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ABSTRACT: An organocatalytic enantioselective Michael—
Michael cascade reaction has been implemented for the
creation of structurally variant chiral tetrahydrothiopyrans. The
process is realized by employment of new bifunctional
ketothioether enones and proceeds highly enantioselectively
with formation of four consecutive stereogenic centers.

etrahydrothiopyrans are abundant in a number of

bioactive compounds and promising pharmaceuucals,
such as antlhypertenswe (a)," anti-Alzheimer’s disease (b),
antidiabetes (c,® f*), antimicrobial (d),” and antimitotic (e)
agents (Figure 1).° There are several established approaches to
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Figure 1. Representative bioactive molecules containing the
tetrahydrothiopyran unit.

constructing the molecular architecture in both racemic” and
optically active forms.® In the reported asymmetric approaches,
the main strategy relies on the employment of chiral
substrates.” It is highly appealing to develop a more efficient
and atom-economic catalytic enantioselective process to build
the valuable chiral tetrahydrothiopyrans.

Organocatalyzed asymmetric Michael-Michael cascade
reactions (also called “double Michael”) have been intensively
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studied and have demonstrated their broad synthetic utilities in
the past decade.” In our own effort, we have developed a series
of the organocatalytic “double Michael” cascade reactions to
assemble highly functionalized chiral cyclopentanes,'® tetrahy-
drothiophenes,11 pyrrolidines,12 thiochromanes,"*® chromans,'*
and a 4H-chromene scaffold."® In the case of six-membered
rings, the cascade strategy has been applied for the construction
of highly functionalized chiral carbocycles, including cyclo-
hexenes, ' cyclohexanes,17 and cyclohexanones.18 Nevertheless,
to the best of our knowledge, the organocatalytic method has
not been reported for the preparation of the chiral
tetrahydrothiopyrans. Herein, we wish to disclose such an
approach to the framework. Notably, a new class of bifunctional
ketothioether enone substrates is developed for the purpose.
Moreover, four consecutive stereogenic centers are created in a
“one-pot” operation under mild reaction conditions.

Very recently, we reported an organocatalytic enantioselec-
tive formal [3 + 3] cycloaddition process for the construction of
3,4-dihydro-2H-thiopyrans (Scheme 1, eq 1)." In this
investigation, we discovered that the CH, between the carbonyl
group and the S atom in bisketone thioethers was highly
nucleophilic for initiating the Michael reaction. Inspired by the
study and motivated by the lack of efficient approach to the
tetrahydrothiopyrans, we determined that it was required to
craft a new synthetic methodology. Toward this end, we de novo
designed a substrate (1) bearing the nucleophilic CH, as the
Michael donor and an @,f-unsaturated ketone as a Michael
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Scheme 1. Organocatalytic Enantioselective Access to Chiral
3,4-Dihydro-2H-thiopyrans and Tetrahydrothiopyrans

1) Our previous work: organocatalytic thio [3+3] cycloaddition to form 3, 4-dihydro-2H-

thiopyrans (Eq. 1)
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2) This work: organocatalytic Michael-Michael cascade reaction to form chiral
tetrahydrothiopyrans (Eq. 2)
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acceptor for a new organocatalytic asymmetric Michael—
Michael cascade process (eq 2).

As a proof concept for this proposed Michael—Michael
cascade, we probed a model reaction of substrate 1a with trans-
cinnamaldehyde 2a catalyzed by diphenylprolinol silyl ether (I)
in the presence of PhCO,H as additive (Table 1).*° Th
reaction proceeded smoothly and afforded the desired product
3a in moderate yield (56%) and with excellent enantioselec-
tivity (ee > 99%) and moderate diastereoselectivity (2.4:1 dr)
(entry 1). Encouraged by the results, we screened other
secondary amine catalysts II-V. Similar results were obtained
with catalysts IT and III (entries 2 and 3), while IV and V failed
to do so (entries 4 and S). Accordingly, catalyst I was selected
for further studies. Reaction media had a significant impact on
the reaction efficiency and enantio- and stereoselectivities
(entries 6—11). The best results (70% yield, ee > 99%, and
4.0:1 dr) came from Et,O (entry 11). In contrast, no reaction
occurred with THF or acetonitrile (entries 7 and 8). CHCl,
and DCE offered inferior outcomes (entries 9 and 10).
Screening acid additives revealed PhCO,H to be the choice
(entries 11—14), while a base was detrimental (entry 15).
Furthermore, upon increasing the amount of cinnamaldehyde
2a to 3.0 equiv or increasing the reaction temperature (35 °C),
the yield and diastereoselectivity were reduced slightly (entrles
16 and 17). Using the procedure reported by Xu et al,”
reaction time was reduced (1.5 d), but the dlastereoselectmty
dropped slightly (2.4:1 dr, entry 18). These results led us to
select the protocol consisting of catalyst I in the presence of
PhCO,H in Et,O to probe the scope of the Michael—Michael
cascade reaction (entry 11).

