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Abstract A new asymmetric domino sulfa-Michael/aldol reaction of 2-
arylidene-1,3-indandiones with 1,4-dithiane-2,5-diol catalyzed by a
sub-mol% loading of a squaramide provides a direct access to tetrahy-
drothiophene bearing spiro indane-1,3-dione derivatives in excellent
yields and good stereoselectivities.

Key words organocatalysis, domino reaction, asymmetric synthesis,
spiro compound, squaramide

Organocatalytic domino reactions have emerged as
highly effective protocols for the asymmetric synthesis of
valuable molecules with an increased degree of complexity.
Using easily available substrates with less laboratory opera-
tions as well as smaller quantities of reagents and solvents,
these cascade reactions allow to save time, costs, and work-
ing steps.1 Domino reactions, when coupled with a low
loading of a readily available organocatalyst, may become
an efficient tool in industrial processes for the asymmetric
synthesis of bioactive molecules. In general, the majority of
the organocatalytic domino reactions require a relatively
high catalyst loading of 5–20 mol%. In this regard squara-
mides have evolved as very powerful bifunctional organo-
catalysts that work at lower catalyst loading.2 Recently we
reported that a sub-mol% of a squaramide can catalyze
highly efficient domino reactions.3

Tetrahydrothiophenes have attracted a lot of attention
due to their presence as building blocks in natural products,
pharmaceutical agents, and materials. The common bioac-
tive molecules bearing a tetrahydrothiophene ring include

as an essential coenzyme biotin (A) – a water-soluble vita-
min involved in important biological functions,4 the various
penicillins B,5 the nucleoside C showing potent activity
against human cytomegalovirus,6 and glucosidase inhibi-
tors, such as salacinol D7 (Figure 1). Recently, some organo-
catalytic asymmetric or non-enantioselective domino sulfa-
Michael/Michael additions or sulfa-Michael/aldol reactions
have been developed for the synthesis of the tetrahydro-
thiophene ring.8 These strategies have been extended to the
asymmetric synthesis of tetrahydrothiophene bearing spiro
oxindoles8f and benzodihydropyrane derivatives.8m Other
than these spiro oxindoles and benzodihydropyranes, there
is another class of important spiro compounds that is, the

Figure 1  Representative examples of enantiopure bioactive compounds 
bearing a tetrahydrothiophene or a spiro indan-1,3-dione moiety
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spiro indan-1,3-diones, which are very important building
blocks and show several biological activities such as antitu-
mor, antibiotic (E), and anticancer (F) activity9 (Figure 1).

The 2-arylidene-1,3-indandiones are the best known
precursors for the synthesis of the spiro indan-1,3-di-
ones.10,11 The 2-arylidene-1,3-indandiones were first ex-
plored in asymmetric reactions about a decade ago by the
Barbas group,11a but so far only a few asymmetric transfor-
mations have been reported on the asymmetric synthesis of
spiro indan-1,3-diones using 2-arylidene-1,3-indandiones.

Owing to our interest in achieving squaramide-cata-
lyzed new asymmetric domino reactions,3,11j,12 we herein
report a new asymmetric domino sulfa-Michael/aldol reac-
tion of 1,4-dithiane-2,5-diol with 2-arylidene-1,3-indandi-
ones catalyzed by a low loading of a squaramide, which
combine the two important indan-1,3-dione and a tetrahy-
drothiophene cores in a single structure.13

We first started our investigation by screening various
bifunctional organocatalysts for the reaction of 1,4-dithi-
ane-2,5-diol (1) with 2-benzylidene-1,3-indandione (2a) in
dichloromethane as solvent (Table 1). It was observed that
the reaction occurs rapidly using all catalysts with excellent
yields and good diastereoselectivities. The cinchona derived
squaramide catalysts IV–VII (Figure 2) bearing a 3,5-(CF3)2-
phenyl group directly attached to the squaramide unit pro-
vide better ee values than the catalyst I–III bearing a 3,5-
(CF3)2-benzyl group (Table 1, entries 1–7). The quinidine
derived squaramide V gives the best ee of 58% (entry 5). The
squaramide VIII, thioureas IX–XI, cupreine derivatives XII–
XIII, and natural cinchona alkaloids XIV–XV (Figure 2) were
tested further in order to improve the enantioselectivity,
but all these catalysts gave lower ee values than the catalyst
V (entries 8–15).

Figure 2  Organocatalysts used
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Further optimizations were carried out by screening
different solvents using catalyst V (Table 2). However, no
solvent provided a better enantioselectivity than dichloro-
methane (Table 2, entries 1–7). The dilution of the reaction
concentration led to an enhanced ee value of 67% when 2.0
mL of dichloromethane was used (entries 8, 9). In order to
increase the enantioselectivity further, the reaction was
carried out at –20 °C, but a slight drop in the ee value with a
lower reaction rate was observed (entry 10). The screening
of different additives such as anhydrous Na2SO4, MgSO4,
and molecular sieves did not increase the enantioselectivity
(entries 11–13). Using benzoic acid as an additive led to a
slow reaction rate with low yield and enantioselectivity
(entry 14), probably due to the protonation of the tertiary
amine of the catalyst. It is interesting to note that even a
catalyst loading as low as 0.1 mol% worked very well with-
out affecting the chemical yield and stereoselectivity of the
transformations.

