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Abstract: Highly enantioselective organocatalytic
domino thia-Michael/aldol reactions between 2-
mercaptoacetophenone and o,fB-unsaturated alde-
hydes are presented. The reactions proceed with ex-
cellent chemo-, diastereo- and enantioselectivity to
give the corresponding benzothiopyran derivatives
in high yields with up to >15:1 dr and 96 to >99 %
ee.
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Hetereocycles are very important in the design and
discovery of novel compounds for pharmaceutical ap-
plications.'! In this context, benzothiopyran deriva-
tives are of great importance in the preparation of
biologically active compounds.””? For example, benzo-
thiopyrans exhibit activity against inflammation, bac-
teria, cancer, and work as analgesics.[2'3] Furthermore,
they may also show higher biological activity as com-
pared to the corresponding benzopyran structural
motif, which is also very important in the preparation
of drugs.! Thus, catalytic methods have been devel-
oped for the synthesis of racemic benzothiopyrans.?!
Domino or cascade reactions, that involve the for-
mation of multiple stereocenters in one-pot, comprise
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a rapidly growing research field within the synthesis
of small molecules with complex architectures.” The
undeniable benefits of domino reactions include
“green chemistry” factors such as atom economy,” re-
duction of synthetic steps and minimization of sol-
vents and waste.[®! Thus, significant efforts have been
made in the development of asymmetric domino reac-
tions using chiral precursors for stereocontrol. How-
ever, the development of catalytic diastero- and enan-
tioselective domino reactions is still a challenging
task.!”) In this context, the development of organoca-
talytic asymmetric domino reactions has been intense-
ly pursued.”*!%

Recently, Wang!''*) and our group!'"® independently
reported a chiral pyrrolidine-catalyzed asymmetric
synthesis of 2H-1-thiochromenes using 2-mercapto-
benzaldehydes and enals as substrates [Eq. (1)].'
Moreover, we reported the catalytic asymmetric syn-
thesis of tetrahydrothioxanthenones using cyclic
enones as substrates.'? In both of these chiral pyrroli-
dine-mediated syntheses, the aldol adduct is dehydrat-
ed, which results in the loss of two chiral centers.

Based on the lessons learnt from the development
of these reactions and our research interest of finding
catalytic domino reactions that give useful structur-
es,'"13] we envisioned that a reaction between 2-mer-
captoacetophenone and enals could be a highly selec-
tive novel entry to benzothiopyrans with three contig-
uous stereocenters and a tertiary aldol structural
motif (Scheme 1). These compounds would be very
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Scheme 1. The proposed reaction pathway for a chiral amine-catalyzed enantioselective formation of thiochromenes with
three contiguous stereocenters and a tertiary aldol structural motive.

important for chemical, biological and medicinal
chemistry studies. However, both the development of
a highly selective catalytic asymmetric synthesis of
tertiary stereocenters and avoiding subsequent dehy-
dration are very challenging. In fact, controlling the
stereochemistry of the intermolecular aldol addition
to the acceptor ketone moiety, which would give the
tertiary aldol structural motif is not trivial.'¥ Herein,
we present a highly enantioselective organocatalytic
domino thia-Michael/aldol reaction that gives benzo-
thiopyran derivatives in high yields with up to >15:1
dr and 96 to >99% ee.l"”!

In an initial catalyst screen for the reaction between
2’-mercaptoacetophenone 1 (0.30 mmol) and cinnamic
aldehyde 2a (0.25 mmol), we found to our delight that
chiral amines 5, 6, 8 and 9% were catalysts for the
asymmetric domino thia-Michael/aldol reaction
(Table 1). For instance, compound 9 catalyzed the
asymmetric formation of benzothiopyran 3a in 44 %
yield and 83 % ee, which was the highest of all the in-
vestigated catalysts, at room temperature (entry5).
However, the diastereoselectivety was low (2:1 dr)
and the dehydrated thiopyran was isolated in 40%
yield. Thus, we decided to optimize the reaction con-
ditions of the catalytic asymmetric domino thia-Mi-
chael/aldol reaction wusing 9 as the catalyst
(Table 1).1'")

