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Over the years, much attention has been devoted to the
development of efficient methods for the stereoselective
introduction of fluorinated moieties into organic molecules
because of their ability to significantly change the physical
and chemical properties of the parent compounds."? It has
been established that the pharmacological properties, includ-
ing solubility, lipophilicity, metabolic stability, and bioavail-
ability, can be dramatically enhanced by incorporating
fluoroalkyl groups into the molecules.”! Among various
established fluoroalkyl groups, the trifluoromethanesulfenyl
group (SCF;) is of current interest because of its remarkable
properties, in particular its high stability and electronegativity,
which can be useful in the rational modification of drug
candidates.”! The SCF; group has the highest lipophilicity
value (m, = 1.44) compared to the SF; (t,=1.23), OCF; (7, =
1.04), CF; (7t,=0.88), CH; (mt,=0.52) groups (Figure 1a).
Compounds with higher lipophilicity show higher permeation
across biological membranes, and the incorporation of a SCF;
group can thus result in enhanced bioavailability, which is of
great interest in agrochemical and pharmaceutical research.

Therefore, the development of powerful methodologies
for the formation of C—SCF; bonds has recently received
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Figure 1. a) m,= lipophilicity =logP,—logP, (P=1-octanol/water parti-
tion coefficient). b) Electrophilic SCF; sources.
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much attention.”! In this context, several new synthetic
approaches for the formation of C(sp’,,)—SCF; bonds
under mild reaction conditions have been developed employ-
ing nucleophilic trifluoromethylsulfenylation reagents, such
as CuSCF, .l In contrast, there have been only few reports on
the use of electrophilic trifluoromethylsulfenylation reagents
for the formation of C—SCF;, bonds,”®"'% with the formation
of C(sp*)—SCF,; bonds hardly investigated. This development
is not surprising, because both the synthesis and stability of
electrophilic trifluoromethylsulfenylation reagents can be
problematic. Thus, the enantioselective formation of a C—
SCF; bond with the simultaneous generation of a stereogenic
carbon center is a challenging task, prompting us to develop
a catalytic asymmetric reaction involving the use of electro-
philic SCF; reagents. At the outset of our efforts to develop an
asymmetric trifluoromethylsulfenylation, only two relatively
stable electrophilic SCF; sources were known: Munavalli’s N-
trifluoromethylthiophthalimide!® (1) and Billard’s trifluoro-
methanesulfanylamides” 2 (Figure 1b). During our studies,
an interesting report by Lu and Shen described the use of the
electrophilic hypervalent iodine reagent 3.1% In addition, the
gaseous and more toxic electrophilic CISCF; and F;CSSCF;
have previously been applied.

We herein present an enantioselective trifluoromethyl-
sulfenylation using 1 as a moisture- and air-stable electro-
philic SCF; source.

1-Indanones, especially those with a stereocenter at the
C2 position, are important structural motifs that appear in
numerous biologically active natural products and pharma-
ceutical compounds."!! Thus, indanone-derived p-ketoesters 4
were selected as substrates for the development of a trifluor-
omethylsulfenylation reaction.

However, we immediately realized that the development
of such a reaction is difficult because electrophilic SCF;
reagents are 1) rather unreactive electrophiles, and 2) less
stable under basic conditions, as well as in the presence of
nucleophilic solvents (such as DMSO), highly reactive
cationic Lewis acid complexes, and primary and certain
secondary amines, in which SCF; transfer and formation of
the stable R'R*N-SCF, compounds occurs.

After many attempts, tertiary amines, including cinchona
alkaloids, finally proved to be efficient catalysts, allowing the
desired enantioselective reaction to proceed (Scheme 1).1

Although good reactivity was achieved, the enantioselec-
tivities were not acceptable. In order to obtain decent
enantioselectivities, various cinchona alkaloid catalysts were
evaluated in the reaction between B-ketoester 4a and the
trifluoromethylthiolating reagent 1 (Table 1, entries 1-7 and
12). Among the catalysts that were evaluated, quinidine
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Scheme 1. Catalytic enantioselective trifluoromethylsulfenylation.

proved to be the best for this transformation, providing the
corresponding product 5a in excellent yield (95 %) and good
enantioselectivity (85% ee; Table 1, entry 4). Lowering the
catalyst loading to 5 mol% resulted in a decrease in the
chemical yield (Table 1, entry 13). Furthermore, four differ-
ent bis(cinchona alkaloids) were also evaluated. In the case of
(DHQD),AQN and (DHQ),AQN, the reactions required
48 h for completion and gave the product in moderate yield
and with considerably lower enantiomeric excess (Table 1,
entries 5 and 6). When (DHQD),PHAL and (DHQ),PHAL
were applied, longer reaction times were needed and the
products were obtained in moderate yields with good
enantioselectivities (Table 1, entries 7-12). Although similar
enantioselectivities were achieved, the high molecular mass
led us to consider quinidine for further optimization of
reaction conditions. Thus, various solvents were evaluated
(Table 1, entries 14-19). A decrease in the eevalue was
observed when the reaction was performed in ethereal
solvents. The yield and enantioselectivity could both be
improved by performing the reaction in chlorinated solvents
(Table 1, entries 14-17). The desired product 5a was isolated
in good yield with excellent enantiomeric excess (95 % ee) by
using dichloromethane as solvent (Table 1, entry 14). Low-
ering the reaction temperature to —75°C gave the corre-
sponding product in higher enantiomeric excess with a slight
decrease in the chemical yield (93 % yield, 98 % ee; Table 1,
entry 14 vs. 21).