We further evaluated the substrate scope for the domi-
no sulfa-Michael/1,2-addition reaction using 0.2 mol% of
the catalyst V (Table 3). The 2-arylidene-1,3-indandiones 2
bearing electron neutral groups react efficiently with 1,4-
dithiane-2,5-diol (1) to provide the corresponding products

3a and 3b in high yields with good diastereoselectivities
and moderate ee values. The 2-arylidene-1,3-indandiones
bearing electron-withdrawing nitro and trifluoromethyl
groups undergo a rapid sulfa-Michael/1,2-addition reaction
in excellent yields and with good dr of 56% (3c) and 66% ee
(3d), respectively. The 4-bromo- and 2-chlorophenyl deriv-
atives of 2 resulted in a poor diastereomeric ratio with a
higher ee of the minor diastereomer 3e,f. This domino se-
quence also tolerates electron-donating substituents on the
phenyl ring to provide the desired products 3g–i in high
yield with good dr and moderate enantioselectivities. The
heteroaryl group on 2 was found to be less reactive under
the optimized reaction conditions, requiring a longer reac-
tion time to afford the corresponding products with good dr
and moderate enantioselectivities.

A gram-scale domino sulfa-Michael/1,2-addition reac-
tion of 1 with 2a also worked very well without any effect
on the chemical yields and stereoselectivity of the product
(Scheme 1).

Table 1  Catalyst Screeninga

Entry Catalyst Time (h) Yield (%)b ee (%)c,d

 1 I 1.0 93 –27

 2 II 1.5 95  34

 3 III 1.5 92 –28

 4 IV 2.0 98 –51

 5 V 1.75 97  58

 6 VI 2.0 97 –51

 7 VII 1.75 97  49

 8 VIII 1.75 97  36

 9 IX 1.5 95  21

10 X 1.5 95  –7

11 XI 2.0 85 –20

12 XII 1.5 93  –3

13 XIII 1.5 85  –9

14 XIV 2.0 97   6

15 XV 2.0 96   7
a Reaction conditions: 0.2 mmol of 1, 0.2 mmol 2a, 1 mol% of catalyst in 
0.5 mL of CH2Cl2 at r.t.
b Yield of isolated product after column chromatography.
c Enantiomeric excess of the major diastereomer (9:1 dr) was determined 
by HPLC analysis of the acylated product on a chiral stationary phase.
d Negative sign indicates the ee of the opposite enantiomer.
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Table 2  Reaction Optimizationa

Entry Solvent (mL) Time (h) Yield (%)b ee (%)c

 1 CH2Cl2 (0.5)  1.5 93 61

 2 ClCH2CH2Cl (0.5)  2.5 95 58

 3 CHCl3 (0.5)  1.5 92 53

 4 toluene (0.5)  3.5 98 36

 5 THF (0.5)  2.0 97 39

 6 MTBE (0.5) 24 94 37

 7 1,4-dioxane (0.5)  2.0 95 41

 8 CH2Cl2 (1.0)  1.5 97 63

 9 CH2Cl2 (2.0)  1.5 97 67

10d CH2Cl2  (2.0) 24 95 65

11e CH2Cl2 (2.0)  2.0 94 66

12f CH2Cl2 (2.0)  2.0 94 68

13g CH2Cl2 (2.0)  2.0 95 68

14h CH2Cl2 (2.0) 96 37 29

15i CH2Cl2 (4.0)  2.0 96 68

16j CH2Cl2 (10.0)  2.5 96 68

17k CH2Cl2 (10.0)  7.0 94 68
a Reaction conditions: 0.2 mmol of 1, 0.2 mmol 2a, 1 mol% of V in 0.5 mL 
of solvent at r.t.
b Yield of isolated product after column chromatography.
c Enantiomeric excess of the major diastereomer (9:1 dr) was determined 
by HPLC analysis of the acylated product on a chiral stationary phase.
d The reaction was performed at –20 °C.
e Anhydrous Na2SO4 (100 mg) was used as an additive.
f Anhydrous MgSO4 (100 mg) was used as an additive.
g MS 5Å (100 mg) was used as an additive.
h PhCO2H (20 mol%) was used as an additive.
i The reaction was performed at 0.4 mmol scale using 0.5 mol% of V.
j The reaction was performed at 1.0 mmol scale using 0.2 mol% of V.
k The reaction was performed at 1.0 mmol scale using 0.1 mol% of V.
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In order to determine the relative and absolute configu-
ration of the spiro tetrahydrothiophene-indan-1,3-dione
products, the corresponding carbamate 4 was prepared
from 3a. Unfortunately, even after several attempts of crys-
tallization only the racemic mixture crystallized. The X-ray
crystallographic analysis revealed the cis-configuration of
the product,14 which is also in agreement with the NOESY
experiment of 4 (Figure 3).

