thioaurones. For exam-
ple, the reaction of thioaurones bearing a hydroxyl group
with allenoate gave benzothiophene-fused dioxabicy-
clo[3.3.1]nonane derivatives (Scheme 1a).[) Moreover,
when the thioaurone analogs reacted with y-benzyl alleno-
ates, a series of benzothieno[3,2-b]pyran derivatives were
obtained (Scheme 1b)."”) In line with our program aiming
toward the development of domino reactions for the effi-
cient construction of benzothiophene-fused heterocyclic
compounds,”® we reported a [4+2] pericyclic reaction
between thioaurone analogs and non-substituted alleno-
ate.” ' Two new types of benzothiophene-fused pyran
derivatives were obtained (Scheme 1c¢).
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Scheme 1 Domino reactions between thioaurones with alleno-
ates

2 Results and discussion

To optimize the reaction conditions, Reactions of methyl
(Z2)-2-(5-methyl-3-oxobenzo-[b]thiophen-2(3 H)-ylidene)
acetate (1a) with allenoate 2 was selected in the presence
of DABCO (10 mol%) in CHCI; at 60 ‘C for 2 h. The
reaction proceeded smoothly and obtained the product 3a
in 46% yield along with the product 4a in 15% yield (Ta-
ble 1, Entry 1). The structure of 3a was determined using
single-crystal X-ray diffraction (Figure 1),y NMR, and
HRMS. The structure of 4a was determined using
2D-NMR. After confirming the structures of the two new
products, the effect of the solvent on the yield and regiose-
lectivity were then examined. From Entries 2~11, it was
found that when MeOH was used as the solvent, the yield
increased slightly and the ratio of 3a and 4a increased to
5 71 (Entry 2). However, when the reaction was carried
out in EtOH, moderate yields and regioselectivity were
observed (Entry 3). No improvement in yields was ob-
tained when the reactions were carried out in the strong
polar solvents of DMSO and DMF (Entries 4 and 5). When
the reactions were performed in toluene or 1,4-dioxane,
only moderate yields and regioselectivity were obtained in
both solvents (Entries 6 and 7). With THF as the solvent,
the reaction proceeded smoothly to produce 3a and 4a in
62% yield with 1 © 1 regioselectivity (Entry 8). Therefore,

2176 http://sioc-journal.cn/

MeOH was selected as the solvent and the effect of the
catalysts was determined. When 4-dimethylaminopyridine
(DMAP) was used as catalyst, the starting materials were
consumed but a very complex mixture was obtained (Entry
9). Phosphines were also tested, but the reaction was still
complex, such as PPh; and "Bu;P (Entries 10 and 11).
Therefore, DABCO was selected as the catalyst.

Table 1 Optimization of the domino reaction”
O

\@E[g_\ . = Cat.
— CO,Bn Solvent, t
s co,Me )
1a CO,Bn
COBn
) \
S CO,Me s CO,Me
3a 4a
. A Yield"/%
Entry’ Solvent Catalyst Time/h a a
1 CHCl, DABCO 2.0 46 15
2  MeOH DABCO 2.2 64 13
3 EtOH DABCO 2.0 32 32
4 DMSO DABCO 1.2 21 3
5 DMF DABCO 2.0 16 16
6  Toluene DABCO 2.5 34 17
7 1,4-Dioxane DABCO 2.2 34 17
8 THF DABCO 2.2 31 31
9 MeOH DMAP 3.0 — —
10 MeOH PPh; 3.0 — —
11 MeOH "Bu;P 3.0 — —

© 2019 Chinese Chemical Society & SIOC, CAS

“ Unless otherwise noted, reactions of 1a (0.2 mmol) with 2 (0.24 mmol) were
performed in the presences of catalyst (0.1 equiv.) in 2 mL of solvent at 60 C.
® Isolated yields.

Figure 1 X-ray crystal structure of 3a

Having established the optimal reaction conditions, we
explored the substrate scope of the domino reactions with
regard to the substitution at 1 (Table 2). The effect of the
ester group (R?) was first examined when R' was a methyl
group at the C5 position. Substrate 1 bearing an ethyl ester
gave 3b and 4b in 79% yield with a 2 { 1 regioselectivity.
Similarly, benzyl-substituted substrate 1c led to the corre-
sponding products 3¢ and 4¢ in 72% yield with 4 © 1 regi-
oselectivity. When a halogen group was installed in the C5
position (R"), the corresponding products 3d~3f and 4d~
4f were obtained in 49%~72% yields with 3 I 1~4 1

Chin. J. Org. Chem. 2019, 39, 2175~2182
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Table 2 Scope of the [4+2] domino reaction™
0 / COan
0 0
X DABCO N)—C0,Bn
R R A __DABLYD 2
@Végﬂw COBn  CH;OH.60°C R ) RS
1 2 = S R2 = S R2
3 4
CO,B
0 \ 0 / COan 0 \ 0 / 2bn
\ CO,Bn \ \ CO,Bn \
S toMe S LoMe S ot S CoEt
3a, 64% 4a, 13% 3b, 53% 4b, 26%
0 / COan F. o) F. 0 / COan
3 \ ) CO,Bn 2
S CO,Bn S CO,Bn S CO,Et S CO,Et
3c, 58% 4c, 14% 3d, 50% 4ad, 13%
cl o) cl O/ COzBn Br o Br 0/ C02BN
\
\ CO,Bn \ \ ) CO,Bn \
s
COLE S Coet S Cout S Cot
3e, 37% de, 12% 3f, 54% 4f, 18%
o ( o/ ~C02Bn 0/ ~CO:BN
co,B
MeO . \ 1 Meo \ MeO MeO \
CO,Me S toMe S Cot
3g, 34% 49, 17% 3h, 39% 4h, 19%
MeO \ CO,Bn MeO )\ \ CO,Bn )\
S osBn S CoBn S CoMe S CoMe
3i,67% 4i, 7% 3j, 36% 4j, 12%
co,B
O~ o/ COBn o~ 7"
\ CO,Bn \ \
S
S CO,Et S CO,Et CO,Bn
3k, 38% 4k, 12% 41, 5%
[¢]] 0 \ Cl o / COan Br. o / COQBH
\ CO,Bn \ \
S bn S bn S Pn
3m, 27% am, 27% 3n, 34% 4n, 34%

