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ABSTRACT

A highly efficient organocatalytic asymmetric SMA reaction of hexafluoroisopropyl R,β-unsaturated esters has been developed. Introducing
electron-withdrawing hexafluoroisopropyl ester is crucial to enhancing the electrophilicity of unsaturated esters as SMAacceptors. The catalytic system
performs well over a broad scope of R,β-unsaturated esters and diversified thiols and provides facile access to (R)-thiazesim in a one-pot protocol.

Optically active chiral sulfur-containing compounds are
the core structural elements prevalent in natural products1

and also have broad applications inmany research areas of
biology and chemistry, for example, serving as antibiotics,
chiral ligandsor catalysts, andalso chiral auxiliaries.2Among

existingmethods, asymmetric sulfa-Michael addition (SMA)
of thiol nucleophiles to electron-deficient alkenes is one of
the most profound and reliable C�S bond-forming reac-
tions in organic synthesis.3 Due to the simple manipula-
tion and high atom economy, considerable attention has
been paid to developing catalytic asymmetric protocols
for SMA over the past several years.4,5 A variety of
electron-deficient alkenes are now applicable as acceptors
to both metal and organic catalyst-promoted conjugate
additions, such as R,β-unsaturated imides,4a�f,5a�d cyclic
and acyclic enone,4g�j,5e�h R,β-unsaturated aldehydes,5i

and nitroolefins5j,k (Scheme 1a).
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In light of the versatility of the reaction and biological
activity of β-mercapto carboxylic acid derivatives,6 it is
surprising that R,β-unsaturated esters, one of the cost-
efficient Michael acceptors, have seldom been utilized in

catalytic asymmetric SMA probably due to the relatively
low electrophilicity. To our knowledge, there was only one
example of R,β-unsaturated ester-involved asymmetric
SMA catalyzed by a metal complex at low temperature;7a

however, the nucleophile was limited to ortho-substituted
thiophenols and poor results were obtained for the electro-
philic R,β-unsaturated esters with a branched chain or
phenyl group at the β-position. Recently, an organocata-
lytic asymmetric SMA of thiols to cis-ethyl 4,4,4-trifluo-
rocrotonate was reported by this laboratory; however, the
σ-electron-withdrawing CF3 group and synthetically diffi-
cult (Z)-geometry of the specific cis-4,4,4-trifluorocrotonate
are the intrinsic limitations.8 Therefore, the development of
a general synthetic protocol for the asymmetric SMA of
thiols to easily available and diverse R,β-unsaturated esters
is still a highly desirable and challenging goal in synthetic
chemistry.
Considering the significant role the hexafluoroisopropyl

estermoietyplayed inacrylate-involvedasymmetric reactions9

and the role an acid�base bifunctional organocatalyst played
in catalytic asymmetric synthesis,10 we envisaged that the
electrophilicity of unsaturated esters could be enhanced by
the electron-withdrawing hexafluoroisopropyl ester and

therefore improve its reactivity toward nucleophilic attack
of thiols with good stereoselective control contributed by the
H-bonding interactions between the substrates and catalyst
and, hence, fulfill this important yet unsolved sulfa-Michael
addition. Here, we describe a highly efficient organocata-
lyzed asymmetric sulfa-Michael addition of various thiols to
a variety of R,β-unsaturated hexafluoroisopropyl esters.
Furthermore, the current methodology was successfully
applied to the concise synthesis of (R)-thiazesim.
In order to test our hypothesis, we first examined the

reactivity of different R,β-unsaturated esters toward thio-
phenol (1a) attack to evaluate their electrophilicity in the
presence of the amine-thiourea catalyst I-D developed in

this laboratory recently,11 and the results are shown in
Table 1. Only a trace amount of adduct could be detected
for ethyl cinnamate 3 even after 120 h, while less sterically
hindered ethyl acrylate 2 exhibited high reactivity and the
reaction finished quickly in <10 min in high yield, which
indicates that the β-substituent in unsaturated ester de-
creases its electrophilicity significantly due to unfavored
steric hindrance (Table 1, entries 1 and 2). Replacing the
ester functional group with the 2,2,2-trifluoroethyl group
increases the electrophilicity of cinnamate, and theMichael
adductwas separated in 46%yield with 68% ee although a
long reaction time was still needed (entry 3), which pre-
liminarily verifies our hypothesis on electrophilicity en-
hancement via introducing an electron-withdrawing ester
moiety and enantioselective control via the synergistic
H-bonding activation of both a Michael donor and ac-
ceptor. Subsequently, introducing a bulkier and more

Scheme 1. ReportedCatalyticAsymmetric Sulfa-MichaelAddition

Table 1. Ester Moiety Effect on Catalytic Asymmetric SMA of
Thiophenol 1a with Various R,β-Unsaturated Estersa

aAll reactions were carried out with 0.2 mmol of R,β-unsaturated
ester and 0.24mmol of thiophenol 1a in 1mLofCH2CI2.