The absolute configuration was determined by CD mea-
surements and calculations for the acylated product 3j′ to
be R,R. Thus, based on the CIP-rules all the other products
3a–j have 2′S,4′R configuration (Figure 4, see also Supporting
Information).

In conclusion, we have developed a new asymmetric
domino sulfa-Michael/aldol reaction of 2-arylidene-1,3-in-
dandiones with 1,4-dithiane-2,5-diol catalyzed by only 0.2
mol% of a squaramide. This domino transformation pro-
vides a rapid access to the tetrahydrothiophene bearing

spiro indane-1,3-dione derivatives in excellent yields with
moderate to good diastereoselectivities and moderate en-
antioselectivities.

Table 3  Substrate Scopea

3 R Time (h) Yield (%)b drc ee (%)d

a Ph 3.0 96 9:1 68

b 1-naphthyl 3.0 93 8:1 65

c 4-O2NC6H4 2.0 99 7.5:1 56

d 4-F3CC6H4 1.0 96 9:1 66

e 4-BrC6H4 5.0 97 1.3:1 68, 83e

f 2-ClC6H4 2.0 93 1.5:1 72, 75e

g 4-MeC6H4 2.5 98 9:1 71

h 3-MeOC6H4 3.0 88 9:1 60

i 3,4-(OCH2O)C6H3 4.5 96 9:1 74

j 3-thienyl 24 98 9:1 72
a Reaction conditions: 1.0 mmol of 1, 1.0 mmol 2, 0.2 mol% of V in 10 mL 
of CH2Cl2 at r.t.
b Yield of isolated product after column chromatography.
c Diastereomeric ratio (cis to trans) was determined by HPLC of the acylated 
product.
d Enantiomeric excess of the major diastereomer was determined by HPLC 
analysis of the acylated product on a chiral stationary phase.
e Enantiomeric excess of the minor diastereomer.
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Figure 3  Determination of the relative configuration by X-ray struc-
ture analysis and NOESY measurement of carbamate 4

Figure 4  Determination of the absolute configuration of 3j′ by com-
parison of its experimental electronic circular dichroism (ECD) spec-
trum measured at room temperature in acetonitrile (top, a) with its 
calculated counterpart Boltzmann-averaged from the ECD spectra of 
two conformers (bottom, b). Δε is in 1000 cm2mol–1 and λ in nm. For 
details, see the electronic supplementary material.
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All reactions were performed in oven-dried glassware. Analytical TLC
was performed using SIL G-25 UV254 from Machery & Nagel and vi-
sualized with ultraviolet radiation at 254 nm. 1H and 13C NMR spectra
were recorded in CDCl3 at ambient temperature on Varian Innova 600
instrument. Chemical shifts for 1H NMR and 13C NMR spectra for the
major cis-isomer are reported in parts per million (ppm), with cou-
pling constants given in Hertz (Hz). Standard abbreviations are used
for denoting spin multiplicities. Mass spectra were recorded on
SSQ7000 spectrometer from Finnigan at 70 eV, whereas HRMS data
(ESI) were collected using a ThermoFisher Scientific LTQ-Orbitrap XL
apparatus. IR spectra were recorded on a PerkinElmer Spectrum 100
FT-IR spectrometer. Elemental analyses were performed with a Vario
EL elemental analyzer. Analytical HPLC was carried out either on a
Hewlett-Packard 1050 series instrument or Agilent 1100 instrument
using chiral stationary phases. Optical rotation values were measured
on a PerkinElmer 241 polarimeter and melting points using a Büchi
510 apparatus (both on the diastereometic mixture of 3a–j).
Unless specified, the starting materials and reagents were purchased
directly from the commercial suppliers and used without further pu-
rification. All solvents used as reaction media were distilled before
use. The 2-arylidene-1,3-indandiones 211a and the catalysts I–VIII,15

X,16 XI,17 and XII–XIII18 were synthesized using known literature pro-
cedures. For HPLC analyses the racemic samples of 3a–j were synthe-
sized using DBU as catalyst. For the determination of the enantiomer-
ic excess by HPLC the products 3a–j were acylated in CH2Cl2 using
Ac2O, pyridine, and DMAP.

