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ABSTRACT

A novel organocatalytic, enantioselective domino double Michael addition reaction of r,â-unsaturated aldehydes with ethyl 4-mercapto-2-
butenoate has been developed. The process is promoted by chiral diphenylprolinol TMS ether to give chiral tetrahydrothiophenes in high to
excellent levels of enantioselectivities.

The development of new methodologies aimed at improving
synthetic efficiency is an important goal in contemporary
organic synthesis. A domino process, which involves several
bond-forming reactions in a single manipulation, represents
an attractive strategy in the facile assembly of molecular
architecture. These processes are operational simple, atom
economic, and minimize the generation of chemical waste
and the use of energy.1 Domino Michael-Michael (also
called “double Michael”) reactions have been intensively
explored and demonstrated as a powerful tool in organic
synthesis.1,2 Efficient asymmetric double Michel processes
have been achieved by relying on the use of chiral auxiliaries3

and chiral precursors4 for stereocontrol. However, the
development of catalytic enantioselective versions of the
reactions proved to be a challenging task, and such processes
are sparse.5

Chiral tetrahydrothiophenes display a broad spectrum of
biological activities, serving as essential enzyme cofactor,6a

potent CCK,6b HIV,6c and copper amine oxidase inhibitors,6d

hypocholesterolemic agent,6e and plant growth regulators.6f

(1) Recent reviews of domino reactions, see: (a) Tietze, L. F.Chem.
ReV.1996,96, 115. (b) Tietze, L. F.; Rackelmann, N.Pure Appl. Chem.
2004,76, 1967. (c) Ramon, D. J.; Yus, M.Angew. Chem., Int. Ed.2005,
44, 1602. (d) Guo, H.; Ma, J.Angew. Chem.,Int. Ed. 2006,45, 354. (e)
Pellissier, H.Tetrahedron2006,62, 2143. (f) Nicolaou, K. C.; Edmonds,
D. J.; Bulger, P. G.Angew. Chem.,Int. Ed. 2006,45, 7134.

(2) Review of double Michael reactions, see: Ihara, M.; Fukumoto, K.
Angew. Chem.,Int. Ed. 1993,32, 1010.

(3) Examples using chiral auxiliaries for asymmetric double Michael
reactions, see: (a) Saito, S.; Hirohara, Y.; Narahara, O.; Moriwake, T.J.
Am. Chem. Soc.1989,111, 4533. (b) Dixon, D. J.; Ley, S. V.; Rodriguez,
F. Angew. Chem.,Int. Ed. 2006,40, 4763.

(4) Examples using chiral precursors for asymmetric double Michael
reactions, see: (a) Ihara, M.; Suzuki, M.; Fukumoto, K.; Kabuto, C.J. Am.
Chem. Soc.1990, 112, 1164. (b) Barco, A.; Benetti, S.; De Risi, C.; Pollini,
G. P.; Romagnoli, R.; Spalluto, G.; Zanirato, V.Tetrahedron1994, 50,
2583. (c) Paquette, L. A.; Tae, J.; Arrington, M. P.; Sadoun, A. H.J. Am.
Chem. Soc.2000,122, 2742. (d) Hagiwara, H.; Kobayashi, K.; Miya, S.;
Hoshi, T.; Suzuki, T.; Ando, M.Org. Lett.2001,3, 251. (e) Holeman, D.
S.; Rasne, R. M.; Grossman, R. B.J. Org. Chem.2002,67, 3149. (f) Hua,
Z.; Yu, W.; Su, M.; Jin, Z.Org. Lett. 2005,7, 1939. (g) Herzon, S. B.;
Myers, A. G. J. Am. Chem. Soc.2005, 127, 5342. (h) Baran, P. S.;
Hafensteiner, B. D.; Ambhaikar, N. B.; Guerrero, C. A.; Gallagher, J. D.J.
Am. Chem. Soc.2006,128, 8678. (i) Yun, H.; Gagnon, A.; Danishefsky, S.
J. Tetrahedron Lett.2006,47, 5311.

(5) Recently Takemoto and co-workers have developed a thiourea via
H-bonding mediated double Michael reaction. Although it is claimed to be
a cascade process, the addition of a base 1,1,3,3-tetramethylguanidine or
KOH is essential for the second Michael reaction: Hoashi, Y.; Yabuta, T.;
Yuan, P.; Miyabe, H.; Takemoto, Y.Tetrahedron2006,62, 365.

