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Organocatalytic highly enantioselective tandem Michael–Knoevenagel
reaction for the synthesis of substituted thiochromanes
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Abstract

Enantioenriched tetrasubstituted thiochromanes have been synthesized using a tandem Michael addition–Knoevenagel reaction
between 2-mercaptobenzaldehydes and benzylidenemalonates with a 9-epi-aminoquinine thiourea derivative as the catalyst. Steric and
electron effects were found to affect profoundly the enantioselectivity and diastereoselectivity of the reaction.
� 2008 Elsevier Ltd. All rights reserved.
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Fig. 1. Proposed hydrogen-bonding between the catalyst and the
substrates.
Thiochromanes, the sulfur analogues of chromanes,
have been reported to possess important biological activi-
ties.1 There are also reports that the replacement of oxygen
atom in chromanes with a sulfur atom results in enhanced
bioactivities.1e,g Owing to their biological relevance, several
asymmetric synthetic methods2 have been developed; none-
theless, these methods are either not catalytic or they use
special reagents. Most recently, there is considerable inter-
est in developing catalytic asymmetric synthesis of these
derivatives using organocatalysis.3 For example, Wang
and co-workers reported an enantioselective synthesis on
the basis of a tandem Michael-aldol reaction using a qui-
nine thiourea catalyst.3c

As part of our on going effort in developing novel organ-
ocatalytic reactions,4 we recently discovered3e a novel syn-
thesis of trisubstituted thiochromanes on the basis of a
tandem5 Michael–Henry reaction catalyzed by cupreine.
During the course of this study, we envisioned that Wang’s
approach toward thiochromanes may be improved by using
readily available benzylidenemalonates as the substrates.

As shown in Fig. 1, trans-N-cinnamoyl-2-oxazolidinone
derivatives were used as the substrates in Wang’s approach.
The purpose of introducing the oxazolidinone moiety into
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the substrate is to achieve proper hydrogen-bonding
between the substrate and the thiourea moiety of the cata-
lyst (Fig. 1, left),3c which is essential for achieving the
desired stereoselectivity. It is our conviction that benzyl-
idenemalonates should also be good substrates for this cat-
alytic system, because similar hydrogen-bonding may be
readily achieved with these compounds (Fig. 1, right).
The major advantage of using benzylidenemalonates as
the substrates lies in that these compounds are readily
available through the Knoevenagel condensation6 of malo-
nates and aldehydes. Moreover, instead of a tandem
Michael-aldol reaction, the synthesis will be a tandem
Michael–Knoevenagel reaction.7 For the latter, to the best
of our knowledge, an organocatalytic example has not yet
been established in the literature. Herein, we wish to report
our preliminary results on the synthesis of substituted
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Table 1
Catalyst screening and reaction condition optimizationsa

CHO

SH

R1O2C CO2R1

S

OH

CO2R1
CO2R1

*
*

catalyst
(5 mol %)
solvent

5 6

7

R2

R2

+

Entry Catalyst R1 R2 Yieldb (%) drc eed (%)

1 1 Et H 7a, 94 70:30 80
2 2 Et H 7a, 86 65:35 23
3 3 Et H 7a, 90 70:30 14
4 4 Et H 7a, 81 70:30 6
5e 1 Et H 7a, 96 65:35 43
6f 1 Et H 7a, 88 60:40 47
7g 1 Et H 7a, 86 72:28 8
8h 1 Et H 7a, 92 70:30 86
9i 1 Et H 7a, 95 70:30 90(90)

10i 1 Me H 7b, 90 60:40 87(88)
11i 1 i-Pr H 7c, 87 75:25 87(84)
12i 1 Et 2-OMe 7d, 94 93:7 94(94)
13i 1 Et 4-OMe 7e, 93 70:30 91(93)

a Unless otherwise indicated, all reactions were conducted at room
temperature with 5 (0.11 mmol), 6 (0.10 mmol) and the catalyst (5 mol %)
in CH2Cl2 (1.0 mL) for 30 min.

b Yield of isolated product after flash column chromatography.
c Determined by 1H NMR analyses of the crude product.
d Enantiomeric excess was determined by HPLC analysis on a Chiralpak

AD-H and/or a Chiralpak OJ-H column; values in the parentheses are
those of the minor diastereomers.

e Ether (1.0 mL) as the solvent.
f Toluene (1.0 mL) as the solvent.
g EtOAc (1.0 mL) as the solvent.
h Reaction was performed at 0 �C for 1 h.
i Reaction was performed at �40 �C for 2 h.
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thiochromanes using this tandem Michael–Knoevenagel
reaction.