Compounds 3a–j; General Procedure
In an oven dried round-bottom flask, a solution of the squaramide
catalyst V (0.2 mol%) and the corresponding 2-arylidene-1,3-indandi-
one 2 (1.0 mmol) in CH2Cl2 (10 mL) was stirred at r.t. After 5 min, the
1,4-dithiane-2,5-diol (1; 1.0 mmol) was added and the stirring was
continued until the complete consumption of the reactants was ob-
served by TLC. Then the crude mixture was purified by flash chroma-
tography on silica gel using a gradient of n-hexane/EtOAc (9:1 to 3:1)
to afford the desired product 3 (Table 3).

4′-Hydroxy-2′-phenyl-4′,5′-dihydro-2′H-spiro[indene-2,3′-thio-
phene]-1,3-dione (3a)
Yield: 299 mg (96%); colorless solid; mp 115–116 °C; [α]D

24 +66.6
(c = 0.5, CHCl3).
HPLC: Chiralpak IC column; 230 nm, n-heptane/EtOH (9:1), 0.70
mL/min, tR = 6.69 min (major), 8.37 min (minor); 9:1 dr; 68% ee.
IR (capillary): 3473, 3024, 2938, 2649, 2321, 2185, 2099, 1974, 1891,
1738, 1699, 1589, 1493, 1445, 1353, 1246, 1163, 1077, 1028, 930,
889, 844, 754, 696 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.83–7.81 (m, 1 H, ArH), 7.69–7.63 (m,
3 H, ArH), 7.27–7.26 (m, 2 H, ArH), 7.06–7.02 (m, 3 H, ArH) 5.10 (s, 1
H, SCHAr), 5.04–5.00 (m, 1 H, HOCHCH2), 3.85–3.82 (m, 1 H, CH2),
3.36 (dd, J = 10.0, 7.0 Hz, 1 H, CH2), 2.53 (d, J = 6.6 Hz, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.9, 198.2, 143.3, 142.4, 136.6,
136.1, 135.5, 135.1, 128.8 (2C), 128.4, 128.3 (2 C), 123.0 (2 C), 80.1,
69.3, 53.2, 36.2.
MS (CI, methane): m/z = 311.1 [M + H]+.
HRMS (ESI): m/z [M + Na]+ calcd for C18H14O3SNa: 333.0556; found:
333.0563.

4′-Hydroxy-2′-(naphthalen-1-yl)-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3b)
Yield: 335 mg (93%); light yellow solid; mp 85–87 °C; [α]D

24 +82.2
(c = 0.5, CHCl3).
HPLC: Chiralpak IC column; 230 nm, n-heptane/EtOH (9.7:0.3), 1.0
mL/min, tR = 10.11 (major), 13.66 min (minor); 8:1 dr; 65% ee.
IR (capillary): 3426, 3055, 2937, 2653, 2319, 2098, 1994, 1915, 1737,
1698, 1590, 1505, 1436, 1353, 1256, 1157, 1075, 909, 866, 751 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.84 (d, J = 7.5 Hz, 1 H, ArH), 7.78 (s, 1
H, ArH), 7.70–7.35 (m, 6 H, ArH), 7.40–7.35 (m, 3 H, ArH), 5.30 (s, 1 H,
SCHAr), 5.09–5.06 (m, 1 H, HOCHCH2), 3.91–3.88 (m, 1 H, CH2), 3.41
(dd, J = 10.0, 7.0 Hz, 1 H, CH2), 2.31 (s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.7, 198.0, 143.2, 142.3, 136.0,
135.4, 133.0, 132.8, 132.6, 128.1, 128.0, 127.9, 127.4, 126.2, 126.1,
126.0, 123.0, 122.9, 80.2, 69.1, 53.1, 36.2.
MS (ESI): m/z = 399.1 [M + K]+.
HRMS (ESI): m/z [M]+ calcd for C22H16O3S: 360.0815; found: 360.0815.

4′-Hydroxy-2′-(4-nitrophenyl)-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3c)
Yield: 352 mg (99%); colorless solid; mp 148–150 °C; [α]D

24 +90.0
(c = 0.5, CHCl3).
HPLC: Chiralpak IB column; 230 nm, n-heptane/i-PrOH (9:1), 0.50
mL/min, tR = 27.59 (major), 32.11 min (minor); 7.5:1 dr; 56% ee.
IR (capillary): 3469, 3077, 2925, 2855, 2650, 2456, 2320, 2103, 1993,
1901, 1736, 1699, 1594, 1518, 1434, 1344, 1255, 1166, 1075, 908,
835, 757, 693 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.94–7.89 (m, 3 H, ArH), 7.75–7.72 (m,
3 H, ArH), 7.51–7.42 (m, 2 H, ArH), 5.19 (s, 1 H, SCHAr), 5.04–5.01 (m,
1 H, HOCHCH2), 3.87–3.84 (m, 1 H, CH2), 3.37 (dd, J = 10.0, 6.8 Hz, 1 H,
CH2), 2.28 (br s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.0, 197.4, 147.6, 143.1, 142.9,
142.1, 136.5, 135.9, 129.8 (2C), 123.3 (2 C), 123.1 (2 C), 80.4, 68.8,
51.6, 36.2.
MS (EI): m/z = 355.1 [M]+.
HRMS (ESI): m/z [M + Na]+ calcd for C18H13NO5SNa: 378.0407; found:
378.0408.