(6) (a) Essential enzyme cofactor: De Clercq, P. J.Chem. ReV.1997,
97, 1755. (b) CCK inhibitors: Page, P. C. B.; Vahedi, H.; Batchelor, K. J.;
Hindley, S. J.; Edgar, M.; Beswick, P.Synlett 2003, 1022. (c) HIV
inhibitors: Wirsching, J.; Voss, J.; Adiwidjaja, G.; Balzarini, J.; De Clercq,
E. Bioorg. Med. Chem. Lett.2001, 11, 1049. (d) Copper amine oxidase
inhibitors: Qiao, C.; Ling, K.-Q.; Shepard, E. M.; Dooley, D. M.; Sayre,
L. M. J. Am. Chem. Soc.2006,128, 6206. (e) Hypocholesterolemic agent:
Smith, A. B., III; Empfield, J. R.Chem. Pharm. Bull.1999,47, 1671. (f)
Plant growth regulators: Tsygoanko, V. A.; Blume, Y. B.Biopolim. Kletka
1997,13, 484.
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Moreover, these scaffolds also have been used as ligands in
catalysis.7 Given the increasing applications of this class of
molecules, however, very few asymmetric methods have
been described.8 Recently we have initiated a program aimed
at the development of new organocatalyzed, asymmetric
domino reactions for the rapid construction of complex
structures.9 In this context, we wish to report the results of
the effort, which has led to a novel organocatalytic, enan-
tioselective domino thio-Michael-Michael process. This
process is efficiently catalyzed by a readily available, robust
(S)-diphenylprolinol TMS ether under a mild reaction condi-
tion to furnish the synthetically useful chiral tetrahy-
drothiophenes from simple achiral substances in excellent
enantioselectivities (94-99% ee) and good dr (6:1 to 18:1).

Michael addition reactions have been established as a
powerful platform for the development of new domino
processes.1d Recently, a great deal of effort has focused on
the development of organocatalytic asymmetric domino
Michael-aldol reactions.10-14 We have developed highly
enantioselective thio-, oxa-, and aza-Michael-aldol reactions,
which are efficiently catalyzed by chiral diarylprolinol silyl

ethers.9,13 However, organocatalyzed asymmetric double
Michael processes have not been reported in spite of their
broad synthetic utility. Having established the capacity of
chiral diarylprolinol silyl ethers as efficient promoters for
the domino thio-Michael-aldol-dehydration reaction,9b we
envisioned that positioning anR,â-unsaturated ester instead
of an aldehyde into the 2-mercapto aromatic system could
porduce a novel double Michael process with anR,â-
unsaturated aldehyde (Scheme 1). Unfortunately, the reaction

of trans-R,â-unsaturated aldehyde1a with trans-3-(2-mer-
captophenyl)-2-propenoic acid ethyl ester2 in the presence
of catalystI 15,16and benzoic acid did not lead to the desired
Michael-Michael product. Instead, a single Michael addition
adduct3 was obtained.

We surmised that the steric hindrance of the rigid substrate
2 might prevent the second Michael addition process.
Accordingly, a linear, flexibletrans-ethyl 4-mercapto-2-
butenoate4 was designed and exploited for the double
Michael addition reaction withR,â-unsaturated aldehyde1a
under the same reaction conditions (Table 1). Gratifyingly,

it was found that the reaction proceeded smoothly to furnish
the desired Michael-Michael adduct5a in 75% yield and

(7) (a) Furukawa, N.; Sugihara, Y.; Fujihara, H.J. Org. Chem.1989,
54, 4222. (b) Li, A.-H.; Dai, L. X.; Hou, X. L.; Huang, Y.-Z.; Li, F.-W.J.
Org. Chem.1996,61, 489. (c) Hauptman, E.; Shapiro, R.; Marshall, W.
Organometallics1998,17, 4976. (d) Zanardi, J.; Lamazure, D.; Miniere,
S.; Reboul, V.; Metzner, P.J. Org. Chem.2002,67, 9083.

(8) (a) Dehmlow, E. V.; Westerheide, R.Synthesis1992,10, 947. (b)
Rao, A. V. R.; Reddy, K. A.; Srinivas, N. R.; Gurjar, M. K.; Padmaja, N.;
Ramakumar, S.; Viswamitra, M. A.; Swapna, G. V. T.; Jagannadh, B.;
Kunwar, A. C.J. Chem. Soc., Perkin Trans. 11993, 1255. (c) Popsavin,
V.; Beric, O.; Velimirovic, S.; Miljkovic, D.J. Serb. Chem. Soc.1993,9,
717. (d) Ponce, A. M.; Overman, L. E.J. Am. Chem. Soc.2000,122, 8672.
(e) Desmaële, D.; Delarue-Cochin, S.; Cavé, C.; d’Angelo, J.; Morgant, G.
Org. Lett.2004,6, 2421. (f) Barco, A.; Baricordi, N.; Benetti, S.; De Risi,
C.; Pollini, G. P.Tetrahedron Lett.2006, 47, 8087. (g) Brandau, S.; Maerten,
E.; Jørgensen, K. A.J. Am. Chem. Soc.2006,128, 14986.

