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Abstract—A highly enantioselective catalytic asymmetric synthesis of 2H-1-benzothiopyrans is presented. The organocatalytic
asymmetric domino reactions between 2-mercaptobenzaldehyde and a,b-unsaturated aldehydes proceed with excellent chemo-
and enantioselectivities to give the corresponding pharmaceutically valuable benzothiopyrans in high yields with 91–98% ee.
� 2006 Elsevier Ltd. All rights reserved.
Heterocycles are of immense importance in the design
and discovery of new compounds for pharmaceutical
applications.1 The 2H-1-benzothiopyran (thiochrom-
enes) group is an important structural motif in the
preparation of pharmaceuticals.2 For instance, the
benzothiopyrans exhibit interesting biological properties
and have been tested and applied as drugs.2,3 They may
also show higher biological activity as compared to the
corresponding benzopyran structural motif, which is
also of great importance in the preparation of drugs.4

There are several methods available for the catalytic
synthesis of racemic thiochromene derivatives.5 How-
ever, a catalytic asymmetric synthesis of benzothio-
chromene derivatives has yet to be developed.

The development of organocatalytic asymmetric reac-
tions is a rapidly growing research field within organic
synthesis.6 Recently, organocatalytic reactions that in-
volve catalytic domino or cascade reactions via enamine
and iminium intermediates were reported.7,8 In this con-
text, Jørgensen and co-workers have reported a catalytic
enantioselective Michael reaction with aliphatic thiols as
nucleophiles.7d Moreover, we recently reported a cata-
lytic asymmetric synthesis of chromene-3-carbaldehyde
derivatives via a domino oxa-Michael/aldol reaction.9

Inspired by the recent development of metal-free cata-
lytic asymmetric domino reactions, we envisioned that
a chiral amine catalyzed reaction between 2-mercapto-
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benzaldehydes and a,b-unsaturated aldehydes could be
a new simple entry to 2H-1-benzothiopyran derivatives
(Scheme 1). Herein, we present a highly enantioselective
organocatalytic domino thia-Michael/aldol reaction
that gives the corresponding thiochromene derivatives
in high yields with 91–98% ee.

In an initial catalyst screen, we found that chiral pyrrol-
idines such as 4–9 catalyzed the reaction between
2-mercapto-benzaldehyde 1 (0.30 mmol) and cinnamic
aldehyde 2a (0.25 mmol) with high chemoselectivity to
give the corresponding thiochromene-3-carbaldehyde
3a in high yield but low enantioselectivity (Table 1).

For instance, (S)-proline catalyzed the formation of
thiochromene ent-3a in 87% yield with 7% ee. The chiral
diphenylprolinol 810 and its derivative 9a11 catalyzed the
formation of 3a in high yield but with modest enantio-
selectivity. However, the addition of a substoichiometric
amount of an organic acid (20 mol %) increased the
enantioselectivity of the chiral diarylpyrrolidines 8 and
9a mediated domino reactions. Based on these initial
results, we chose to screen protected diarylprolinols 9
as catalysts in the presence of benzoic acid as an additive
under different reaction conditions (Table 1). The thio-
chromene 3a was catalytically assembled using 9a in
high yield and good enantioselectivity under all the
investigated reaction conditions. The highest enantio-
selectivity was obtained in CHCl3 and CH3CN. Further-
more, decreasing the reaction temperature improved the
stereoselectivity of the domino reaction in CHCl3. In
addition, other chiral protected diarylprolinols 9
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Scheme 1. A plausible reaction pathway for the organocatalytic asymmetric synthesis of thiochromene-3-carbaldehydes.

Table 1. Catalyst screen for the enantioselective domino reactions between 1 and 2aa
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9a: Ar = Ph
9b: Ar = 2-naphthyl
9c: Ar = 3,5-(CF3)2C6H3

N
H OH
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Entry Additive (20 mol %) Catalyst Solvent Temperature (�C) Yieldb (%) eec (%)

1 None 4 CHCl3 rt 87 �7
2 None 5 CHCl3 rt 11 2
3 None 6 CHCl3 rt 86 7
4 None 7 CHCl3 rt 91 �22
5 None 8 CHCl3 rt 75 11
6 C6H5CO2H 8 CHCl3 rt 86 36
7 None 9a CHCl3 rt 78 39
8 C6H5CO2H 9a CHCl3 rt 95 55
9 4-O2NC6H4CO2H 9a CHCl3 rt 86 69

10 2-FC6H4CO2H 9a CHCl3 rt 83 50
11 Acetic acid 9a CHCl3 rt 76 50
12 C6H5CO2H 9a CH3CN rt 70 70
13 C6H5CO2H 9a MeOH rt 67 59
14 C6H5CO2H 9a CHCl3 �20 79 69
15 C6H5CO2H 9a CHCl3 �15 64 84
16 C6H5CO2H 9b CHCl3 �15 71 79
17 C6H5CO2H 9c CHCl3 �15 74 98
18 C6H5CO2H 9c CH3CN �15 51 84

a Experimental conditions: A mixture of 1 (0.30 mmol), cinnamic aldehyde 2a (0.25 mmol) and catalyst (20 mol %) in 0.5 mL solvent was stirred at
room temperature under the conditions displayed in the table.

