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Introduction

Over the past two decades, fluorine and its magic “fluorine
effect” in the discovery of new drug molecules have been well
recognized in the fields of the pharmaceutical and agro-
chemical industries." Consequently, strategic incorporation of
a fluorine atom or a fluoroalkyl group into therapeutic or agro-
chemical agents has become a routine tool to manipulate the
target molecule’s physical, chemical and biological properties
including conformation, pK,, intrinsic potency, metabolic
pathways, and pharmacokinetic properties. In particular,
recently, the trifluoromethylthio group (-SCF;) has gained
intense interest, mainly due to its high lipophilicity (Hansch’s
hydrophobicity parameter z = 1.44) that may improve the mole-
cule’s trans-membrane permeability.> Not surprisingly, new
reagents and new methods that are able to introduce the
trifluoromethylthio group effectively are in high demand.? As a
matter of fact, in the last five years, a number of electrophilic
trifluoromethylthiolating reagents,” as well many transition
metal-catalyzed trifluoromethylthiolation reactions>® emerged,
that now allow for the construction of the C(sp*)-SCF;, C(sp®)-
SCF; or C(sp)-SCF; bonds efficiently.

Despite these impressive advances in developing the
methods for the formation of C-SCF; bonds, very few methods
that could generate optically active compounds with a stereo-
genic carbon center bearing a trifluoromethylthio group have
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A family of easily scalable, shelf-stable, optically pure reagents (15)-(=)-N-trifluoromethylthio-2,10-cam-
phorsultam 1la—c was successfully developed. In particular, compound 1c was shown to be an efficient
reagent that is capable of transferring chirality to other prochiral nucleophiles such as B-ketoesters,
oxindoles and benzofuranones with good to excellent enantioselectivities.

been reported.” In 2013, Shen’s and Rueping’s groups simul-
taneously reported the first highly enantioselective cinchona
alkaloid-catalyzed asymmetric trifluoromethylthiolation of
cyclic p-ketoesters with trifluoromethanesulfenate’® or
N-trifluoromethylphthalimide’” as the electrophilic SCF;
reagent, respectively. Later on, the asymmetric reactions were
successfully extended to trifluoromethylthiolation of oxindoles
with excellent enantioselectivity.”* Likewise, Liu and Tan dis-
covered that the organocatalytic asymmetric trifluoromethyl-
thiolation of oxindoles can be achieved when an in situ formed
electrophilic trifluoromethylthio species generated from tri-
chloroisocyanuric acid (TCCA) and AgSCF;.”¢ Very recently,
Zhao’s group reported the first chiral sulphide-catalyzed asym-
metric trifluoromethylthiolating lactonization of alkenes with
N-trifluoromethylthiodibenzenesulfonimide.”® On the other
hand, Gade and co-workers reported the first copper-catalyzed
asymmetric trifluoromethylthiolation of cyclic p-ketoesters
using the trifluoromethanesulfenate reagent.”® Nevertheless,
new and highly enantioselective methods for the construction
of a stereogenic carbon center bearing a trifluoromethylthio
group are still urgently needed.

Chirality transfer from a chiral reagent to a prochiral sub-
strate to give the product in high enantiomeric excess rep-
resents a general and efficient method for the production of
optically active compounds.® In this respect, the design and
exploration of optically pure electrophilic trifluoromethyl-
thiolating reagents for asymmetric trifluoromethylthiolation
offers a simple and straightforward strategy for the formation
of a stereogenic carbon center bearing a trifluoromethylthio
group, which would complement the previously reported asym-
metric trifluoromethylthiolation methods. Herein, we report
the design and synthesis of (15)-(—)-N-trifluoromethylthio-2,10-
camphorsultam® and its derivatives, a family of optically pure
reagents that can efficiently transfer their chirality to prochiral
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substrates such as f-ketoesters, oxindoles and benzofuran-
2(3H)-ones with good to excellent enantioselectivities.