(9) (a) Zu, L.; Wang, J.; Li, H.; Xie, H.; Jiang, W.; Wang, W.J. Am.
Chem. Soc.2007,129, 1036. (b) Li, H.; Wang, J.; Xie, H.; Zu, L.; Jiang,
W.; Duesler, E. N.; Wang, W.Org. Lett.2007,9, 965. (c) Wang, W.; Li,
H.; Wang, J.; Zu, L.J. Am. Chem. Soc.2006, 128, 10354. (d) Li, H.; Wang,
J.; E-Nunu, T.; Zu, L.; Jiang, W.; Wei, S.; Wang, W.Chem. Commun.
2006, 507.

(10) Recent reviews of organocatalysis, see: (a) Berkessel, A.; Groger,
H. Asymmetric Organocatalysis-From Biomimetic Concepts to Applications
in Asymmetric Synthesis; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2005. (b) Dalko, P. I.; Moisan, L.Angew. Chem.,
Int. Ed.2004,43, 5138. (c) Special Issue on Asymmetric Organocatalysis:
Acc. Chem. Res.2004,37, 487.

(11) Examples of domino Michael-aldol reactions, see: (a) Zhong, G.;
Hoffmann, T.; Lerner, R. A.; Danishefsky, S. J.; Barbas, C. F., IIIJ. Am.
Chem. Soc.1997,119, 8131. (b) Halland, N.; Aburel, P. S.; Jørgensen, K.
A. Angew. Chem.,Int. Ed. 2004,43, 1272. (c) Marigo, M.; Bertelsen, S.;
Landa, A.; Jørgensen, K. A.J. Am. Chem. Soc.2006,128, 5475. (d) Rios,
R.; Sunden, H.; Ibrahem, I.; Zhao, G.-L.; Eriksson, L.; Córdova, A.
Tetrahedron Lett.2006,47, 8547.

(12) Examples of Michael initiated domino processes, see: (a) Rama-
chary, D. B.; Chowdari, N. S.; Barbas, C. F., IIIAngew. Chem.,Int. Ed.
2003,42, 4233. (b) Yamamoto, Y.; Momiyama, N.; Yamamoto, H.J. Am.
Chem. Soc.2004,126, 5962. (c) Yang, J. W.; Fonseca, M. T. H.; List, B.
J. Am. Chem. Soc.2005,127, 15036. (d) Huang, Y.; Walji, A. M.; Larsen,
C. H.; MacMillan, D. W. C.J. Am. Chem. Soc.2005, 127, 15051. (e) Casas,
J.; Engqvist, M.; Ibrahem, I.; Kaynak, B.; Córdova, A.Angew. Chem.,Int.
Ed. 2005,44, 1343. (f) Wang, Y.; Liu, X.-F.; Deng, L.J. Am. Chem. Soc.
2006,128, 3928 and ref 8g.

(13) For organocatalyzed Michael addition of thiols and thioacids, see:
(a) Hiemstra, H.; Wynberg, H.J. Am. Chem. Soc.1981, 103, 417. (b)
McDaid, P.; Chen, Y.-G.; Deng, L.Angew. Chem.,Int. Ed.2002,41, 338.
(c) Marigo, M.; Schulte, T.; Franzen, J.; Jørgensen, K. A.J. Am. Chem.
Soc. 2005, 127, 15710. (d) Li, H.; Wang, J.; Zu, L.-S.; Wang, W.
Tetrahedron Lett.2006,47, 2585 and ref 9a.

(14) An example of the Michael-Michael process: Enders, D.; Hüttl,
M. R. M.; Grondal, C.; Raabe, G.Nature2006,441, 861.

Scheme 1. Organocatalytic, Asymmetric Michael Reaction

Table 1. Organocatalytic Asymmetric Domino
Thio-Michael-Michael Reaction of 3-Phenylpropenal (1a) with
trans-Ethyl 4-Mercapto-2-butenoate (4)a