We found that performing the asymmetric domino
reactions in CHCI; or toluene gave a higher reaction
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efficiency and ee of the thiochromene derivative 3a as
compared to other solvents. In addition, the employ-
ment of an organic acid as an additive increased the
efficiency of the domino reaction. Decreasing the re-
action temperature improved the diastereoselectivity
of the reaction. 2-Nitrobenzoic acid gave the superior
results with respect to conversion and diastereoselec-
tivity in toluene at —25°C (entry 14). Moreover, the
dehydration of 3a was nearly avoided at this tempera-
ture. For example, the chiral amine 9 catalyzed the
enantioselective formation of the corresponding ben-
zothiopyran 3a in 98 % yield with 10:1 dr and 98 % ee
(entry 14). The superior level of enantioselectivity
and efficiency encouraged us to choose these reaction
conditions for further exploration (Table 2).

The catalytic enantioselective domino reactions
were highly chemoselective and the corresponding
thiochromenes 3 were isolated in high yields with 96
to 99% ee. The diastereoselectivity of the reaction
was high and in some cases nearly a single diastereo-
mer was formed with excellent enanioselectivity.'"!
Thus, it was possible to control the formation of three
new stereocenters in one-pot. Enal substituents such
as aryl, alkyl and ester groups are readily tolerated.
For example, chiral amine 9 catalyzed the formation
of benzothiopyrans 3b and 3e in high yields with
>15:1 dr and 99% ee, respectively (entries 2 and 5).
Moreover, ester and aliphatic substituted products 3f-
h were isolated with 10:1 to >15:1 dr and 96 % ee, re-
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Table 1. Catalyst screen for the amine-catalyzed enantioselective domino reactions between 1 and 2a."!

Catalyst
(20 mol%)

Solvent

ol =

T D$OD$OD+

5

H OTMS H OTMS
9: Ar = 3,5- (CF3)2C6H3

Entry  Additive Catalyst Solvent

Temp (°C) Time (h)

3a 4a

(20 mol%) Yield (%)P! Drlel  Ee (%) Yield (%)]

1 none 5 CHClj rt 24 54 2:1 5 n.d.
2 none 6 CHCl3 rt 24 44 2:1 3 n.d.
3 none 7 CHCl3 rt 24 trace n.d. n.d. n.d.
4 CeHs5COH 8 CHClj4 rt 24 46 111 38 n.d.
5 CgsHsCO,H 9 CHClj4 rt 24 44 2:1 83 40

6 none 9 CHCl3 rt 21 32 2:1 94 n.d.
7 CeHsCOoH 9 CHCls -15 36 70 3:1 97 traces
8 CeH5CO2H 9 toluene -15 24 98 5:1 97 traces
9  2-O:NCgH4CO-H 9 toluene -15 36 82 7:1 97 traces
10 2-FCgH4CO,H 9 toluene -15 36 72 4:1 97 traces
11 acetic acid 9 toluene -15 36 96 3:1 96 traces
12 CsHsCOoH 9 CH3;CN -15 24 trace n.d. n.d. traces
13 CeH5CO5H 9 toluene -25 22 42 4:1 99 traces
14 2-O;NCgH4CO2H 9 toluene -25 64 98 10:1 98 traces

(2} Experimental conditions: A mixture of 1 (0.24 mmol), cinnamic aldehyde 2a (0.20 mmol) and catalyst (20 mol%) in
0.5 mL solvent was stirred at the temperature and conditions displayed in the Table.

'] Isolated yield of pure compound 3a and 4a.

[l Determined by NMR analysis of the crude reaction mixture.