4′-Hydroxy-2′-[4-(trifluoromethyl)phenyl]-4′,5′-dihydro-2′H-
spiro[indene-2,3′-thiophene]-1,3-dione (3d)
Yield: 365 mg (96%); light yellow solid; mp 97–99 °C; [α]D

24 +50.4
(c = 0.5, CHCl3).
HPLC: Chiralpak IC column; 254 nm, n-heptane/EtOH (9:1), 1 mL/min,
tR = 3.52 min (major), 4.70 min (minor); 9:1 dr; 66% ee.
IR (capillary): 3471, 3060, 2940, 2642, 2322, 2185, 2106, 2000, 1939,
1739, 1695, 1591, 1512, 1407, 1323, 1259, 1115, 1067, 894, 841, 768,
708, 666 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.86–7.85 (m, 1 H, ArH), 7.72–7.69 (m,
3 H, ArH), 7.42 (d, J = 8.2 Hz, 2 H ArH), 7.32 (d, J = 8.1 Hz, 2 H, ArH),
5.15 (s, 1 H, SCHAr), 5.04–5.01 (m, 1 H, HOCHCH2), 3.86–3.82 (m, 1 H,
CH2), 3.36 (dd, J = 9.9, 6.9 Hz, 1 H, CH2), 2.48 (br s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.4, 197.7, 143.0, 142.2, 139.5,
136.3 (2 C), 135.7 (2 C), 129.1 (2 C), 125.2 (2 C), 123.0 (2 C), 80.3, 68.9,
52.0, 36.1.
MS (ESI): m/z = 417.0 [M + K]+.
Anal. Calcd for C19H13F3O3S: C, 60.31; H, 3.46. Found: C, 59.95; H, 3.62.
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2′-(4-Bromophenyl)-4′-hydroxy-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3e)
Yield: 378 mg (97%); colorless solid; mp 140–142 °C; [α]D

24 –26.0
(c = 0.5, CHCl3).
HPLC: Chiralpak IC column; 230 nm, n-heptane/i-PrOH (9:1), 0.7
mL/min, tR = 15.03 min (major), 16.59 min (minor) and tR = 8.91 min
(major), 9.63 min (minor); 1.3:1 dr; 68% ee (major diastereomer), 83%
ee (minor diastereomer).
IR (capillary): 3445, 3082, 2932, 2704, 2321, 2109, 1998, 1736, 1695,
1589, 1465, 1436, 1350, 1257, 1166, 1131, 1074, 1027, 940, 895, 836,
758, 672 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.99–7.90 (m, 2 H)both, 7.76–7.65 (m, 3
H, ArH)both, 7.25–7.17 (m, 2 H)both, 6.98–6.90 (m, 1 H, ArH)both, 5.64 (s,
1 H, SCHAr)minor, 5.54 (s, 1 H, SCHAr)major, 5.03–4.99 (m, 1 H,
HOCHCH2)major, 4.90–4.88 (m, 1 H, HOCHCH2)minor, 3.83 (dd, J = 10.1,
8.8 Hz, 1 H, CH2)major, 3.72 (dd, J = 10.9, 4.7 Hz, 1 H, CH2)minor, 3.55 (d,
J = 4.1 Hz, 1 H, OH)minor, 3.41–3.37 (m, 1 H, CH2)both, 2.80 (d, J = 6.6 Hz,
1 H, OH)major.
13C NMR (151 MHz, CDCl3): δ (both isomers) = 201.2, 199.7, 198.2,
197.7, 142.7 (2 C), 142.5, 142.0, 136.2, 136.0, 135.9 135.8, 135.7 (2 C)
133.0, 132.5, 132.4 129.5 (2 C), 127.4 (2 C), 124.9, 124.5, 123.4, 123.0
(2 C), 80.66, 80.5, 68.0, 67.3, 53.4, 51.4, 38.5, 37.2.
MS (ESI): m/z = 429.0 [M + K]+.
Anal. Calcd for C18H13BrO3S: C, 55.54; H, 3.37. Found: C, 55.57; H, 3.38.