With the optimized reaction conditions in hand, the scope
of this asymmetric cinchona alkaloid catalyzed trifluorome-
thylsulfenylation was investigated (Table 2). In general, the
reactions of cyclic five-membered-ring B-ketoesters bearing
various electron-donating and electron-withdrawing substitu-
ents on positions 4, 5, and 6 of the aromatic ring proceeded
smoothly to provide the corresponding products in high yields
and excellent enantioselectivities (96-99 % ee; Table 2, 5a-j).
The effect of the size of the ester group in the -ketoesters on
the enantioselectivity was also investigated. The results of this
study showed only a slight influence on the enantioselectivity
of the reaction by varying the size of the ester group (Me, iPr,
Bn), and the corresponding trifluoromethylsulfenylated prod-
ucts 5k-m were isolated in good yields and excellent
enantioselectivities. Furthermore, the reaction of cyclopente-
none-derived fert-butyl B-ketoesters also proceeded well
under the standard conditions to give the desired products
in good yields and good enantioselectivities (Table 2, 50-q).
Finally, it should be noted that the trifluoromethylsulfenyla-
tion of the cyclic six-membered-ring f-ketoester occurred at
0°C to give product 5n with excellent enantioselectivity
(95 % ee), albeit in low yield (46 %; Table 2).

The absolute configuration of the stereogenic carbon
center in the trifluoromethylsulfenylated products was deter-
mined to be (S) by X-ray crystal structure analysis of the
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Table 1: Optimization of the reaction conditions for the asymmetric
trifluoromethylsulfenylation.

(6] 0 o
H solvent, 0 °C "CO,tBu
4a 1 © 5a
Entryl  Catalyst Solvent t Yield®  eeld
thl %] [%]
1 cinchonidine toluene 48 70 —59
2 cinchonine toluene 48 45 58
3 quinine toluene 24 91 =75
4 quinidine toluene 24 95 85
5 (DHQD),AQN toluene 48 76 —41
6 (DHQ),AQN toluene 48 76 30
7 (DHQD),PHAL  toluene 48 56 —88
8 (DHQD),PHAL mesitylene 72 43 —85
9 (DHQD),PHAL m-xylene 72 53 —83
10 (DHQD),PHAL  CH,Cl, 72 77 -73
178 (DHQD),PHAL  CH,Cl, 72 20 -76
12 (DHQ),PHAL toluene 48 73 84
13 quinidine toluene 24 84 85
14 quinidine CH,Cl, 24 98 95
15 quinidine CHCl, 24 94 94
16 quinidine CICH,CH,CI 24 98 94
17 quinidine Cl-benzene 24 98 93
18 quinidine Et,O 24 98 72
19 quinidine THF 24 94 20
201 quinidine CH,Cl, 24 98 9
21 quinidine CH,Cl, 24 93 98

[a] Reaction conditions: 4a (1.0 equiv), 1 (1.3 equiv), catalyst

(10 mol %), in 0.07 m solution of solvent at 0°C for 24—48 h. [b] Yield of
the isolated product after column chromatography. [c] Determined by
HPLC analysis on a chiral stationary phase. [d] The reaction was
performed at —75°C. [e] Using 5 mol % catalyst. [f] The reaction was

performed at —20°C.
(é\ I
N
\

HO™

R = H: Cinchonidine

N R=H: Cinchonine
R = OMe: Quinine

R = OMe: Quinidine

(DHQD),PHAL, R = OMe

(DHQ),PHAL, R = OMe

optically active product 5 f (Figure 2). Having noticed that the
use of quinine resulted in the opposite enantiomer (Table 1,
entry 3), we utilized quinine under the optimized conditions
and obtained the (R)-configured trifluoromethylsulfenylated
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Table 2: Scope of the enantioselective trifluoromethylsulfenylation.

o}
E§<COZR1 - ;é,sca
<4, COR!

quinidine
(10 mol% e’