“ Reaction conducted on a 0.2 mmol scale of 1 in 2 mL of MeOH. * Isolated yields.

regioselectivity. When a methoxyl group was substituted at
the C6 position (R'), the domino reaction produced the
corresponding products 3g~3i and 4g~4i in 51%~74%
yields with 2 2 1 to 9 I 1 regioselectivity. The non-substi-
tuted substrates 1j~11 also reacted well regardless of the
ester groups. In addition, substrates bearing benzyl groups
were also suitable (Im and 1n), producing the correspond-
ing products 3m and 3n in 53% and 67% yields. However,
in these reactions, the regioselectivity of 3 and 4 is poor.

A mechanism for this domino reaction is proposed on
the basis of previous reports in the literature (Scheme 2).
The DABCO catalyst acts as a nucleophilic trigger and
attacks the f carbon of the allenoate to produce intermedi-

Chin. J. Org. Chem. 2019, 39, 2175~2182
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ates A and A'. The allylic carbanion A binds to substrate
1a to produce intermediate C. Intermediate D, which is a
resonance structure of C, undergoes an intramolecular
umpolung addition from an oxygen anion to a y carbon of
the allenoate to produce intermediate E, which then be-
comes F via elimination of the DABCO catalyst. Finally,
intermediate F isomerizes to 3a. Similarly, another inter-
mediate A', produced by allenoate, attacks the double-bond
position of substrate 1a to produce intermediate C'. D' is
the resonance structure of C' and generates intermediate E
through an intramolecular addition reaction. With the de-
parture of the catalyst (DABCO), product 4a is finally
formed.
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Scheme 2 Proposed mechanisms.

3 Conclusions

In conclusion, a novel DABCO-catalyzed [4+2] annu
lation reaction between allenoate and 2-alkylidenebenzo-
thiophene-3(2H)-ones has been developed. A number of
functionalized benzothiophene-fused y-pyran derivatives
were formed in moderate yields. Further applications of
this domino reaction in complex molecular syntheses are
currently under study.

4 Experimental section

4.1 Experimental details

All reactions were performed under Ar atmosphere in

2178 http://sioc-journal.cn/
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oven dried glassware with magnetic stirring. Unless other-
wise stated, all reagents were purchased from commercial
suppliers and used without further purification. All sol-
vents were purified and dried according to standard meth-
ods prior to use. All reactions were monitored by thin-layer
chromatography (TLC) with silica gel-coated plates. Flash
column chromatography was performed using 200~300
mesh silica gel. '"H NMR and *C NMR spectra were rec-
orded at ambient temperature on a Bruker 400 instruments.
All spectra were referenced to CDCl; (‘"H NMR 6 7.26 and
C NMR ¢ 77.00. HRMS were obtained on a Waters Xevo
Q-TOF MS in ESI mode. Melting points were measured on
an RY-I apparatus and reported uncorrected. Substrates 1
were synthesized according to literature procedures.*

4.2 Typical procedure for the preparation of 3 and 4

Under the protection of argon, DABCO (0.02 mmol, 10
mmol%) and allenoate (0.24 mmol, 1.2 equiv.) were added
to a suspension of thioaurone 1 (0.2 mmol, 1.0 equiv.) in
MeOH (2 mL). The mixture was stirred for 3 h at 60 C.
After the TLC detection reaction was completed, the reac-
tion mixture was evaporated to remove the solvent and
purified by flash silica gel column chromatography eluted
with ethyl acetate/hexane (V' : V=1 : 10) to provide pure
samples 3 and 4.

3-Benzyl-4-methyl-2,8-dimethyl-4H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3a): Yellow solid, m.p.
123~124 °C; '"H NMR (400 MHz, CDCl3) d: 7.53~7.61
(m, 2H), 7.33~7.40 (m, 5H), 7.18 (d, J=8.2 Hz, 1H),
5.29 (d, J=12.3 Hz, 1H), 5.12 (d, J=12.3 Hz, 1H), 4.92
(s, 1H), 3.58 (s, 3H), 2.60 (s, 3H), 2.47 (s, 3H); *C NMR
(100 MHz, CDCl;) ¢: 171.46, 166.38, 162.39, 140.42,
135.81, 134.57, 133.67, 129.68, 128.51, 128.51, 128.22,
128.20, 128.19, 127.24, 122.31, 119.95, 111.92, 99.51,
66.49, 52.40, 41.49, 21.38, 19.65; IR (KBr) v: 3031, 2958,
1751, 1715, 1640, 1595, 1454, 1436, 1358, 1310, 1232,
1200, 1172, 1059, 972, 809, 756, 699 cm '. ESI-HRMS
caled for C,3H,OsSNa [M + Na] © 431.0924, found
431.0947.