2′-(2-Chlorophenyl)-4′-hydroxy-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3f)
Yield: 320 mg (93%); colorless solid; mp 141–142 °C; [α]D

24 +2.4
(c = 0.5, CHCl3).
HPLC: Chiralpak IC column; 230 nm, n-heptane/i-PrOH (9:1), 1.0
mL/min, tR = 9.64 min (major), 11.66 min (minor) and tR = 5.99 min
(major), 6.81 min (minor); 1.5:1 dr; 72% ee (major diastereomer), 75%
ee (minor diastereomer).
IR (capillary): 3478, 3083, 2937, 2702, 2320, 2110, 1931, 1737, 1695,
1589, 1468, 1437, 1349, 1256, 1165, 1129, 1072, 1040, 940, 894 869,
841, 794, 757, 692 cm–1.
1H NMR(600 MHz, CDCl3): δ = 7.99–7.88 (m, 2 H, ArH)both, 7.76–7.63
(m, 3 H, ArH)both, 7.18 (dd, J = 14.9, 7.1 Hz, 1 H, ArH)both, 6.96–7.03 (m,
2 H, ArH)both, 5.68 (s, 1 H, CH, SCHAr)minor, 5.55 (s, 1 H, CH, SCHAr)major,
5.05–5.01 (m, 1 H, HOCHCH2)major, 4.88–4.86 (m, 1 H, HOCHCH2),
3.85–3.82 (m, 1 H, CH2)major, 3.77–3.74 (m, 1 H, ArH, CH2)minor, 3.67 (d,
J = 3.6 Hz, 1 H, OH)minor, 3.38–3.35 (m, 1 H, CH2)both, 2.83 (d, J = 6.5 Hz,
1 H, OH)major.
13C NMR (151 MHz, CDCl3): δ (both isomers) = 201.3, 199.9, 198.2,
197.6, 142.7, 142.5, 142.5, 141.9, 136.2, 136.0, 135.9, 135.8, 134.0,
133.9, 133.8, 133.7, 132.7, 132.2, 129.2, 129.2, 129.1, 129.0, 126.8,
126.8, 123.4, 123.4, 123.0, 122.9, 80.7, 80.5, 68.0, 67.4, 51.1, 48.9,
38.8, 37.0.
MS (ESI): m/z = 383.0 [M + K]+.
Anal. Calcd for C18H13ClO3S: C, 62.70; H, 3.80. Found: C, 62.94; H, 3.66.

4′-Hydroxy-2′-(4-methylphenyl)-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3g)
Yield: 319 mg (98%); yellow solid; mp 57–59 °C; [α]D

24 +40.4 (c = 0.5,
CHCl3).

HPLC: Chiralpak IC column; 230 nm, n-heptane/i-PrOH (9:1), 0.70
mL/min, tR = 11.23 min (major), 18.53 min (minor); 9:1 dr; 71% ee.
IR (capillary): 3427, 3024, 2933, 2649, 2319, 2108, 1904, 1736, 1697,
1591, 1509, 1439, 1350, 1254, 1169, 1074, 899, 821, 780, 748, 669
cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.84 (d, J = 7.0 Hz, 1 H, ArH), 7.71–7.64
(m, 3 H, ArH), 7.15 (d, J = 8.1 Hz, 2 H, ArH), 6.85 (d, J = 8.0 Hz, 2 H,
ArH), 5.08 (s, 1 H, SCHAr), 5.02–4.99 (m, 1 H, HOCHCH2), 3.83–3.80
(m, 1 H, CH2), 3.35 (dd, J = 10.0, 7.0 Hz, 1 H, CH2), 2.45 (br s, 1 H, OH),
2.12 (s, 3 H, CH3).
13C NMR (151 MHz, CDCl3): δ = 200.8, 198.2, 143.3, 142.3, 137.9,
135.9, 135.3, 131.9, 128.9, 128.8 (2C), 128.5 (2C), 122.9, 80.1, 69.2,
52.8, 36.0, 20.9.
MS (CI, methane): m/z = 325.0 [M + H]+.
HRMS (ESI): m/z [M]+ calcd for C19H16NO3S: 324.0815; found:
324.0813.

4′-Hydroxy-2′-(3-methoxyphenyl)-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3h)
Yield: 299 mg (88%); light yellow wax; [α]D

24 +55.2 (c = 0.5, CHCl3).
HPLC: Chiralpak IA column; 254 nm, n-heptane/EtOH (7:3), 0.70
mL/min, tR = 10.29 (major), 10.99 min (minor); 9:1 dr; 60% ee.
IR (capillary): 3425, 3015, 2939, 2836, 2649, 2323, 2097, 1982, 1867,
1694, 1588, 1485, 1444, 1350, 1253, 1154, 1045, 918, 767, 689 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.82–7.80 (m, 1 H, ArH), 7.69–7.68 (m,
1 H, ArH), 7.65–7.63 (m, 1 H, ArH), 6.93–6.91 (m, 2 H, ArH), 6.87–6.86
(m, 1 H, ArH), 6.79 (d, J = 7.7 Hz, 1 H, ArH), 6.55 (dd, J = 8.2, 2.6 Hz, 1
H, ArH), 5.07 (s, 1 H, SCHAr), 5.02–4.99 (m, 1 H, HOCHCH2), 3.84–3.80
(m, 1 H, CH2), 3.64 (s, 3 H, CH3), 3.34 (dd, J = 9.9, 7.0 Hz, 1 H, CH2), 2.74
(br s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.8, 198.0, 159.2, 143.2, 142.3,
136.6, 135.9, 135.3, 129.1, 122.9, 122.8, 120.9, 114.3, 113.6, 80.0, 69.1,
55.1, 53.0, 35.9.
MS (ESI): m/z = 363.1 [M + Na]+.
HRMS (ESI): m/z [M]+ calcd for C19H16O4S: 340.0764; found: 340.0775.