By using 2-mercaptobenzaldehyde (5) and diethyl
2-benzylidenemalonate (6a) as the model compounds, we
initially studied the tandem Michael–Knoevenagel reaction
in CH2Cl2 using 5 mol % of 9-epi-aminoquinine thiourea
catalyst 1 (Fig. 2) at room temperature (Table 1, entry 1).
We were pleased to find that the reaction completed in just
30 min and an excellent yield (94%) of the desired thiochro-
mane 7a was obtained. According to the 1H NMR analysis
of the crude product, the two diastereomers were obtained
in a ratio of 70:30. The ee value of the major diastereomer
was determined to be 80% (entry 1). However, further
screening some similar alkaloid catalysts (2–4, Fig. 2) that
do not have the thiourea moiety all led to poor ee values of
the major diastereomer, although the diastereoselectivities
obtained remained almost the same for these catalysts
(Table 1, entries 2–4). These results again testified that a
proper hydrogen-bonding between the substrate and the
catalyst is essential for the enantioselectivity and that the
diastereoselectivity of this reaction is quite independent
of the catalyst structure.3c

The reaction conditions were further optimized using
catalyst 1. As shown in Table 1, common organic solvents
such as ether (entry 5), toluene (entry 6), and EtOAc (entry
7) all produce worse enantioselectivities of the product as
compared to CH2Cl2 (entry 1). EtOAc is a particularly
bad solvent, and an almost racemic product was obtained
(8% ee), most likely because it competes with the substrate
for hydrogen-bonding. Gratifyingly, it was found that the
enantioselectivity may be improved by carrying out the
reaction at subambient temperatures. For example, an ee
value of 86% was obtained for the major diastereomer at
0 �C (entry 8). The highest ee value of 90% (for both diaste-
reomers) was obtained when the reaction was conducted at
�40 �C (entry 9). However, although lowering temperature
is effective in improving the enantioselectivity of this reac-
tion, it does not increase the diastereoselectivity at all
(entries 1, 8, and 9).

To get better diastereoselectivity, we further evaluated
the effects of the size of the ester alkyl groups on the reac-
tion. As is evident from Table 1, the smaller methyl ester
(6b, entry 10) actually led to worse diastereoselectivity
(60:40) than the ethyl ester. In contrast, although the larger
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Fig. 2. Catalysts screened for the tandem Michael–Knoevenagel reaction.
isopropyl ester (6c) produced slightly higher diastereoselec-
tivity (75:25) of the product, the enantioselectivity obtained
was slightly lower (87% ee). These conflicting effects left us
with limited options for further optimization in this direc-
tion. The effects of substituents on the phenyl ring were
then studied, and it was found that diethyl 2-(2-methoxy-
benzylidene)malonate (6d) yielded the desired thio-
chromanes 7d in excellent diastereoselectivity (93:7) and
enantiomeric excess (94% ee, entry 12). Nevertheless, with
diethyl 2-(4-methoxybenzylidene)malonate (6e), the diaste-
reoselectivity obtained for the product again falls to 70:30
(entry 12), although the ee values of the products are sim-
ilar to that of their 2-methoxy counterpart. These results
indicate that the diastereoselectivity increase in the case
of 6d was mainly due to steric factors instead of electronic
effects. It is also worth noting that, within error limits, the
enantioselectivities obtained for the minor diastereomers
are almost the same as those of the major ones in all of
the above cases (entries 9–12, values in the parentheses).

To understand the scope of this reaction, various substi-
tuted diethyl methylenemalonates and some substituted
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2-mercaptobenzaldehydes8 were studied as the substrates.9

The results are compiled in Table 2.
Table 2
Enantioselective tandem Michael–Knoevenagel reactiona

CHO

SH
R1

R2

EtO2C CO2Et

S

OH

CO2Et
CO2Et

R2

+

*
*

CH2Cl2
-40 oC, 2 h

1 (5 mol %)

R1

5 6

7

Entry R1 R2 Yieldb (%) drc eed (%)