CH20|2, -75°C ‘.
R

scr=3
4 5
0 0
Me
(:é{sc& 95% yield ASCFs 979 yield
‘CO,Bu  98% ee coeru 98% ee
5a 5b
0
MeO
#SCFs 969 yield SCF3 879 yield
‘CO,tBu  98% ee COZ[BU 98% ee
5d
0
/@é/scﬁ 94% yield /©§’SCF3 90% yield
CO,tBuU 99% ee Br "CO,tBU 99% ee
5f
0
MeO
/@é,sc& 98% yield msch 89% yield
98% ee 98% ee
CO,tBu *7 MeO ‘CO,tBu i
5h
0
< SCF;  98% yield SCF3  86% yield
0, 0,
COztBu 96% ee COztBu 98% ee
F 5
0
@é,SCFS 87% vyield %SCF:, 92% yield
0, 0
CO,Me 94% ee "COiPr 96% ee
51
o]
) ,SCFs )
SCF3 71% yield 46% yield
96% ee COztBu 95% ee
“CO,Bn
5nib]
o 0
SCF SCF Me
3 , 3 SCF;
COZtBU MeO CO,tBu V‘I’COZIBU
5p[01 5q
69% yield 50% yield 63% yield
94% ee 85% ee 91% ee

[a] Reaction conditions: 4 (1.0 equiv), 1 (1.3 equiv), quinidine

(10 mol %) in CH,Cl, at —75°C. Yield of the isolated product after
column chromatography. The ee values were determined by HPLC
analysis on a chiral stationary phase. [b] The reaction was performed at
0°C for 7 days. [c] The reaction was performed at —40°C for 72 h.

ester ent-5a in 93 % yield and excellent enantiomeric excess
of 96 % ee (Scheme 2).

To demonstrate the utility of the optically active trifluor-
omethylsulfenylated fB-ketoesters, we next examined the
transformation of 5a to the corresponding a-SCF; 3-hydrox-
yesters 6. We anticipated that the keto group present in
compound Sa can be derivatized by nucleophilic addition of
an appropriate nucleophile. Gratifyingly, when the reaction of
5a with various Grignard reagents RMgBr (R =methyl, 1-
propynyl, vinyl) was performed in Et,O at 0°C, the corre-
sponding a-SCF; -hydroxyesters 6 a—c¢ were obtained in good
yields with excellent diastereoselectivities (Table 3). The X-
ray crystal structure analysis of 6a shows that the hydroxy and
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Figure 2. X-ray crystal structure of product 5f. Thermal ellipsoids set
at 50% probability."!

quinine 2
%COQtBu N-sCF, _(10mol%) COleu
CHZCIZ ’SCF3
-75°C ent-5a
93% yield
96% ee

Scheme 2. Switching to (R) configuration by employing quinine as the
catalyst in the enantioselective trifluoromethylsulfenylation.

Table 3: Synthesis of a-SCF; B-hydroxyesters.!

0 HO, o
@é}SCFs RMgBr @@,sc&
“CO,tBuU Et,0,0°C, 2 h “CO,tBu
5a 6
HO, // Ho, \

Me
_SCF; @@,sca
“CO,tBu CO,tBu
6a: 82% vyield
>20:1 d.r., 1 98% ee

@Q,sca
CO,tBu
6¢: 81% vyield
>20:1 d.r."1 98% ee

6b: 81% yield
>20:1 d.r.[’) 98% ee

[a] Reaction conditions: 5a (1 equiv), RMgBr (3 equiv) in 0.05 M solution
of dry Et,0 at 0°C for 2 h. Yield of the isolated product after column
chromatography. The ee values were determined by HPLC analysis on
a chiral stationary phase. [b] Determined by 'H NMR spectroscopy.

SCF; groups in o-SCF; f-hydroxyesters 6 are in a cis
orientation (see the Supporting Information). Coordination
of the keto and ester carbonyl groups with Mg>" results in
a six-membered-ring chelate, which is preferably attacked
from the less sterically hindered face opposite to the SCF;
group.

In conclusion, we have developed a highly enantioselec-
tive cinchona alkaloid catalyzed trifluoromethylsulfenylation
of B-ketoesters with N-trifluoromethylthiophthalimide as
electrophilic SCF; source. This enantioselective method
enables the construction of a quaternary carbon stereocenter
that bears a SCF; group. In general, the products are obtained
in good yields with excellent enantioselectivities. Depending
on the employed alkaloid quinine or quinidine, either the (R)-
or (S)-configured product can be obtained. Furthermore, the
highly diastereoselective addition of Grignard reagents allows
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the formation of the corresponding a-SCF; f-hydroxyesters in
high yields. The application of the present protocol to further
challenging substrates is currently ongoing in our laboratories
and will be reported in due course.!"¥

Experimental Section

General procedure: In a screw-capped reaction tube, -ketoester 4a
(0.07 mmol, 1.0 equiv) and quinidine were dissolved in dichloro-
methane (1.0mL) and N-trifluoromethylthiophthalimide
1 (0.09 mmol, 1.3 equiv) was added at —75°C. The resulting solution
was stirred at —75°C until the reaction was completed (TLC
monitoring). The crude reaction mixture was directly charged on
silica gel and purified by column chromatography (n-hexane/Et,O =
90:10) to afford the desired product Sa.
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