Results and discussion

Preparation of (15)-(—)-N-trifluoromethylthio-2,10-
camphorsultam and N-trifluoromethylthio-oxazolidin-2-one
and their derivatives

(18)-(=)-N-Trifluoromethylthio-2,10-camphorsultam 1a could
be easily synthesized via a two-step procedure, as shown in
Fig. 1. Reaction of commercially available (15)-(—)-2,10-cam-
phorsultam with tert-butyl hypochlorite in methanol at room
temperature for 45 min yielded (1S)-(—)-N-chloro-2,10-cam-
phorsultam in quantitative yield. Without further purification,
the in situ generated (1S)-(—)-N-chloro-2,10-camphorsultam
was then further treated with AgSCF; in CH;CN at room temp-
erature for 1 h to give (15)-(—)-N-trifluoromethylthio-2,10-cam-
phorsultam 1a in 68% yield. The reaction can be easily scaled
up to a quantity of 4.7 g without erosion of the yield. Likewise,
two analogous compounds 1b and 1c were prepared in 73%
and 79% yield, respectively. In addition, compounds 1d-f
derived from oxazolidin-2-one were synthesized by the same
method in 71-82% yields, as shown in Fig. 1. Compounds 1a-f
were fully characterized by "H, "*C, and "°F NMR spectroscopy.
The structures of compounds la-c¢ were further unambigu-
ously confirmed by X-ray analysis of their single crystals

(Fig. 2).

Asymmetric trifluoromethylthiolation of p-ketoesters with
reagent 1c

To probe whether compounds 1a-f can efficiently transfer
their chirality to other substrates, we first studied the reactions
of p-ketoesters with compounds 1a-f. The reaction of
B-ketoester 2a derived indanone with compound 1a was
chosen initially as a model reaction to optimize the reaction
parameters. A quick screening of the base disclosed that the
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Fig. 1 Preparation of (1S)-(-)-N-trifluoromethylthio-2,10-camphor-
sultam and N-trifluoromethylthio-oxazolidin-2-one and their derivatives.
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Fig. 2 ORTEP diagrams of compounds la—c.

desired trifluoromethylthio-p-ketoester 3a was generated in
higher yield when the reaction was conducted in THF using
K,COj; as the base than those using Cs,COj3, Li,CO3, K3PO, or
DMAP as the base (Scheme 1, entries 1-5). Next, the effect of
the solvents was studied. Reactions in THF occurred much
faster than those in CH,Cl,, Et,O or toluene (Scheme 1,
entries 6-9). For example, reaction of f-ketoester 2a with com-
pound 1a occurred in 78% yield with 77% ee after 12 h at
—20 °C while reactions in CH,Cl,, Et,O or toluene occurred in
less than 10% conversion under otherwise identical con-
ditions. Under the current reaction conditions (K,COj; as the
base, THF as the solvent, —20 °C, 12 h), we compared the reac-
tivity of compounds 1a-f. Interestingly, reactions of com-
pounds 1a-c derived from (1S)-(—)-camphorsultam were much
faster and with higher enantioselectivity than reactions of
compounds 1d-f derived from oxazolidin-2-one (Scheme 1,
entries 7, 10-14). In addition, compound 1c¢ with two methoxy
groups reacted faster and with higher enantioselectivity than
its analogs 1a-b (Scheme 1, entries 7, 10 and 11). With these
promising results in mind, we further optimized the reaction

o [0}

©§—002Me+"N—SCF3" conds (:é(COzMe
SCF,

2a 1a-f 3a
temp time yield ee
©c)y () (%) (%)

entry reagent  base solvent

1 1a  K,CO;  THF t 12 82 34
2 1a  Cs,CO3; THF too12 31 21
3 1a Li,CO; THF o 12 - -

4 1a  KgPO, THF t 12 73 26
5 1a DMAP THF too12 2 -

6 1a K, CO3 CHCl, 20 12 6 -

7 1a K, CO; THF 20 12 78 77
8 1a K, CO3 E0 20 12 4 -

9 1a K,CO3 toluene  -20 12 7 -
10 1b  K,CO; THF 20 12 63 57
11 1c  K,CO; THF 20 12 83 83
12 1d K,CO; THF 20 52 62 17
13 1e Ky, CO; THF 20 52 34 43
14 1f  K,CO; THF 20 52 40 36
15  1c  K,CO; THF 40 12 61 89
16 1c K, CO; THF  -40 24 53 89¢
17 1c  K,CO; THF 40 48 73 88¢
18  1c K, CO; THF 40 72 89 88