1 H
OMe

7d, 94 93:7 94

2 H
OBn

7f, 96 95:5 94

3 H
Et

7g, 92 90:10 93

4 H
Ph

7h, 90 90:10 93

5 H 7i, 91 90:10 94

6 H

MeO

7j, 95 90:10 96

7 H 7k, 95 75:25 92e

8 H
Br

7l, 93 90:10 88

9 H
NO2

7m, 90 92:8 70

10 H O2N 7n, 93 70:30 72(72)f

11 4-OMe
OMe

7o, 93 90:10 91

12 4-Cl
OMe

7p, 90 92:8 90

13 H i-Pr 7q, 92 75:25 49(46)f

14 H c-C6H11 7r, 88 77:23 (60)f,g

a All reactions were conducted at �40 �C with 5 (0.11 mmol), 6

(0.10 mmol) and catalyst 1 (5 mol %) in CH2Cl2 (1.0 mL) for 2 h.
b Combined yield of isolated product after flash column

chromatography.
c Determined by 1H NMR analyses of the crude product.
d Enantiomeric excess was determined by HPLC analysis on a Chiralpak

AD-H column.
e The minor diastereomer is not separable on HPLC columns.
f Numbers in the parentheses are the ee values of the minor

diastereomers.
g The major diastereomer is not separable on HPLC columns.
As shown in Table 2, for benzylidenemalonates, besides
2-methoxy group (6d, entry 1), other substituents at the 2-
position also lead to good results. For example, 2-benzyl-
oxy (6f, entry 2), 2-ethyl (6g, entry 3), and 2-phenyl (6h,
entry 4) substituted diethyl benzylidenemalonates all react
with 2-mercaptobenzaldehyde to generate the correspond-
ing thiochromanes in excellent yields, diastereoselectivities
and enantioselectivities. Diethyl 2-(naphthalen-1-yl)-
methylenemalonate derivatives 6i and 6j are also excellent
substrates for this reaction (entries 5 and 6). In contrast,
although diethyl 2-(naphthalen-2-yl)methylenemalonate
(6k) gave the desired thiochromane 7k in excellent ee value
(92%, entry 7), the diastereoselectivity dropped again to
75:25. Electron-withdrawing groups at the ortho position
also generate high diastereoselectivities. For example, both
2-bromo (6l, entry 8) and 2-nitro (6m, entry 9) substituted
diethyl benzylidenemalonates yield dr over 90:10 for the
products. Nonetheless, the enantioselectivities obtained
are lower as compared to their electron-donating counter-
parts. The above results indicate that the diastereoselectiv-
ity of this reaction is sensitive mainly toward the steric
factors at the ortho position of the phenyl ring, but the
enantioselectivity outcome is influenced by the electronic
effects of the substituent on the aromatic ring. Thus, it is
not surprising that diethyl 2-(4-nitrobenzylidene)malonate
(6n) leads to the poorest results in stereoselectivities (entry
10), because it has a strong electron-withdrawing group on
the phenyl ring but no substituent at the ortho position. On
the other hand, subsituents on the 2-mercaptobenzalde-
hyde ring has minimum effects on the reaction. For exam-
ple, the reaction of 2-mercapto-4-methoxybenzaldehyde
(7o, entry 11) and 4-chloro-2-mercaptobenzaldehyde (7p,
entry 12) with diethyl 2-(2-methoxybenzylidene)malonate
both give similar diastereoselectivities and enantioselectivi-
ties as the unsubstituted 2-mercaptobenzaldehyde (7d,
entry 1). In contrast to aryl-substituted methylenemalo-
nates, alkyl-substituted methylenemalonates lead to poor
diastereoselectivities and enantioselectivities of the prod-
ucts. For example, the reaction of 2-mercaptobenzaldehyde
and diethyl isobutylidenemalonate produces the expected
thiochromane with a diastereomeric ratio of 75:25 and a
poor 49% ee for the major product (7q, entry 13). Similar
results were also obtained for the product of diethyl cyclo-
hexylmethylenemalonate (7r, entry 14).

In summary, we have developed a tandem Michael–
Knoevenagel reaction of 2-mercaptobenzaldehydes and
benzylidenemalonates for the synthesis of enantioenriched
tetrasubstituted thiochromanes using a quinine thiourea
catalyst 1. The diastereoselectivity of the reaction
increases if there is a substituent at the ortho position of
the phenyl ring of the benzylidene moiety, while the
enantioselectivity decreases if the phenyl ring is substi-
tuted with an electron-withdrawing group. Chiral tetra-
substituted thiochroman-4-ols may be synthesized in
high enantioselectivities (up to 96% ee) and diastereoselec-
tivities (up to 95:5) if these two factors are taken into
account during the synthesis.
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