3-Benzyl-4-ethyl-2,8-dimethyl-4H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3b): White solid, m.p.
85~86 C; 'H NMR (400 MHz, CDCls) d: 7.54~7.62
(m, 2H), 7.31~7.41 (m, 5H), 7.18 (d, J=9.6 Hz, 1H),
5.25 (d, J=12.4 Hz, 1H), 5.15 (d, J=12.4 Hz, 1H), 4.90
(s, 1H), 4.07~4.16 (m, 1H), 3.96~4.04 (m, 1H), 2.60 (s,
3H), 2.47 (s, 3H), 1.18 (t, J=7.2 Hz, 3H); >C NMR (100
MHz, CDCl;) 6: 170.95, 166.43, 162.32, 140.37, 135.83,
134.51, 133.66, 129.70, 128.48, 128.15, 127.17, 122.28,
119.92, 112.06, 99.52, 66.47, 61.55, 41.61, 21.37, 19.62,
14.05; IR (KBr) v: 3063, 3033, 2985, 2961, 2883, 1748,
1713, 1639, 1595, 1455, 1359, 1329, 1306, 1252, 1231,
1204, 1182, 1088, 807, 773, 726, 691 cm '; ESI-HRMS
caled for C,H»,OsSNa [M -+ Na] * 445.1080, found
445.1105.