b Isolated yield.
cDetermined by HPLC analysis.
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electron-withdrawing hexafluoroisopropyl moiety not
only provided a superior level of reactivity but also afforded
much higher enantioselectivity: the reaction finished
smoothly in<12 h leading to the desired adduct in almost
quantitative yield with 82% ee (entry 4).
Encouraged by the promising results, fine-tunable bi-

functional amine-thiourea catalysts I and II were subse-
quently screened, and the representative results are
tabulated in Table 2. It was revealed that both reaction
rate and enantioselectivity were significantly affected by
the configuration matching of the two chiral units in the
amine-thiourea catalysts and the acidity of the third

H-bonding donor (Table 2, entries 1�9). In general, a
faster reaction rate was observed with organocatalysts I,
which was ascribed to the additional stronger H-bonding
donor contributed by the sulfonamide group, and catalyst
I-D was revealed as the best in terms of enantioselectivity
and reaction rate (entry 4). In contrast, the SMA reaction
became sluggish and the adduct 6aa was separated in only
65%yield even after 72 hwhen usingmethylated I-E as the

catalyst (entry 5). Other bifunctional acid�base catalysts
were also tested in this transformation, producing the
adduct with slightly lower enantioselectivities (see Sup-
porting Information (SI) for more details). Subsequent
evaluation of solvent effects improved the enantioselec-
tivity to 95%when toluene was used as the solvent (entries
10�13).Up to 96%eeand a 95%yieldwere achievedwhen
the reaction was carried out at 0 �C for 18 h (entry 14).
Remarkably, the highyield and excellent enantioselectivity
were maintained even when the SMA reaction was carried
out with a 5 mol % catalyst loading (entry 15). A compar-
able result was still achieved evenwhen the amine-thiourea
catalyst loading was reduced to 1 mol % albeit at the
expense of the reaction time (entry 16).
With the optimal reaction conditions in hand, we then

turned our focus to the substrate scope and generality of
this SMA reaction. In the presence of 5 mol % of catalyst
I-D, the sulfa-Michael addition of different thiols to hexa-
fluoroisopropyl cinnamate 5a was examined, and the
results are tabulated in Table 3. In general, a wide range
of aryl thiols, bearing electron-neutral (entries 1 and 11),

-rich (entries 2�5 and 10), or -deficient groups (entries 6�9)
on the phenyl ring, reacted smoothly with 5a affording the

Table 3. Substrate Scope of the Catalytic Asymmetric SMA of
Thiols 1 with Hexafluoroisopropyl Cinnamate 5aa

entry R product yield (%)b ee (%)c

1 Ph (1a) 6aa 96 96

2 o-Me-C6H4 (1b) 6ab 93 97

3 m-Me-C6H4 (1c) 6ac 92 95

4 p-Me-C6H4 (1d) 6ad 97 97

5 p-MeO-C6H4 (1e) 6ae 94 >99

6 m-F-C6H4 (1f) 6af 91 94

7 p-F-C6H4 (1g) 6ag 92 98

8 p-Cl-C6H4 (1h) 6ah 95 96

9 p-CF3-C6H4 (1i) 6ai 92 93

10 o-NH2-C6H4 (1j) 6aj 93 98

11 2-naphthyl (1k) 6ak 92 98

12 2-thienyl (1l) 6al 90 90

13d PhCH2 (1m) 6am 82 93

14d p-MeO-C6H4CH2 (1n) 6an 86 93

15d p-Cl-C6H4CH2 (1o) 6ao 83 90

16e MeOOCCH2 (1p) 6ap 88 91

aAll reactionswere carried outwith 0.2mmol of 5a and 0.24mmol of
1 in 1 mL of PhMe for 18�30 h. b Isolated yield. cEe was determined by
HPLC analysis. dFor 48 h. eCarried out at �30 �C for 40 h.

Table 2. Optimization of Catalytic Asymmetric SMA of
Thiophenol 1a with Hexafluoroisopropyl Cinnamate 5aa