Scheme 1 Optimization of the conditions for the reactions of
p-ketoester 2a with compounds 1a—f2P< “Reaction conditions:
B-ketoester 2a (0.050 mmol), reagents la—f (0.055 mmol), base
(1.1 mmol) in 0.5 mL of solvent; yields were determined by *°F NMR
spectroscopy in the presence of trifluoromethylbenzene as the internal
standard; “the ee values were determined by HPLC analysis on a chiral
stationary phase. 90.1 equivalent of K,CO3 was used.
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conditions using compound 1c as the electrophilic trifluoro-
methylthiolating reagent. It was found that reactions using 0.1
equivalent of K,COj; as the base worked equally efficient, while
reactions conducted at —40 °C occurred slowly but with higher
enantioselectivity (Scheme 1, entry 16). Finally, full conversion
of the substrate was achieved by elongating the reaction time
to 72 h (Scheme 1, entry 18).

Scope of the asymmetric trifluoromethylthiolation of
p-ketoesters with reagent 1c

With the optimum reaction conditions in hand, the stage was
set to explore the scope and the limitation of the asymmetric
trifluoromethylthiolation reactions. A variety of f-ketoesters
2a-o derived from indanone or tetralone were subjected to the
optimized conditions and the results are summarized in
Scheme 2. In general, reactions of six-membered ring
B-ketoesters occurred with higher enantioselectivities than
those of five-membered ring p-ketoesters. Reactions of six-
membered ring p-ketoesters typically generated the desired
trifluoromethylthiolated compounds in 94-98% ee while reac-
tions of five-membered ring p-ketoesters gave the desired pro-
ducts in 79-92% ee. In addition, reactions of less nucleophilic
B-ketoesters with an electron-withdrawing group such as fluo-

O KoCO3
A 0.1 equiv '
n “SCFs
220 -40 °c 72 h

“SCF,

3a, 94%, 88% ee

“'SCF,

3d, 93%, 92% ee

"SCF,

"SCF,

3b, 90%, 90% ee

\©:/§/ 0,Me Me0\©il§/ 0,Me
“SCF, “SCF,

3e, 91%, 91% ee

J@E& e
“SCFs

SCF3

3c, 95%, 89% ee

3f, 77%, 91% ee

CO,Me
"'SCF,

39, 81%, 86% ee’ 3h, 72%, 80% ee® 82%, 98% ee

CO,Me CO,Me COMe
. “'SCF
“/SCF, "“SCF4 :
MeO

3j, 87%, 95% ee 3k, 92%, 94% ee 31, 96%, 96% ee

OMe O 2o Foue g Fode

3m, 90%, 98% ee 3n, 95%, 95% ee 30, 84%, 96% ee’

Scheme 2 Scope of the reactions of -ketoesters 2a—n with compound
1c. ?P Reaction conditions: p-ketoester 2a (0.50 mmol), reagent 1c
(0.55 mmol), K,CO3 (0.050 mmol) in 2.5 mL of THF at —40 °C for 72 h;
bisolated yields; the ee values were determined by HPLC analysis on a
chiral stationary phase; € reactions were conducted at —25 °C for 32 h.
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ride, chloride, or bromide occurred much slower than those
with electron-donating groups. For examples, reactions of
B-ketoesters 2g-h and 20 required 32 h at —25 °C to convert
completely to the desired products (Scheme 2, 3g-h and 3o0).
The effects of the steric hindrance of the ester group of
B-ketoesters on the enantioselectivity of the reaction were not
significant since the enantioselectivities increased from 88%
ee to 92% ee when the ester group of p-ketoester was
changed from the methyl group to the adamantyl group
(Scheme 2, 3a-d). Thus, methyl esters of the six-membered
ring fB-ketoesters reacted with reagent 1c to form the corres-
ponding trifluoromethylthiolated products in 94-98% ee
(Scheme 2, 3i-0). As a comparison, organo-catalytic or tran-
sition-metal catalyzed asymmetric trifluoromethylthiolation of
the six-membered ring p-ketoesters typically required the use
of steric-bulky ter¢-butyl or adamantyl esters to achieve excel-
lent enantioselectivity.” The absolute configuration of com-
pound 3n was established to be R as determined by analysis of
the X-ray diffraction data of its single crystal (Fig. 3). The con-
figurations of the rest of the p-ketoesters were assigned based
on the same mechanism assumption.