entry cat. time (d) % yieldb % eec drd

1 I 2 75 >99 15:1
2e I 3 76 >99 15:1
3 II 2.5 73 99 15:1
4 III 2.5 84 98 15:1
5 IV 2.5 0 NDf NDf

a Reaction conditions: unless specified, a mixture of1a (0.20 mmol),4
(0.20 mmol), catalyst (0.04 mmol), and PhCO2H (0.04 mmol) in toluene
(0.5 mL) was stirred for a certain period of time.b Isolated yields.c Ee
determined by chiral HPLC analysis (Chiralcel OD-H).d Determined by
1H NMR. e 10 mol % catalyst used.f Not determined.
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with a remarkably high ee (>99%) and high dr (15:1) (entry
1). Encouraged by the promising results, we probed other
diarylprolinol silyl ethersII- IV as well (Scheme 1 and Table
1). CatalystsII and III with TES and TBS group afforded
similar results to that of catalystI (Table 1, entries 3 and 4).
However, no reaction occurred when catalystIV, a more
bulky and strong electron-withdrawing (CF3)2C6H3 moiety,
was employed (entry 5). Catalyst loading ofI could be
reduced to 10 mol % without affecting enantio- and diaste-
reoselectivity (entry 2). Screening reaction solvents revealed
that toluene was the optimal medium for the process.17

Our first goal was to show that this new organocatalytic
double Michael addition process could serve as a facile route
for the preparation of a wide range of tetrahydrothiophenes
5 with high to excellent degrees of enantioselectivities (94-
99% ee) and good to high diastereoselectivities (6:1 to 18:
1) (Table 2). The reaction scope proved to be quite a broad

scope with respect toR,â-unsaturated aldehydes1. The use
of aromatic ring substituents with neutral groups (entry 1),
electron-withdrawing groups (entries 2-7), electron-donating
groups (entries 8 and 9), or those in combination (entry 10)
is well tolerated in the reaction. It is also realized that the
steric hindrance (entries 2, 7, and 9) has a very limited effect
on the domino reactions. Furthermore, heteroaromatic (entry
11) and conjugated aromatic (entry 12) systems and alkyl
enal (entry 13) can be applicable to the domino processes
as well. The absolute configuration of the product5l is
determined based on X-ray crystal structure analysis (Figure
1).

In summary, we have developed a novel and simple
organocatalytic thiol initiated domino double Michael ad-
dition reaction between a variety ofR,â-unsaturated alde-
hydes andtrans-ethyl 4-mercapto-2-butenoate. The process,
efficiently catalyzed by readily available and robust (S)-
diphenylprolinol TMS ether, furnishes highly functionalized
chiral tetrahydrothiophenes with generation of three new
stereogenic centers in high and excellent enantioselectivities
and high stereoselectivities. The reaction conditions are mild
and practical. Further investigation is underway to expand
the scope and application of this efficient domino process.
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(15) For a recent review of chiral prolinol silyl ethers promoted reactions,
see: Palomo, C.; Mielgo, A.Angew. Chem.,Int. Ed. 2006,45, 7876.

(16) For leading studies of (S)-diarylprolinol silyl ethers promoted
reactions, see: (a) Marigo, M.; Wabnitz, T. C.; Fielenbach, D.; Jørgensen,
K. A. Angew. Chem.,Int. Ed. 2005,44, 794. (b) Hayashi, Y.; Gotoh, H.;
Hayashi, T.; Shoji, M.Angew. Chem.,Int. Ed. 2005, 44, 4212. (c) Chi,
Y.-G.; Gellman, S. H.J. Am. Chem. Soc.2006,128, 6804.

(17) CH2Cl2: 3 d, 81% yield, 97% ee, 10:1 dr. Cl(CH2)2Cl: 3 d, 89%
yield, 90% ee, 11:1 dr. Xylenes: 3 d, 79% yield,>99% ee, 15:1 dr.

Table 2. CatalystI Promoted Domino Thio-Michael-Michael
Reactions ofR,â-Unsaturated Aldehydes (1) withtrans-Ethyl
4-Mercapto-2-butenoate (4)a

entry R time (d) % yieldb % eec drd

1 Ph (5a) 3 76 >99 15:1
2 4-NO2C6H4 (5b) 2.5 84 99 7:1
3 2-NO2C6H4 (5c) 3 84 99 6:1
4 4-FC6H4 (5d) 3 81 96 11:1
5 4-CF3C6H4 (5e) 3 69 98 11:1
6 4-CNC6H4 (5f) 3 65 >99 18:1
7 2-ClC6H4 (5g) 3 85 99 10:1
8 4-MeOC6H4 (5h) 2.5 87 95 15:1
9 2-MeOC6H4 (5i) 2.5 96 98 18:1

10 3-MeO-4-AcOC6H3 (5j) 2.5 89 99 17:1
11 2-furanyl (5k) 2 88 98 6:1
12 2-naphthyl (5l) 4 55 96 8:1
13 BnOCH2 (5m) 2.5 62 94 7:1

a Reaction conditions: unless specified, see footnotea in Table 1.
b Isolated yields.c Determined by chiral HPLC analysis (Chiralpak AS-H,
or AD and Chiralcel OD-H).d Determined by1H NMR.

Figure 1. X-ray crystal structure of5l.
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