entry catal. solvent t (�C) time (h) yield (%)b ee (%)c

1 I-A CH2Cl2 rt 24 92 �4

2 I-B CH2Cl2 rt 12 95 81

3 I-C CH2Cl2 rt 12 96 77

4 I-D CH2Cl2 rt 12 98 82

5 I-E CH2Cl2 rt 72 65 53

6 II-A CH2Cl2 rt 24 92 15

7 II-B CH2Cl2 rt 24 83 40

8 II-C CH2Cl2 rt 24 85 42

9 II-D CH2Cl2 rt 24 94 69

10 I-D Ether rt 22 94 76

11 I-D PhMe rt 9 95 95

12 I-D MeCN rt 4 88 14

13 I-D MeOH rt 4 86 7

14 I-D PhMe 0 18 95 96

15d I-D PhMe 0 24 96 96

16e I-D PhMe 0 45 91 95

aAll reactionswere carried outwith 0.2mmol of 5a and 0.24mmol of
1a in 1 mL of solvent. b Isolated yield. cEe was determined by HPLC
analysis. dCatalyst loading: 5 mol %. eCatalyst loading: 1 mol %.
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Michael adducts in high yields (91�97%) with excellent
enantioselectivities (93�>99% ee). The substitution pat-
tern of the aromatic ring had almost no effect on the
asymmetric induction. Notably, comparable results were
alsoobserved for themore sterically hindered ortho-methyl
1b and ortho-amino substituted thiols 1j in terms of
reactivity and enantioselectivity (entries 2 and 10). Hetero-
aromatic thiophene-2-thiol 1l was also tolerated in this
SMA reaction and furnished the corresponding product
6al with 90% ee (entry 12). Less reactive aliphatic thiols
were further evaluated, and good yields and excellent
enantioselectivities (90�93% ee) were achieved for all
tested benzyl thiols albeit with an extended reaction time
(entries 13�15). Noticeably, methyl thioglycolate 1p was
also tolerated in this SMA reaction leading to the product
in 88% yield with 91% ee (entry 16).4j

Next, the potential of this organocatalytic approach
with respect to the electrophile is further investigatedunder
the optimized reaction conditions. As shown in Table 4, all
tested β-aryl R,β-unsaturated hexafluoroisopropyl esters
have proven to be excellent Michael acceptors affording
the expected adducts (6aa�6ia) in high yields and excellent
enantioselectivities (Table 4, entries 1�9). The heteroaro-
matic furyl-substituted unsaturated ester 5j proceededwell
with 1a, delivering the product 6ja in 91% yield and
93% ee (entry 10). β-Alkyl R,β-unsaturated hexafluoroiso-
propyl esters also worked well in this catalytic system
(entries 11�13). The consistently excellent enantioselectiv-
itiesobtainedwith the stericallyhinderedβ-isopropyl (5l) and
β-aryl R,β-unsaturated fluorinated esters (5a�5i) are note-
worthy, as the corresponding nonfluorinated esters were
shown to be relatively challenging acceptors in the previous
study employing a metal complex as the catalyst.7a

To demonstrate the potential utility of this methodology,
this organocatalyzed SMA reaction was applied to the con-
cise synthesis of thiazesim, an antidepressant agent.12 A
concise route was designed to this targetmolecule that relies
on the highly efficient ent-I-D-catalyzed asymmetric SMA
of 2-aminothiophenol 1j to hexafluoroisopropyl cinnamate
5a (Scheme 2). Treatment of the adduct ent-6aj with TsOH
monohydrate in toluene under reflux gave rise to benzothia-
zepinone 10 in 91% yield. Then, cyclic amide 10 was
N-alkylatedwith2-dimethylaminoethyl chloridehydrochloride
leading to (R)-thiazesim inhigh yieldwith complete retention
of stereochemistry.4f Furthermore, a one-pot protocol for the
above three-step transformation was also feasible affording
enantiomerically enriched thiazesim in good overall yield
with 98% ee (see SI for more synthetic transformations).

In summary, we have developed an organocatalyzed
asymmetric sulfa-Michael addition of thiols to a variety of
hexafluoroisopropyl R,β-unsaturated esters for the first
time.Thisorganocatalytic systemexhibitedhigh reactivity,
excellent enantioselectivity, and a broad substrate scope.
Introduction of an electron-withdrawing hexafluoroisopro-
pyl ester moiety was revealed to be the key point in enhanc-
ing the electrophilicity of R,β-unsaturated esters as SMA
acceptors. The ready availability of unsaturated esters and
the great importance of the chiral sulfur-containing com-
poundsmake the present methodology particularly interest-
ing in synthetic organic chemistry, as demonstrated by the
expedient synthesis of (R)-thiazesim in a one-pot protocol.
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Scheme 2. Concise Synthesis of (R)-Thiazesim

Table 4. Substrate Scope of the Catalytic Asymmetric SMA of
Thiophenol 1awith VariousR,β-UnsaturatedHexafluoroisopropyl
Esters 5a

entry R product yield (%)b ee (%)c

1 Ph (5a) 6aa 96 96

2 o-Me-C6H4 (5b) 6ba 95 >99

3 m-Me-C6H4 (5c) 6ca 94 95

4 p-Me-C6H4 (5d) 6da 99 99

5 p-MeO-C6H4 (5e) 6ea 93 96

6 p-Cl-C6H4 (5f) 6fa 99 98

7 p-Br-C6H4 (5g) 6ga 92 98

8 m-Br-C6H4 (5h) 6ha 94 98

9 p-CF3-C6H4 (5i) 6ia 96 98

10 2-furyl (5j) 6ja 91 93

11 Me (5k) 6ka 90 96

12 i-Pr (5l) 6la 86 92

13 PhCH2CH2 (5m) 6ma 92 96

aAll reactions were carried out with 0.2 mmol of 5 and 0.24 mmol of
1a in 1 mL of PhMe. b Isolated yield. cDetermined by HPLC analysis.
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