4 Determined by chiral HPLC analyses.

spectively (entries 6-8). Notably, the reaction can be
readily scaled up and create tertiary alcohols with
high selectivity. For example, the reaction run at a 1-
mmol scale of cinnamic aldehyde 2a gave the corre-
sponding benzothiopyran product 3a in 96% yield
with 10:1 dr and 97 % ee. The relative configuration
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was confirmed by NOESY experiments of benzothio-
pyran 3d (Figure 1). The methyl group had a strong
interaction with H' and hydrogen of the aldehyde
group. Moreover, H” interacts with the hydroxy
group and o-hydrogen of the 4-bromophenyl group.
In addition, the coupling constant of H' and H” de-
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Table 2. Scope of the domino thia-Michael/aldol reaction between 2-mercaptoacetophenone 1 and enals 2.

CL

O

0

C S

9

(20 mol%)

e

HO, »

O
Il

R toluene, -25 °C, 64h
2-nitrobenzoic acid
! 2 (20 mol%) 3
Entry R Product Yield®! Drlcl  Ee (%)

1 Ph 98 10:1 98
2 4-CNCgH,4 63 15:1 99
3 4-ClCgHq4 88 10:1 99
4 4-BrCgH4 71 13:1 >99
5 2-naphthyl 91 >15:1 99
6 CO,Et 91 >15:1 96
7 n-butyl 83 10:1 96
8 n-propyl 68 10:1 96
9 4-N0206H4 75 10:1 99

NO,

[a]

[b]
[c]
[d]

240

Experimental conditions: A mixture of 1 (0.24 mmol), enal 2 (0.2 mmol), 2-nitrobenzoic acid (20 mol %) and catalyst 9
(20 mol %) in toluene (0.5 mL) was stirred at —25°C. The crude product 3 obtained after aqueous work-up was purified

by column chromatography.

Isolated yield of pure compounds 3 and 4.
Determined by NMR analysis of the crude reaction mixture.
Determined by chiral HPLC analyses.
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Figure 1. The results from the NOE experiments of 3d.

rived by '"HNMR analyses was 12.0 Hz, which con-
firmed that the relative stereochemistry between the
aryl group and the formyl group was trans.

Based on the relative and absolute stereochemistry
of the thiochromenes 3, which has previously been es-
tablished by X-ray analyses of 2H-thiochromenes de-
rived by 9 catalysis,""*" we propose the following re-
action mechanism to account for the stereochemical
outcome of the reaction (Scheme 1). Thus, efficient
shielding of the Si-face of the chiral iminium inter-
mediate by the bulky aryl groups of 9 leads to stereo-
selective Re-facial nucleophilic conjugate attack on
the B-carbon by the thio group of 1. Next, the gener-
ated resulting chiral enamine intermediate makes a
highly diastereoselective intramolecular six-exo trig
aldol reaction (Scheme 1). Hydrolysis of the resulting
iminium intermediate gives the aldol product 3 with
three contiguous stereocenters. The addition of a ben-
zoic acid additive possibly increase the efficiency of
the reaction by pushing the equilibrium of the catalyst
towards iminium formation. The addition of a small
amount of water did not significant improve the ee or
reaction rate.

In summary, we report a highly chemo-, diastereo-
and enantioselective organocatalytic asymmetric
domino thia-Michael/aldol reaction that gives thio-
chromenes with three contigous stereocenters in high
yields with up to >15:1 dr and 96 to >99% ee.
Hence, the reaction constitutes a simple catalytic
highly stereoselective entry to pharmaceutically val-
uable benzothiopyran derivatives. Mechanistic studies,
synthetic applications of this transformation as well as
development of other enantioselective domino reac-
tions are ongoing in our laboratory.

Experimental Section

General Procedure for the Domino Reaction

A stirred solution of the chiral amine 9 (24 mg, 20 mol %)
and 2-NO,CH,COOH (7mg, 20 mol%) in toluene
(0.5 mL) was cooled to —25°C. Next, the enal 2 (0.2 mmol)
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and 2-mercaptoacetophenone 1 (0.24 mmol) were added.
After vigorously stirring the reaction for 64 h at —25°C, the
reaction mixture was directly loaded on to a column and pu-
rified by silica gel chromatography (pentane/ethyl acetate
mixtures) to give the corresponding product 3. The ee of the
product was determined by chiral-phase HPLC analysis (For
HPLC conditions and NMR analysis see Supporting Infor-
mation).
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