Scope of the asymmetric trifluoromethylthiolation of
oxindoles with reagent 1c or 1b

Having established that compound 1c is an effective reagent
for chirality transfer, we then tried to expand the scope of
reagent 1c for asymmetric trifluoromethylthiolation reaction to
other carbon-based nucleophiles. Oxindole represents one of
the privileged structural units in many biologically active
natural products and the development of highly enantio-
selective methods for trifluoromethylthiolation of oxindoles
would be of great interest to medicinal chemists. As a matter
of fact, three different organo-catalytic methods for asym-
metric trifluoromethylthiolation of oxindoles have been
reported recently.”’” Interestingly, when the reaction of com-
pound 1c and N-methyl oxindole was conducted in THF at
—40 °C using 0.1 equivalent of K,CO; as the base, moderate
enantioselectivity of the desired product was observed.
Instead, switching the base from K,CO; to Cs,CO; and the
solvent from THF to Et,O led to a significant improvement of
the enantioselectivity. As summarized in Scheme 3, a variety of
3-aryloxindoles reacted with compound 1c to give 3-trifluoro-
methylthio-3-aryloxindoles in excellent yields and with excel-
lent enantioselectivities except for one case in which a cyano-
methyl substituent was in the para-position of the 3-aryl group
(Scheme 3, 4j). For this particular substrate, using compound

Fig. 3 ORTEP diagram of compound 3n.
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N :
R 0 + 1e (0.1 equiv)
Z N Et,O
Me -30°C,32h

MeO

4a, 76%, 93% ee
69%, 96% ee®

4c, 72%, 88% ee
95%, 93% ee®

4d, 94%, 92% ee
Me(O)C

4e, 97%, 94% ee 4f, 86%, 94% ee

4h, 85%, 95% ee

4j, 87%, 57% ee
97%, 94% ee®

4k, 98%, 93% ee
92%, 91% ee®

41, 94%, 93% ee®

Me SCFs
o
N

Boc

\BOC
R =Cl, 4m, 99%, 91% ee®

40, 75%, 88% ee®  4p, 76%, 79% ee®

Bu, 4n, 96%, 93% ee®

Scheme 3 Scope of the reactions of oxindoles with compound 1c or
1b. ** “Reaction conditions: oxindole (0.50 mmol), reagent 1ic
(0.55 mmol), Cs,CO< (0.050 mmol) in 2.5 mL of Et,O at —30 °C for 32 h;
bisolated yields; the ee values were determined by HPLC analysis on a
chiral stationary phase; € reactions were conducted with compound 1b.

1b as the chiral electrophilic trifluoromethylthiolating reagent
greatly improved the enantioselectivity from 57% ee to 94% ee
(Scheme 3, 4j). A few other examples also support that reac-
tions of oxindoles with compound 1b occurred with higher
enantioselectivities than those with compound 1c (Scheme 3,
4a, 4c and 4j). Because of the mild reaction conditions,
various common functional groups such as the fluoride, chlor-
ide, bromide, cyano or ester group were tolerant. Nevertheless,
reaction of 3-alkylated oxindoles with compound 1b occurred
with moderate enantioselectivity (Scheme 3, 4p).
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Fig. 4 ORTEP diagram of compound 4i.

The absolute configuration of the optically active com-
pound 4i was established to be S as determined by analysis of
the X-ray diffraction data of its single crystal (Fig. 4). The con-
figurations of other oxindole derivatives were assigned based
on the assumption that the reaction proceeded via a similar
mechanistic pathway.