2′-(Benzo[d][1,3]dioxol-5-yl)-4′-hydroxy-4′,5′-dihydro-2′H-
spiro[indene-2,3′-thiophene]-1,3-dione (3i)
Yield: 341 mg (96%); yellow solid; mp 72–74 °C; [α]D

24 +92.4 (c = 0.5,
CHCl3).
HPLC: Chiralpak IC column; 230 nm, n-heptane/EtOH (9.7:0.3), 1.0
mL/min, tR = 19.42 (major), 21.37 min (minor); 9:1 dr; 74% ee.
IR (capillary): 3449, 3014, 2939, 2646, 2321, 2181, 2087, 1993, 1949,
1875, 1738, 1700, 1591, 1488, 1439, 1360, 1245, 1076, 1035, 925,
789, 755, 666 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.86–7.84 (m, 1 H), 7.77–7.70 (m, 3 H,
ArH), 6.88 (d, J = 1.8 Hz, 1 H), 6.68 (dd, J = 8.1, 1.8 Hz, 1 H, ArH), 6.45
(d, J = 8.1 Hz, 1 H, ArH), 5.80–5.78 (m, 2 H, OCH2O), 5.03 (s, 1 H,
SCHAr), 4.98–4.95 (m, 1 H, HOCHCH2), 3.82–3.78 (m, 1 H, CH2), 3.33
(dd, J = 10.0, 7.0 Hz, 1 H, CH2), 2.34 (s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 200.7, 198.1, 147.4, 147.3, 143.3,
142.4, 136.0, 135.4, 128.7, 123.0, 122.9, 122.2, 109.2, 107.7, 101.0,
79.9, 69.1, 52.9, 36.0.
MS (ESI): m/z = 393.0 [M + K]+.
HRMS (ESI): m/z [M]+ calcd for C19H14O5S: 354.0556; found: 354.0560.
 Georg Thieme Verlag  Stuttgart · New York — Synthesis 2016, 48, 1131–1138
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4′-Hydroxy-2′-(thiophen-3-yl)-4′,5′-dihydro-2′H-spiro[indene-
2,3′-thiophene]-1,3-dione (3j)
Yield: 309 mg (98%); yellow solid; mp 98–100 °C; [α]D

24 +60.6 (c = 0.5,
CHCl3).
HPLC: Chiralpak IC column; 254 nm, n-heptane/i-PrOH (9.5:0.5), 1
mL/min, tR = 12.21 min (major), 17.35 min (minor); 9:1 dr; 72% ee.
IR (capillary): 3478, 3414, 3110, 3024, 2935, 2649, 2324, 2180, 2098,
1976, 1951, 1871, 1737, 1696, 1589, 1438, 1353, 1249, 1143, 1075,
935, 900, 835, 775, 700 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.82–7.81 (m, 1 H, ArH), 7.72–7.66 (m,
3 H, ArH), 7.12 (d, J = 2.5 Hz, 1 H, ArH), 6.96 (dd, J = 5.0, 3.1 Hz, ArH),
6.80–6.79 (m, 1 H, ArH), 5.13 (s, 1 H, SCHAr), 4.99–4.96 (m, 1 H,
HOCHCH2), 3.81–3.78 (m, 1 H, CH2), 3.32 (dd, J = 9.9, 7.1 Hz, 1 H, CH2),
2.87 (br s, 1 H, OH).
13C NMR (151 MHz, CDCl3): δ = 201.0, 198.3, 143.3, 142.4, 136.2 (2 C),
135.5, 127.5, 126.0, 124.3, 123.0 (2 C), 79.8, 68.7, 48.0, 36.0.
MS (ESI): m/z = 339.0 [M + Na]+.
Anal. Calcd for C16H12O3S2: C, 60.74; H, 3.82. Found: C, 60.54; H, 3.83.

Acylation of 3; General Procedure
To an oven dried round-bottom flask were added sequentially a solu-
tion of 3 (0.5 mmol) in CH2Cl2 (5.0 mL), Ac2O (1.0 mmol), DMAP (20
mol%), and pyridine (1.0 mmol) and the reaction mixture was stirred
for 30 min at r.t. Then the crude mixture was purified by flash chro-
matography on silica gel using a gradient of n-hexane/EtOAc (9:1 to
4:1) to afford the desired product.