b Isolated yield of pure compound 3a.
c Determined by chiral-HPLC analyses.
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Table 2. Direct organocatalytic asymmetric domino Michael/aldol condensation between 1 and a,b-unsaturated aldehydes 2a

2
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OO
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R

O

+

(20 mol%)

1 3

CHCl3, -15 ºC

9c

SH
     benzoic acid
        (20 mol%), 24 h

Entry R Product Yieldb (%) eec (%)

1 Ph
S Ph

O

3a

74 98

2 4-NCC6H4

S

O

CN3b

80 98

3 4-ClC6H4
S

O

Cl3c

53 96

4 4-ClC6H4 3c 68d 94d

5 4-BrC6H4

S

O

Br3d

93 98

6 2-Naphthyl
S

O

3e

68 94

7 CO2Et
S CO2Et

O

3f

61 91

8 n-Butyl
S

O

3g

70 96

9 n-Propyl
S

O

3h

55 94

10 4-O2NC6H4

S

O

NO23i

87 96

a Experimental conditions: A mixture of 1 (0.30 mmol), a,b-unsaturated aldehyde 2 (0.25 mmol), benzoic acid (20 mol %) and catalyst (20 mol %) in
0.5 mL CHCl3 was stirred at �15 �C for 24 h.

b Isolated yield of pure compound 3.
c Determined by chiral-HPLC analysis.
d Molecular sieves (0.2 g, 4 Å) were added.
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Figure 1. ORTEP picture of thiochromene-3-carbaldehyde 3d.
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catalyzed the reaction with excellent chemoselectivity
and furnished thiochromene 3a in high yield and enan-
tiomeric excess. Notably, catalyst 9c7d,11b,c,e catalyzed
the formation of 3a in 74% yield with 98% ee (entry
15). Encouraged by this excellent result, we decided
to investigate the catalytic asymmetric domino thia-
Michael/aldol reaction between 1a and a set of different
a,b-unsaturated aldehydes with 9c as the organocatalyst
(Table 2).12

The catalytic domino reactions proceeded with excellent
chemo- and enantioselectivities and the corresponding
thiochromene-3-carbaldehydes 3a–i were obtained in
high yields with 91–98% ee. We found that the catalytic
asymmetric reaction was highly chemoselective for reac-
tions with both aromatic and aliphatic a,b-unsaturated
aldehydes. For instance, chiral amine 9c catalyzed the
asymmetric reaction between 1 and 2-hept-2-enal with
high chemoselectivity and thiochromene 3g was isolated
in 70% yield and 96% ee (entry 8). The yield was further
improved by the addition of molecular sieves (4 Å) with-
out affecting the enantioselectivity of the reaction (entry
4). Moreover, the reactions were operationally simple
and were performed in parallel. Hence, the organocata-
lytic enantioselective domino reactions may be suitable
for the generation of thiochromene libraries.

X-ray analysis of the thiochromene-3-carbaldehyde 3d
supported the absolute configuration at C2 as R
(Fig. 1).13

Based on the X-ray analysis, we propose the following
mechanism to be responsible for the stereochemical out-
come of the chiral arylprolinol 9-catalyzed reactions
(Scheme 1).

The direct organocatalytic asymmetric domino thia-
Michael/aldol reaction starts with iminium activation of
the a,b-unsaturated aldehyde by the chiral pyrrolidine
derivative 9. The efficient shielding of the Si-face of
the chiral iminium intermediate by the bulky aryl groups
leads to stereoselective Re-facial nucleophilic conjugate
attack on the b-carbon by the thiol 1 resulting in a chiral
enamine intermediate (Scheme 1). Next, the chiral
enamine undergoes an intramolecular 6-exo trig aldol
addition, followed by hydrolysis of the resulting
iminium intermediate to give the aldol product. Next,
elimination of water gives the corresponding thiochrom-
ene-3-carbaldehyde 3. This is further supported by the
fact that the aldol intermediate was observed when the
reaction was monitored by NMR analyses of the crude
reaction mixture.

In summary, we have reported a simple highly enantio-
selective organocatalytic asymmetric domino thia-
Michael/aldol reaction. The chiral pyrrolidine catalyzed
domino reactions between thiosalicylic aldehyde and
a,b-unsaturated aldehydes proceeded with high chemo-
and enantioselectivities to furnish thiochromene-3-
carbaldehydes in high yields with 91–98% ee. Further
elaboration of this novel transformation, its synthetic
application and mechanistic studies are ongoing in our
laboratory.14
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