Dibenzyl-2,8-dimethyl-4H-benzo[4,5]thieno[3,2-b]-py-
ran-3,4-dicarboxylate (3¢): Yellow solid, m.p. 86~87 C;
'H NMR (400 MHz, CDCl;) 6: 7.54~7.61 (m, 2H),
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7.27~7.37 (m, 10H), 7.18 (d, J/=8.4 Hz, 1H), 5.05~5.13
(m, 3H), 4.93~4.98 (m, 2H), 2.60 (s, 3H), 2.47 (s, 3H);
C NMR (100 MHz, CDCl;) §: 170.87, 166.32, 162.47,
140.47, 135.80, 135.40, 134.54, 133.69, 129.65, 128.50,
128.44, 128.29, 128.22, 128.13, 127.23, 122.31, 119.95,
111.83, 99.43, 67.32, 66.41, 41.62, 21.37, 19.63; IR (KBr)
v: 3033, 2952, 1748, 1694, 1649, 1454, 1377, 1305, 1253,
1199, 1166, 1089, 1071, 960, 752, 699 cm '; ESI-HRMS
caled for C,0H,505S [M+H]" 485.1417, found 485.1421.
3-Benzyl-4-ethyl-8-fluoro-2-methyl-4H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3d): White solid, m.p.
139~140 ‘C; '"H NMR (400 MHz, CDCLy) ¢: 7.65 (dd,
J=8.8, 4.4 Hz, 1H), 7.32~7.45 (m, 6H), 7.10 (m, 1H),
5.26 (d, J=12.4 Hz, 1H), 5.15 (d, J=12.4 Hz, 1H), 4.91
(s, 1H), 4.08~4.17 (m, 1H), 3.96~4.05 (m, 1H), 2.59 (s,
3H), 1.18 (t, J=7.0 Hz, 3H); *C NMR (100 MHz, CDCl5)
0: 170.69, 166.27, 162.16, 160.94 (d, J=243.5 Hz), 140.42
(d, J=4.2 Hz), 135.75, 131.80, 130.50 (d, J=9.7 Hz),
128.52, 128.21, 124.02 (d, /=9.2 Hz), 114.49 (d, J=7.0
Hz), 114.20, 106.09 (d, J/=24.3 Hz), 99.61, 66.59, 61.71,
41.66, 19.58, 14.06; IR (KBr) v: 3028, 2987, 2905, 1742,
1716, 1646, 1604, 1446, 1242, 1228, 1193, 1083, 1046,
961, 853, 817, 737 cm '; ESI-HRMS calcd for Cp3HyoF-
0sS [M+H]" 427.1010, found 427.1014.
3-Benzyl-4-ethyl-8-chloro-2-methyl-4 H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3e): White solid, m.p.
104~105 °C; 'H NMR (400 MHz, CDCl;) d: 7.72 (s, 1H),
7.62 (d, J=8.4 Hz, 1H), 7.27~7.42 (m, 6H), 5.26 (d, J=
12.0 Hz, 1H), 5.15 (d, J=12.0 Hz, 1H), 4.90 (s, 1H),
3.96~4.16 (m, 2H), 2.59 (s, 3H), 1.18 (t, J=7.0 Hz, 3H);
C NMR (100 MHz, CDCly) d: 170.60, 166.21, 162.09,
139.98, 135.72, 134.55, 131.08, 130.54, 128.51, 128.20,
125.94,123.72, 119.82, 114.01, 99.62, 66.58, 61.71, 41.57,
19.54, 14.04; IR (KBr) v: 3080, 3009, 2981, 2938, 1742,
1711, 1638, 1595, 1436, 1353, 1326, 1303, 1247, 1227,
1190, 1085, 1071, 809, 744, 696 cm '; ESI-HRMS calcd
for C,3H,ClOsS [M-+H]" 443.0714, found 443.0733.
3-Benzyl-4-ethyl-8-bromo-2-methyl-4H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3f): Yellow solid, m.p.
106~107 °C; 'H NMR (400 MHz, CDCl;) d: 7.89 (s, 1H),
7.58 (d, J/=8.4 Hz, 1H), 7.45 (dd, J=8.6, 1.8 Hz, 1H),
7.33~7.39 (m, 5H), 5.25 (d, J/=12.4 Hz, 1H), 5.15 (d, J=
12.4 Hz, 1H), 491 (s, 1H), 4.08~4.15 (m, 1H), 3.98~
4.05 (m, 1H), 2.59 (s, 3H), 1.18 (t, J=7.2 Hz, 3H); °C
NMR (100 MHz, CDCl;) d: 170.0 166.4, 162.3, 140.7,
136.5, 135.8, 129.5, 128.5, 128.2, 125.5, 124.6, 122.6,
120.0, 112.0, 99.6, 66.5, 61.6, 41.6, 19.6, 14.1; IR (KBr) v:
3064, 2980, 2901, 1740, 1715, 1642, 1599, 1430, 1349,
1249, 1226, 1189, 1162, 967, 808, 749, 695 cm ';
ESI-HRMS caled for Cp3Hy0BrOsS [M+H]" 487.0215,
found 487.0235.
3-Benzyl-4-methyl-7-methoxy-2-methyl-4H-benzo[4,5]-
thieno[3,2-b]pyran-3,4-dicarboxylate (3g): White solid,
m.p. 141~142 ‘C; '"H NMR (400 MHz, CDCL;) 6: 7.62
(d, /=8.8 Hz, 1H), 7.29~7.44 (m, 5H), 7.19 (d, J=2.4
Hz, 1H), 7.00 (dd, /=8.8, 2.0 Hz, 1H), 5.28 (d, /=124
Hz, 1H), 5.12 (d, J=12.0 Hz, 1H), 4.88 (s, 1H), 3.86 (s,
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3H), 3.58 (s, 3H), 2.59 (s, 3H); “C NMR (100 MHz,
CDCly) 0: 171.52, 166.40, 162.38, 158.29, 140.43, 138.07,
135.82, 128.51, 128.19, 123.45, 120.75, 114.48, 108.89,
105.46, 99.56, 66.48, 55.60, 52.37, 41.40, 19.65; IR (KBr)
v: 3006, 1733, 1688, 1649, 1601, 1372, 1323, 1280, 1264,
1204, 1171, 1090, 1024, 856, 759, 699 cm™'; ESI-HRMS
caled for CyHyO¢SNa [M -+ Na] * 447.0873, found
447.0898.
3-Benzyl-4-ethyl-7-methoxy-2-methyl-4H-benzo[4,5]-
thieno[3,2-b]pyran-3,4-dicarboxylate (3h): Red solid, m.p.
105~106 °C; 'H NMR (400 MHz, CDCl;) §: 7.62 (d, J=
8.8 Hz, 1H), 7.32~7.39 (m, 5H), 7.19 (d, /=2.0 Hz, 1H),
7.00 (dd, J=38.8, 2.4 Hz, 1H), 5.25 (d, J/=12.4 Hz, 1H),
5.14 (d, J=12.4 Hz, 1H), 4.86 (s, 1H), 4.08~4.17 (m,
1H), 3.95~4.04 (m, 1H), 3.86 (s, 3H), 2.59 (s, 3H), 1.18
(t, J=7.2 Hz, 3H); *C NMR (100 MHz, CDCl;) 6: 171.02,
166.43, 162.32, 158.19, 140.34, 138.02, 135.80, 128.47,
128.13, 123.43, 120.70, 114.42, 108.98, 105.37, 99.51,
66.45, 61.51, 55.56, 41.48, 19.63, 14.06; IR (KBr) v: 3035,
2970, 2903, 1749, 1712, 1647, 1602, 1369, 1243, 1183,
1163, 1076, 1020, 825, 810, 697 cm'; ESI-HRMS caled
for C,4H,,04SNa [M+Na]" 461.1029, found 461.1044.
Dibenzyl-7-methoxy-2-methyl-4H-benzo[4,5]thieno-
[3,2-b]pyran-3,4-dicarboxylate (3i): Red solid, m.p. 54~
55 °C; '"H NMR (400 MHz, CDCl5) 6: 7.61 (d, J=8.8 Hz,
1H), 7.32~7.41 (m, 10H), 7.20 (d, J=2.4 Hz, 1H), 7.00
(dd, J=8.8,2.0 Hz, 1H), 5.25 (d, J/=12.4 Hz, 1H), 5.14
(d, J/=12.4 Hz, 1H), 4.86 (s, 1H), 4.08~4.12 (m, 1H),
3.96~4.04 (m, 1H), 3.86 (s, 3H), 2.59 (s, 3H), 1.18 (t, J=
7.2, Hz, 3H); C NMR (100 MHz, CDCl;) §: 170.93,
166.34, 162.46, 158.27, 140.48, 138.09, 135.81, 135.43,
128.50, 128.44, 128.28, 128.22, 128.13, 123.42, 120.74,
114.47, 108.79, 105.45, 99.48, 67.28, 66.40, 55.59, 41.53,