Scope of the asymmetric trifluoromethylthiolation of
benzofuran-2(3H)-ones with reagent 1c

To further expand the scope of the asymmetric trifluoro-
methylthiolation of compound 1¢, we studied the reactions
of 2-aryl or 2-alkyl benzofuran-2(3H)-ones with compound
1c, as summarized in Scheme 4. In general, good to excel-

Ar

082003 SCF3
X
Z=0 Etzo
-25°C,40h 5a-h
MeO
WSCF3
o
o

5a, 66%, 92% ee® 5b, 81%, 89% ee

MGOQC

5h, 83%, 72% ee

59, 88%, 84% ee

Scheme 4 Scope of the reactions of benzofuran-2(3H)-ones with com-
pound 1c. *? ?Reaction conditions: benzofuran-2(3H)-ones (0.5 mmol),
reagent 1c (0.55 mmol), Cs,CO3 (0.05 mmol) in Et,O (2.5 mL) at —25 °C
for 40 h; Pisolated yields; the ee values were determined by HPLC analysis
on a chiral stationary phase; “reactions were conducted at —35 °C for
40 h; 9 reactions were conducted at 10 °C for 32 h.
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Fig. 5 ORTEP diagram of compound 5g.

lent enantioselectivities (64-92% ee) were achieved for the
reactions of 2-aryl or 2-alkyl benzofuran-2(3H)-ones with
compound 1c when the reactions were conducted at —25 °C
for 40 h using Cs,CO; as the base. Reaction of methyl
4-(2-ox0-2,3-dihydrobenzofuran-3-yl)benzoate with com-
pound 1c was slow at —25 °C but occurred to full conversion
after 32 h at 10 °C to give the corresponding product in 81%
ee (Scheme 4, 5d). Reaction of alkyl substituted
oxindoles occurred also smoothly to give the desired
product in 76% yield and 83% ee (Scheme 4, 5f). Likewise,
the absolute configuration of compound 5g was established
to be S as determined by analysis of the X-ray diffraction
data of its single crystal (Fig. 5). The configurations of the
rest of the lactones were assigned based on the same mech-
anism assumption.

Experimental

General procedure for the preparation of optically active
electrophilic trifluoromethylthiolating reagent 1a

To a solution of (15)-(-)-2,10-camphorsultam (2.15 g,
10.0 mmol) in methanol (15.0 mL) and in a 50 mL round-
bottom flask covered with aluminum foil was added tert-butyl-
hypochlorite (2.71 g, 25.0 mmol) under an argon atmosphere.
The solution was then stirred at room temperature for 45 min.
The solution was evaporated under reduced pressure to give
(18)-(=)-N-chloro-2,10-camphorsultam quantitatively, which
was used directly without further purification.'®

To an oven dried 500 mL Schlenk flask equipped with a stir
bar was added dry (1S)-(—)-N-chloro-2,10-camphorsultam
(2.50 g, 10.0 mmol). The flask was fitted with a glass stopper
and evacuated and refilled with argon three times. Dry MeCN
(30.0 mL) was injected into the flask, then AgSCF; (2.49 g,
12.0 mmol) was added. The mixture was stirred vigorously at
room temperature for 1 h. The CH;CN was then evaporated
under reduced pressure. And the residue was extracted with
CH,Cl, (3 x 30.0 mL). The solution was combined and dried
over anhydrous Na,SO,. The solvent was evaporated under
vacuum and the residue was purified by recrystallization from
a solution of THF and petroleum ether to give (1S)-(-)-N-
trifluoromethylthio-2,10-camphorsultam 1a as a white solid
(2.14 g, 68% yield).

This journal is © the Partner Organisations 2017
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General procedure for asymmetric trifluoromethylthiolation of
B-ketoesters

B-Ketoester 2a (95.1 mg, 0.500 mmol, 1.0 equiv.), potassium
carbonate (7.90 mg, 0.0500 mmol, 0.1 equiv.) and reagent 1c
(206 mg, 0.550 mmol, 1.1 equiv.) were added into a flame-
dried Schlenk tube. The tube was put into liquid nitrogen, and
dry tetrahydrofuran (2.5 mL) was added under an argon atmo-
sphere. The resulting solution was stirred at —40 °C for 72 h
(or —25 °C for 32 h). After the reaction was complete as moni-
tored by '°F NMR spectroscopy, the reaction was quenched by
addition of HCI (2.0 M). The mixture was extracted with Et,O
(3 x 10.0 mL). The organic phase was separated and dried over
anhydrous Na,SO,. After filtration, the solvent was removed
under vacuum. The residue was purified by flash chromato-
graphy to give the trifluoromethylthiolated product 3a
(R)-methyl-1-oxo-2-((trifluoromethyl)thio)-2,3-dihydro-1H-indene-
2-carboxylate 3a as a white solid (136 mg, 94% yield). HPLC:
(IE-3 (0.46 x 25 cm, 3 pm), hexane/PrOH = 97/3, 0.7 mL min ™,
214 nm), ¢z (major) = 12.13 min, ¢5 (minor) = 12.93 min
(88% ee); [a]¥ = —99.2 (¢ = 0.110, CHCl;, 88% ee).