With the optimized conditions in hand, the substrate scope
and the generality of the reaction were explored (Scheme 2). It
was found that a variety of substrates 1 participated in the
reaction with structurally diverse enals 2. It appeared that the
aldehydes bearing electron-withdrawing (3b—3e) or -donating
(3f—3h) groups were both well tolerated and afforded the
desired products with good yield (60—74%), moderate
diastereoselectivities (2.1:1 to 4.0:1 dr), and excellent
enantioselectivities (96—99% ee). Moreover, steric effect had
a marginal negative impact on diastereoselectivity (3g vs 3h).
Besides phenyl-substituted enals, heterocyclics, such as furanyl
and pyridyl (3i and 3j), were also well tolerated and gave rise to
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Table 1. Optimization of Reaction Conditions”
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entry cat.  add. solvent £ (d) % yield® dr¢ % ee?
1 I Al DCM 2 56 2.4:1 >99
2 11 Al DCM 2 S1 2.3:1 >99
3 II1 Al DCM 2 53 2.3:1 >99
4 v Al DCM 2 trace
S A% A2 DCM 2 nr®
6 I Al PhMe 2 72 2.6:1 >99
7 1 Al THF 2 nr
8 I Al ACN 2 trace
9 1 Al CHCl, 3.5 50 2.5:1 >99
10 I Al DCE 3.5 48 2.4:1 >99
11 1 Al Et,O0 3.5 70 4.0:1 >99
12 I A3 Et,O0 3.5 68 2.9:1 >99
13 1 A4 Et,0 2 70 3.0:1 >99
14 I AS Et,O 3.5 65 3.5:1 >99
15 I A6 Et,0 2 trace
16" I Al Et,0 35 66 3.8:1 >99
178 I Al Et,O 1 68 2.6:1 >99
18" I Al Et,0 LS 66 2.4:1 >99

“Reaction conditions (unless otherwise specified): solvent (2.0 mL),
substrate 1a (0.11 mmol, 1.0 equiv), cinnamaldehyde 2a (0.13 mmol,
1.2 equiv), catalyst (20 mol %), additive (20 mol %), room
temperature. bYield of isolated product after column chromatography.
“Determined by 'H NMR analysis. “Determined by chiral HPLC
analysis. “No reaction. fCinnamaldehyde 2a (0.33 mmol, 3.0 equiv),
catalyst (20 mol %), additive (20 mol %), reaction performed at rt.
#Cinnamaldehyde 2a (0.33 mmol, 3.0 equiv), catalyst 310 mol %),

additive (20 mol %), reaction performed at 35 °C. "1,3- Bls(35
bis(trifluoromethyl)phenyl)thiourea (20 mol %) was added to the
reaction.

the products in good yield (68—76%) and with excellent ee
values (ee > 99%). Limitations were also realized. No reactions
were observed with the aliphatic enals, such as pent-2-enal and
4-methylpent-2-enal.

Next, the structural variation of substrates 1 was probed
under the optimized conditions (Scheme 2, 3k—3r). It
appeared that substrates 1 containing suitable Michael donors
and acceptors allowed the process. With respect to the Michael
donor part of substrate 1, electron-withdrawing (such as bromo
and nitro groups, 3k—3n) or electron-donating groups (such as
methyl group, 30) on the aromatic ring of R' were both well
tolerated and afforded the desired products with high yield
(58—67%), moderate diastereoselectivities (1.7:1—3.1:1 dr),
and excellent enantioselectivities (97% to >99% ee).
Furthermore, heteroaromatic thienyl could be applicable to
the domino processes as well (3p). In view of Michael acceptor
component in 1, both aromatic and aliphatic moieties were able
to engage in the process. It is observed that the electronic effect
plays a critical role in the second Michael reaction. An electron-
withdrawing group on the benzene ring (3q) could effectively
take part in the reaction, while no reaction occurred with the
substrates bearing an electron-donating alkoxy functionality
under the standard conditions (data not shown).
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Scheme 2. Scope of I-Catalyzed Michael—-Michael Cascade
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The absolute configuration of the major isomer products
obtained in the Michael—Michael cascade reaction was
determined by X-ray crystallography analysis of compound
3b, whose absolute configuration was determined to be
(2R,35,4S,5S) (Figure 2), and that of the minor one
(25,35,4S,5S) was determined by H-H COSY and NOESY
COSY analysis based on 3a’ (Table 1).>*

& S
fo L3 o™
. 21 _L\‘:/U, Br

Figure 2. X-ray structure of compound 3b.

The highly enantioenriched tetrahydrothiopyrans 3 serve as
versatile building blocks to construct valuable molecules with
rapidly increased molecular complexity and diversity in simple
synthetic operation using compounds 3a and 3r as examples.
Adduct 3a can be selectively oxidized into the respective
sulfoxide 7a and sulfone 7b in good yield (92% and 66%) and
with good stereocontrol (5.2:1 dr) by controlling the amount of
oxidant m-CPBA (Scheme 3). Moreover, compound 3r can be

Scheme 3. Synthetic Elaboration of Michael—Michael
Adducts 3a and 3r
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transformed into a structurally different framework 8 bearing
four stereogenic centers with good yield (96%) via one-step
intramolecular aldol condensation reaction. Furthermore, new
scaffold 9 could be easily achieved as a single stereoisomer in
good yield and with excellent stereocontrol in a one-step
oxidation of scaffold 8 (Scheme 3). The absolute configuration
of new scaffold 9 bearing six stereogenic centers was further
assigned to be (1a$,3aS,6R,7S,7aS,7bS) according to the
NOESY and 'H NMR spectra (see Supporting Information).
In summary, we have developed an organocatalytic highly
enantioselective Michael—Michael cascade reaction for the
preparation of structurally diverse tetrahydrothiopyrans. A new
class of ketothioether enones is designed for the cascade
process. Notably, heavily functionalized tetrahydrothiopyran
molecular architectures with four consecutive stereogenic
centers are assembled in good to high yield (up to 78%) and
with good diastereoselectivities (up to 5.2:1 dr) and excellent
enantioselectivities (up to >99% ee) in a one-pot operation
under mild reaction conditions. Moreover, simple synthetic
elaboration of the Michael—Michael adducts lead to structurally
diverse, complex scaffolds. Further exploration of the new
reagents in synthesis is under investigation in our laboratories.
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