19.63; IR (KBr) v: 2960, 2938, 2891, 1748, 1710, 1644,
1600, 1371, 1242, 1175, 1167, 1068, 1023, 743, 699 cm ';
ESI-HRMS calcd for C,o0H,,0O¢SNa [M-i-Na]+ 523.1186,
found 523.1192.
3-Benzyl-4-methyl-2-methyl-4 H-benzo[4,5]thieno[3,2-
b]pyran-3,4-dicarboxylate (3j): Red solid, m.p. 50 ~
51 ‘C; '"H NMR (400 MHz, CDCly) d: 7.70~7.78 (m,
2H), 7.31~7.42 (m, 7H), 5.29 (d, J/=12.4 Hz, 1H), 5.12
(d, J=12.4 Hz, 1H), 4.94 (s, 1H), 3.59 (s, 3H), 2.61 (s,
3H); *C NMR (100 MHz, CDCl;) o: 171.39, 166.35,
162.39, 140.72, 136.49, 135.80, 129.46, 128.52, 128.24,
128.21, 125.53, 124.61, 122.68, 120.06, 111.84, 99.56,
66.52, 52.43, 41.45, 19.65; IR (KBr) v: 3030, 3008, 2951,
1747, 1720, 1645, 1605, 1434, 1373, 1332, 1247, 1228,
1178, 1166, 1083, 961, 762, 735 cm™'; ESI-HRMS caled
for C5,H 30sSNa [M—+Na]" 417.0767, found 417.0778.
3-Benzyl-4-ethyl2-methyl-4H-benzo[4,5]thieno[3,2-b]-
pyran-3,4-dicarboxylate (3k): White solid, m.p. 137~
138 ‘C; '"H NMR (400 MHz, CDCls) 6: 7.71~7.78 (m,
2H), 7.32~7.42 (m, 7H), 5.23~5.30 (m, 1H), 5.11~5.18
(m, 1H), 4.92 (d, J/=8.0 Hz, 1H), 3.84~4.27 (m, 2H),
2.61 (s, 3H), 1.18 (t, J=7.0 Hz, 3H); *C NMR (100 MHz,
CDCly) 0: 170.89, 166.39, 162.30, 140.67, 136.49, 135.82,
129.49, 128.49, 128.16, 125.46, 124.56, 122.64, 120.03,
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111.98, 99.57, 66.49, 61.59, 41.57, 19.61, 14.05; IR (KBr)
v: 2980, 2936, 1740, 1718, 1645, 1604, 1456, 1373, 1332,
1300, 1229, 1188, 1081, 1021, 761, 738, 729 cm ',
ESI-HRMS caled for Cy3H,00sSNa [M+Na]" 431.0924,
found 431.0941.
Dibenzyl-2-methyl-4H-benzo[4,5]thieno[3,2-b]pyran-
3,4-dicarboxylate; Black solid (31): m.p. 60~61 C; 'H
NMR (400 MHz, CDCls) 6: 7.71~7.75 (m, 2H), 7.28~
7.43 (m, 12H), 5.08~5.19 (m, 3H), 4.97~5.00 (m, 2H),
2.63 (s, 3H); C NMR (100 MHz, CDCl;) §: 170.71,
166.17, 162.34, 140.66, 136.41, 135.73, 135.31, 129.34,
128.44, 128.38, 128.23, 128.17, 128.07, 125.43, 124.51,
122.58, 119.96, 111.67, 99.41, 67.27, 66.35, 41.51, 19.54;
IR (KBr) v: 3032, 2963, 1749, 1719, 1643, 1597, 1454,
1373, 1301, 1253, 1227, 1181, 1165, 1079, 956, 941, 755,
700 cm™'; ESI-HRMS caled for CpsH,,05SNa [M+Na]*
493.1080, found 493.1051.
Benzyl-8-chloro-2-methyl-4-phenyl-4H-benzo[4,5]thie-
no[3,2-b]pyran-3-carboxylate (3m): White solid, m.p.
123~124 °C; 'H NMR (400 MHz, CDCLy) 6: 7.74 (d, J=
2.0 Hz, 1H), 7.53 (d, /=8.4 Hz, 1H), 7.28 (m, 3H), 7.18~
7.26 (m, 6H), 7.04~7.09 (m, 2H), 5.27 (s, 1H), 4.98~
5.09 (m, 2H), 2.57 (s, 3H); *C NMR (100 MHz, CDCl5) 6:
166.77, 160.13, 144.70, 138.47, 135.73, 134.71, 130.90,
128.62, 128.39, 128.11, 128.01, 127.52, 127.11, 125.39,
123.83, 121.77, 119.79, 104.22, 66.35, 40.74, 19.49; IR
(KBr) v: 3062, 3028, 2950, 1716, 1638, 1597, 1455, 1434,
1351, 1315, 1250, 1225, 1084, 926, 804, 757, 701 cm ';
ESI-HRMS calcd for CoH oC10sNa [M+Na]" 469.0636,
found 469.0658.
Benzyl-8-bromo-2-methyl-4-phenyl-4H-benzo[4,5]thie-
no[3,2-b]pyran-3-carboxylate (3n): White solid, m.p.
133~134 °C; '"H NMR (400 MHz, CDCl3) 6: 7.90 (d, J=
2.0 Hz, 1H), 7.48 (d, J/=8.4 Hz, 1H), 7.38 (dd, /=38.6, 1.8
Hz, 1H), 7.28 (m, 3H), 7.18~7.26 (m, 5H), 7.06 (dd, J=
6.4, 2.8 Hz, 2H), 5.27 (s, 1H), 4.98~5.09 (m, 2H), 2.57 (s,
3H); *C NMR (100 MHz, CDCl3) d: 166.77, 160.13,
144.69, 138.33, 135.72, 135.22, 131.25, 128.63, 128.40,
128.12, 128.02, 128.00, 127.53, 127.12, 124.12, 122.85,
121.61, 118.51, 104.22, 66.36, 40.70, 19.50; IR (KBr) v:
3081, 3029, 2922, 1705, 1634, 1590, 1455, 1349, 1317,
1252, 1226, 1075, 809, 744, 697 cm”'; ESI-HRMS caled
for C,6H,BrO;S [M+H]" 491.0311, found 491.0336.
Methyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-8-meth-
yl-3,4-dihydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carbox
ylate (4a): red solid, m.p. 111~112 C; 'H NMR (400
MHz, CDCL;) ¢: 7.61 (d, J=8.4 Hz, 1H), 7.54 (s, 1H),
7.31~7.42 (m, 5H), 7.19 (d, J/=8.4 Hz, 1H), 5.91 (s, 1H),
5.17~5.25 (m, 2H), 3.91~4.03(m, 2H), 3.76 (s, 3H), 3.62
(dd, J=15.4, 5.8 Hz, 1H), 2.47 (s, 3H); >C NMR (100
MHz, CDCl;) 6: 170.82, 166.77, 164.85, 141.90, 136.26,
134.41, 133.78, 129.99, 128.51, 128.07, 127.23, 122.31,
119.84, 110.56, 100.68, 65.82, 52.62, 37.12, 25.53, 21.39;
IR (KBr) v: 3037, 2963, 2868, 1743, 1707, 1653, 1449,
1352, 1250, 1214, 1121, 1062, 1024, 841, 801, 697 cm ';
ESI-HRMS caled for Cy3H,00sSNa [M+Na]" 431.0924,
found 431.0940.
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Ethyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-8-methyl-
3,4-dihydro-2H-benzo[4,5]thieno[ 3,2-b]pyran-4-carboxylate
(4b): Red solid, m.p. 101~102 °C; 'H NMR (400 MHz,
CDCly) o: 7.61 (d, J=8.4 Hz, 1H), 7.54 (s, 1H), 7.33~
7.41 (m, 5H), 7.19 (d, J/=8.8 Hz, 1H), 5.90 (s, 1H), 5.19~
5.23 (m, 2H), 4.17~4.25 (m, 2H), 3.91~4.00 (m, 2H),
3.58~3.65 (m, 1H), 2.47 (s, 3H), 1.27 (t, J=7.2 Hz, 3H);
C NMR (100 MHz, CDCly) §: 170.31, 166.81, 165.05,
141.87, 136.29, 134.39, 133.80, 130.04, 128.52, 128.07,
127.19, 122.32, 119.83, 110.78, 100.62, 65.81, 61.79,
37.34, 25.50, 21.39, 14.08; IR (KBr) v: 3034, 2962, 1732,
1709, 1656, 1450, 1376, 1351, 1247, 1213, 1122, 1021,
847, 803, 698 cmfl; SI-HRMS: calcd for C,4H,,0OsSNa
[M-+Na]" 445.1080, found 445.1075.

Benzyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-8-meth-
yl-3,4-dihydro-2 H-benzo[4,5]thieno[3,2-b]pyran-4-carbox
ylate (4¢): yellow solid, m.p. 96~97 C; 'H NMR (400
MHz, CDCly) o: 7.60 (d, J=8.4 Hz, 1H), 7.54 (s, 1H),
7.28~7.43 (m, 10H), 7.19 (d, J=7.2 Hz, 1H), 5.89 (s,
1H), 5.12~5.25 (m, 4H), 4.00~4.10 (m, 2H), 3.50~3.59
(m, 1H), 2.47 (s, 3H); °C NMR (100 MHz, CDCl;) o:
170.21, 166.75, 164.79, 141.97, 136.27, 135.20, 134.43,
133.79, 130.01, 128.55, 128.53, 128.38, 128.31, 128.08,
128.06, 127.25, 122.34, 119.88, 110.47, 100.75, 67.50,
65.81, 37.32, 25.46, 21.40; IR (KBr) v: 3032, 2961, 2923,
1740, 1713, 1655, 1450, 1349, 1276, 1255, 1199, 1121,
1048, 1022, 843, 757, 696 cm '; ESI-HRMS calcd for
C,oH,,05SNa [M+Na]" 507.1237, found 507.1255.

Ethyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-8-fluoro-
3,4-dihydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylat
e (4d): red solid, m.p. 128~129 °C; '"H NMR (400 MHz,
CDCl;) o: 7.66 (dd, J=38.8, 4.4 Hz, 1H), 7.31~7.42 (m,
6H), 7.11 (m, 1H), 5.91 (s, 1H), 5.21 (d, J=3.2 Hz, 2H),
4.20~4.26 (m, 2H), 3.99 (t, J=6.4 Hz, 1H), 3.92 (dd, J=
15.6, 6.8 Hz, 1H), 3.66 (dd, J/=15.4, 5.8 Hz, 1H), 1.29 (t,
J=17.2 Hz, 3H); *C NMR (100 MHz, CDCl5) §: 170.06,
166.69, 164.54, 160.84 (d, J=241.7 Hz), 141.88 (d, J=4.3
Hz), 136.18, 131.92, 130.77 (d, J=19.7 Hz), 130.83,
130.73, 128.54, 128.13, 128.09, 124.01 (d, J=9.2 Hz),
114.31 (d, J=25.2 Hz), 113.26, 105.93 (d, /=24.3 Hz),
101.06, 65.90, 61.94, 37.41, 25.38, 14.08; IR (KBr) v:
3088, 2961, 2923, 1740, 1709, 1650, 1459, 1448, 1379,
1347, 1196, 1122, 841, 822, 757, 698 cm '; ESI-HRMS
caled for CpHoFOsSNa [M+ Na]™ 449.0829, found
449.0835.