General procedure for asymmetric trifluoromethylthiolation of
oxindoles with reagent 1c

Oxindole (112 mg, 0.500 mmol, 1.0 equiv.), cesium carbonate
(16.3 mg, 0.0500 mmol, 0.1 equiv.) and compound 1c (206 mg,
0.550 mmol, 1.1 equiv.) were added into a flame-dried Schlenk
tube. The tube was put into liquid nitrogen. Dry ethyl ether
(2.5 mL) was added under an argon atmosphere. The resulting
solution was stirred at —30 °C for 32 h. After the reaction was
complete as monitored by '°F NMR spectroscopy, the reaction
was quenched with HCI (2.0 M). The mixture was extracted
with Et,0 (3 x 10.0 mL). The combined organic phase was sep-
arated and dried over anhydrous Na,SO,. After filtration, the
solvent was removed under vacuum. The residue was purified
by flash chromatography to give (S)-1-methyl-3-phenyl-3-((tri-
fluoromethyl)thio)indolin-2-one 4a as a white solid (122 mg,
76% yield). HPLC: (AD-H (0.46 x 25 cm, 5 pm), hexane/'PrOH =
95/5, 0.7 mL min~", 214 nm), 5 (major) = 9.83 min, ¢ (minor)
=9.04 min (93% ee); [@]¥ = +102.4 (¢ = 0.140, CHCl;, 93% ee).

General procedure for asymmetric trifluoromethylthiolation of
benzofuranones with compound 1c¢

Benzofuranone (105 mg, 0.500 mmol, 1.0 equiv.), cesium car-
bonate (16.3 mg, 0.0500 mmol, 0.1 equiv.) and compound 1c
(206 mg, 0.550 mmol, 1.1 equiv.) were added into a flame-
dried Schlenk tube. The tube was put into liquid nitrogen. Dry
ethyl ether (2.5 mL) was added under an argon atmosphere.
The resulting solution was stirred at —25 °C for 40 h. After the
reaction was complete as monitored by '°F NMR spectroscopy,
the reaction was quenched with HCI (2.0 M). The mixture was
extracted using Et,O (3 x 10.0 mL). The organic phase was sep-
arated and dried over anhydrous Na,SO,. After filtration, the
solvent was removed under vacuum. The residue was purified
by flash chromatography to give (S)-3-phenyl-3-((trifluoro-
methyl)thio)benzofuran-2(3H)-one 5a as a colorless oil

Org. Chem. Front, 2017, 4, 1051-1057 | 1055
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(102 mg, 66% yield). HPLC: (IE-3 (0.46 x 25 cm, 3 pm),
hexane/'PrOH = 98/2, 0.7 mL min™, 214 nm), ts (major) =
8.25 min, tx (minor) = 7.93 min (92% ee); [a]¥ = +92.9 (¢ =
0.050, CHCl3, 92% ee).

Conclusions

In summary, a family of easily scalable, shelf-stable, optically
pure reagents (1S)-(—)-N-trifluoromethylthio-2,10-camphor-
sultam 1a-c was successfully developed. Among them, compound
1c was shown to be an efficient reagent that is capable of trans-
ferring its chirality to other prochiral nucleophiles, as demon-
strated by its reactions with f-ketoesters, oxindoles and benzo-
furanones with good to excellent enantioselectivities. The
studies for further applications of reagent 1c toward the con-
struction of a stereogenic tertiary carbon center bearing a
trifluoromethylthio group are undergoing currently in our
laboratory.
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