1,3-Dioxo-2′-phenyl-1,3,4′,5′-tetrahydro-2′H-spiro[indene-2,3′-
thiophen]-4′-yl Acetate (3a′)
Yield: 156 mg (89%); colorless wax.
IR (capillary): 3060, 2946, 1746, 1705, 1593, 1492, 1446, 1365, 1258,
1218, 1043, 928, 895, 841, 801, 761, 699, 655 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.87–7.86 (m, 1 H, ArH), 7.73–7.68 (m,
3 H, ArH), 7.27–7.26 (m, 2 H, ArH), 7.06–7.03 (m, 3 H, ArH), 5.74 (dd,
J = 9.8, 7.3 Hz, 1 H, CHCH2), 5.12 (s, 1 H, SCHAr), 3.76 (t, J = 9.8 Hz, 1 H,
CH2), 3.59 (dd, J = 9.8, 7.3 Hz, 1 H, CH2), 1.76 (s, 3 H, CH3CO).
13C NMR (151 MHz, CDCl3): δ = 198.8, 196.3, 169.4, 142.7, 141.9,
136.0, 135.5, 134.1, 128.7 (2 C), 128.3, 128.2 (2 C), 123.0 (2 C), 78.8,
67.0, 52.4, 32.6, 20.4.
MS (EI): m/z = 352.2 [M]+.
HRMS (ESI): m/z [M + Na]+ calcd for C20H16O4SNa: 375.0662; found:
375.0669.

1,3-Dioxo-2′-(thiophen-3-yl)-1,3,4′,5′-tetrahydro-2′H-spiro[in-
dene-2,3′-thiophen]-4′-yl Acetate (3j′)
Yield: 171 mg (96%); colorless wax.
IR (capillary): 3101, 1745, 1705, 1592, 1435, 1359, 1219, 1043, 898,
835, 772 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.89–7.87 (m, 1 H, ArH), 7.78–7.72 (m,
3 H, ArH), 7.14–7.03 (m, 1 H, ArH), 6.95 (dd, J = 5.0, 3.0 Hz, 1 H, ArH),
6.79 (dd, J = 5.0, 1.2 Hz, 1 H, ArH), 5.69 (dd, J = 9.8, 7.3 Hz, 1 H,
CHCH2), 5.16 (s, 1 H, SCHAr), 3.73–3.68 (m, 1 H, CH2), 3.54 (dd, J = 9.8,
7.3 Hz, 1 H, CH2), 1.74 (s, 3 H, CH3CO).
13C NMR (151 MHz, CDCl3): δ = 198.7, 196.3, 169.3, 142.6, 141.8,
136.1, 135.5, 135.2, 127.3, 125.9, 124.5, 123.0 (2 C), 78.5, 66.4, 47.4,
32.5, 20.4.

MS (ESI): m/z = 397.2 [M + K]+.
HRMS (ESI): m/z [M + Na]+ calcd for C18H14O4S2Na: 381.0226; found:
381.0216.

1,3-Dioxo-2′-phenyl-1,3,4′,5′-tetrahydro-2′H-spiro[indene-2,3′-
thiophen]-4′-yl Phenylcarbamate (4)
To an oven dried round-bottom flask were added sequentially a solu-
tion of 3a (0.5 mmol) in CH2Cl2 (5.0 mL), N-methylimidazole (20
mol%), and phenyl isocyanate (1.0 mmol) and the reaction mixture
was stirred for 22 h at r.t. Then the crude mixture was purified by
flash chromatography on silica gel using a gradient of n-hexane/EtOAc
(9:1 to 4:1) to afford the desired product 4; yield: 185 mg (86%); grey
solid; mp 156–158 °C.
IR (capillary): 3331, 1737, 1704, 1598, 1532, 1443, 1315, 1258, 1212,
1159, 1060, 931, 897, 753, 694 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.89–7.86 (m, 1 H, ArH), 7.74–7.67 (m,
3 H, ArH), 7.36–7.22 (m, 6 H, ArH), 7.09–7.02 (m, 4 H, ArH), 6.30 (s, 1
H, NH), 5.87–5.84 (m, 1 H, CHCH2), 5.17 (s, 1 H, SCHAr), 3.89–3.85 (m,
1 H, CH2), 3.64 (dd, J = 9.7, 7.5 Hz, 1 H, CH2).
13C NMR (151 MHz, CDCl3): δ = 198.7, 196.6, 142.7, 142.1, 136.0,
135.9, 135.8, 135.6, 134.2, 129.1, 129.0, 128.7, 128.4 (2 C), 128.2 (3 C),
123.4, 123.2, 123.0, 118.6 56.1, 52.8, 38.1, 32.9.
MS (ESI): m/z = 452.1 [M + Na]+.
HRMS (ESI): m/z [M + Na]+ calcd for C25H19NO4SNa: 452.0927; found:
452.0934.
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