Ethyl-(£)-2-(2-(benzyloxy)-2-oxoethylidene)-8-chloro-
3,4-dihydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylat
e (4e): Red solid, m.p. 132~133 °C; 'H NMR (400 MHz,
CDCly) ¢: 7.72 (d, J=1.6 Hz, 1H), 7.64 (d, /=8.4 Hz,
1H), 7.30~7.40 (m, 6H), 591 (s, 1H), 5.15~5.27 (m,
2H), 4.16~4.29 (m, 2H), 3.99 (t, J=6.4 Hz, 1H), 3.90
(dd, J=15.4, 6.6 Hz, 1H), 3.66 (dd, /=154, 5.8 Hz, 1H),
1.28 (t, J=7.0 Hz, 3H); *C NMR (100 MHz, CDCl;) ¢:
170.00, 166.65, 164.44, 141.52, 136.18, 134.72, 130.94,
128.55, 128.11, 125.93, 123.75, 119.77, 112.78, 101.15,
65.93, 61.98, 37.37, 25.36, 14.09; IR (KBr) v: 2961, 2921,
1740, 1709, 1651, 1448, 1436, 1380, 1344, 1258, 1168,
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1125, 1049, 843, 817, 698 cm '; ESI-HRMS calcd for
C,3H,9Cl0sSNa [M+Na]" 465.0534, found 465.0551.
Ethyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-8-bromo-
3,4-dihydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylate
(4f): Yellow solid, m.p. 131~133 ‘C; 'H NMR (400
MHz, CDCl;) ¢: 7.88 (d, /=2.0 Hz, 1H), 7.58 (d, J=8.8
Hz, 1H), 7.45 (dd, J=8.4, 2.0 Hz, 1H), 7.32~7.41 (m,
5H), 5.90 (s, 1H), 5.21 (d, J=3.2 Hz, 2H), 4.18~4.27 (m,
2H), 3.99 (t, J=6.4 Hz, 2H), 3.90 (dd, J=15.2, 6.8 Hz,
1H), 3.66 (dd, J=15.6, 6.0 Hz, 1H), 1.28 (t, J/=7.0 Hz,
1H); *C NMR (100 MHz, CDCl;) d: 169.96, 166.61,
164.40, 141.37, 136.18, 135.21, 131.29, 128.53, 128.08,
124.00, 122.81, 118.53, 112.62, 101.15, 65.90, 61.96,
37.33, 25.34, 14.07; IR (KBr) v: 2961, 1739, 1709, 1651,
1448, 1380, 1343, 1334, 1298, 1257, 1167, 1124, 1048,
844, 698 cm '; ESI-HRMS caled for Ca3H,sBrOsSNa
[M-+Na]” 509.0029, found 509.0047.
Methyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-7-me-
thoxy-3,4-dihydro-2 H-benzo[4,5]thieno[3,2-b]pyran-4-car
boxylate (4g): Red solid, m.p. 131~132 C; 'H NMR
(400 MHz, CDCl;) d: 7.61 (d, J=8.8 Hz, 1H), 7.30~7.43
(m, 5H), 7.20 (d, /=2.0 Hz, 1H), 7.00 (dd, /=8.8, 2.4 Hz,
1H), 5.90 (s, 1H), 5.16~5.25 (m, 2H), 3.91~4.00 (m,
2H), 3.86 (s, 3H), 3.76 (s, 3H), 3.55 — 3.64 (m, 1H); "°C
NMR (100 MHz, CDCl;) o: 170.95, 166.77, 164.85,
158.31, 141.94, 138.19, 136.26, 128.51, 128.06, 123.79,
120.69, 114.40, 107.42, 105.41, 100.75, 65.83, 55.61,
52.60, 37.04, 25.51; IR (KBr) v: 2960, 2924, 1737, 1707,
1375, 1268, 1212, 1179, 1122, 1037, 854, 830, 698 cm ';
ESI-HRMS caled for Cy3H,004SNa [M+Na]" 447.0873,
found 447.0882.
Ethyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-7-metho-
xy-3,4-dihydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carbox
ylate (4h): Red solid, m.p. 92~93 C; 'H NMR (400
MHz, CDCL) ¢: 7.61 (d, J=8.8 Hz, 1H), 7.32~7.42 (m,
5H), 7.20 (d, J/=2.4 Hz, 1H), 7.00 (dd, /J=28.8, 2.0 Hz,
1H), 5.89 (s, 1H), 5.16~5.24 (m, 2H), 4.16~4.28 (m,
2H), 3.91~3.98 (m, 2H), 3.86 (s, 3H), 3.58 (dd, J=17.4,
7.8 Hz, 1H), 1.27 (t, J=17.0 Hz, 3H); >C NMR (100 MHz,
CDCl;) 6: 170.42, 166.79, 165.05, 158.28, 141.88, 138.18,
136.28, 128.51, 128.06, 123.83, 120.67, 114.38, 107.63,
105.41, 100.69, 65.81, 61.75, 55.61, 37.23, 25.46, 14.08;
IR (KBr) v: 2957, 1741, 1707, 1655, 1604, 1367, 1352,
1266, 1173, 1128, 1036, 822, 699 cm™'; ESI-HRMS calcd
for C,4H,,04SNa [M+Na]" 461.1029, found 461.1038.
Benzyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-7-me-
thoxy-3,4-dihydro-2 H-benzo[4,5]thieno[3,2-b]pyran-4-car
boxylate (4i): Red solid, m.p. 108~109 °C; 'H NMR (400
MHz, CDCL) ¢: 7.61 (d, J=8.8 Hz, 1H), 7.32~7.41 (m,
10H), 7.20 (d, J=2.4 Hz, 1H), 6.97~7.02 (m, 1H), 5.88
(s, IH), 5.11~5.23 (m, 4H), 3.98~4.10 (m, 2H), 3.86 (s,
3H), 3.53 (dd, J=15.1, 4.7 Hz, 1H); °C NMR (100 MHz,
CDCl;) 6: 170.32, 166.72, 164.79, 158.32, 141.99, 138.19,
136.26, 135.23, 128.54, 128.52, 128.36, 128.29, 128.07,
128.05, 123.79, 120.71, 114.42, 107.32, 105.43, 100.81,
67.46, 65.81, 55.62, 37.22, 25.42; IR (KBr) v: 3036, 2946,
1739, 1699, 1647, 1605, 1366, 1351, 1264, 1214, 1126,
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1033, 854, 828, 725, 695 cm '; ESI-HRMS caled for
C,oH,4,0,SNa [M+Na]" 523.1186, found 523.1205.
Methyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-3,4-di-
hydro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylate
(4j): Red solid, m.p. 61~63 C; 'H NMR (400 MHz,
CDCly) o: 7.72~7.76 (m, 2H), 7.31~7.42 (m, 7H), 5.92
(s, 1H), 5.16~5.25 (m, 2H), 3.92~4.05 (m, 2H), 3.77 (s,
3H), 3.63 (dd, J=15.4, 5.8 Hz, 1H); *C NMR (101 MHz,
CDCl;) 6: 170.81, 166.77, 164.73, 142.25, 136.63, 136.27,
129.81, 128.54, 128.09, 125.51, 124.49, 122.69, 120.00,
110.48, 100.88, 65.87, 52.67, 37.14, 25.54; IR (KBr) v:
2959, 2923, 1750, 1712, 1651, 1372, 1352, 1252, 1167,
1117, 1021, 971, 728, 696 cm '; ESI-HRMS calcd for
C,,H,30sSNa [M+Na]" 417.0767, found 417.0786.
Ethyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-3,4-dihydr
0-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylate ~ (4Kk):
White solid, m.p. 115~116 C; 'H NMR (400 MHz,
CDCly) o: 7.71~17.77 (m, 2H), 7.30~7.42 (m, 7H), 5.92
(s, 1H), 5.15~5.26 (m, 2H), 4.17~4.31 (m, 2H), 3.92~
4.04 (m, 2H), 3.62 (dd, J=14.8, 5.2 Hz, 1H), 1.28 (t, J=
7.0 Hz, 3H); “C NMR (100 MHz, CDCl;) §: 170.25,
166.76, 164.90, 142.16, 136.59, 136.25, 129.80, 128.51,
128.07, 125.43, 124.43, 122.66, 119.95, 110.66, 100.77,
65.82, 61.83, 37.28, 25.45, 14.08; IR (KBr) v: 2961, 2920,
1738, 1709, 1645, 1372, 1256, 1176, 1122, 1046, 1022,
837, 696 cm™'; ESI-HRMS caled for Ca3Hy0OsSNa [M+
Na]" 431.0924, found 431.0927.
Benzyl-(E)-2-(2-(benzyloxy)-2-oxoethylidene)-3,4-dihy-
dro-2H-benzo[4,5]thieno[3,2-b]pyran-4-carboxylate  (41):
Red solid, m.p. 93~94 “C; 'H NMR (400 MHz, CDCl;) ¢:
7.72~17.76 (m, 2H), 7.29~7.44 (m, 12H), 5.91 (s, 1H),
5.12~5.25 (m, 4H), 4.01~4.12 (m, 2H), 3.52~3.61 (m,
1H); *C NMR (100 MHz, CDCly) o: 170.71, 166.17,
162.34, 140.66, 136.41, 135.73, 135.31, 129.34, 128.44,
128.38, 128.23, 128.17, 128.07, 125.43, 124.51, 122.58,
119.96, 111.67, 99.41, 67.27, 66.35, 41.51, 19.54; IR
(KBr) v: 2963, 2923, 1741, 1711, 1653, 1372, 1352, 1277,
1256, 1199, 1171, 1121, 756, 696 cm™'; ESI-HRMS calcd
for C,3H,,0sSNa [M—+Na]" 493.1080, found 493.1084.
Benzyl-(E)-2-(8-chloro-4-phenyl-3,4-dihydro-2 H-ben-
zo[4,5]thieno[3,2-b]pyran-2-ylidene)acetate (4m): White
solid, m.p. 133~134 “C; '"H NMR (400 MHz, CDCl;) ¢:
7.75 (d, J/=2.0 Hz, 1H), 7.60 (d, /=8.4 Hz, 1H), 7.27~
7.40 (m, 9H), 7.19~7.28 (m, 2H), 5.88 (s, 1H), 5.09~
5.18 (m, 2H), 4.30~4.35 (m, 1H), 3.90 (dd, /=15.2, 6.0
Hz, 1H), 3.61 (dd, J=15.2, 7.6 Hz, 1H); “C NMR (100
MHz, CDCl;) 6: 166.64, 165.57, 141.27, 141.11, 136.19,
134.48, 131.24, 130.91, 128.81, 128.52, 128.08, 128.02,
127.64, 127.49, 125.54, 123.86, 120.05, 119.65, 100.71,
65.78, 37.67, 31.73; IR (KBr) v: 3063, 3031, 2962, 1708,
1654, 1448, 1432, 1379, 1342, 1171, 1122, 1076, 1019,
872, 842, 796, 695 cm™'; ESI-HRMS calcd for C,H,oCl-
0;SNa [M+Na]" 469.0636, found 469.0627.
Benzyl-(E)-2-(8-bromo-4-phenyl-3,4-dihydro-2H-benzo-
[4,5]thieno[3,2-b]pyran-2-ylidene)acetate (4n): White sol-
id, m.p. 133~134 °C; 'H NMR (400 MHz, CDCl;) : 7.90
(d, J/=2.0 Hz, 1H), 7.48 (d, /=8.4 Hz, 1H), 7.38 (dd, J=
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8.6, 1.8 Hz, 1H), 7.28 (m, 3H), 7.18~7.26 (m, 5H), 7.06
(dd, J=6.4, 2.8 Hz, 2H), 5.27 (s, 1H), 4.98~5.09 (m, 2H),
2.57 (s, 3H); ®C NMR (100 MHz, CDCl;) §: 166.77,
160.13, 144.69, 138.33, 135.72, 135.22, 131.25, 128.63,
128.40, 128.12, 128.02, 128.00, 127.53, 127.12, 124.12,
122.85, 121.61, 118.51, 104.22, 66.36, 40.70, 19.50; IR
(KBr) v: 3081, 3029, 2922, 1705, 1634, 1590, 1455, 1349,
1317, 1252, 1226, 1075, 809, 744, 697 cm™'; ESI-HRMS
caled for ChHyBrOsS [M + H] " 491.0317, found
491.0336.

Supporting Information NMR spectra of all new com-
pound (PDF) and crystallographic data for compound 3a
(CIF). The Supporting Information is available free of
charge via the Internet at http://sioc-journal.cn/.
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