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The catalytic enantioselective conjugate addition reaction of fluorobis(phenylsulfonyl)methane to a,b-
unsaturated ketones promoted by chiral bifunctional organocatalysts is described. The treatment of flu-
orobis(phenylsulfonyl)methane to a,b-unsaturated ketones under mild reaction conditions afforded the
corresponding Michael adducts with high enantioselectivity. The conjugate addition adducts are useful
for the synthesis of chiral monofluoromethylated compounds.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fluorine-containing compounds are of importance in organic
synthesis because of their use as medicines and agrochemicals
and in fundamental studies of biochemical and metabolic pro-
cesses.1 Strategic fluorination is commonly used in medicinal
chemistry to improve the metabolic property and bioavailability.2

Enantiopure fluorine-containing organic molecules are interesting
and important materials with uses in analytical, biological, and
medicinal chemistry and also in the chemistry of polymers and
materials.3

Among various strategies, electrophilic fluorination of active
methines and C–C bond formation of fluorocarbon nucleophiles
are two typical approaches for the construction of single fluo-
rine-containing molecules, and their asymmetric versions are par-
ticularly attractive. Enantioselective electrophilic fluorination has
been achieved with the aid of electrophilic fluorinating agents
using chiral transition-metal catalysts and organocatalysts with
excellent enantioselectivities.4,5 On the other hand, the use of fluo-
rinated active methine nucleophiles such as fluoromalonate,6 a-
fluoro-b-ketoesters,7 and fluorobis(phenylsulfonyl)methane8 for a
catalytic asymmetric reaction has become increasingly popular.
Shibata et al. have developed elegant catalytic enantioselective
allylic alkylation,8a Mannich-type reaction of imines,8b and Michael
addition to a,b-unsaturated ketones8c using nucleophilic fluor-
obis(phenylsulfonyl)methane (FBSM) as a synthetic equivalent of
ll rights reserved.
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monofluoromethane. Hu’s group disclosed asymmetric monofluo-
romethyl fluorination using chiral auxiliary.9 Prakash et al.
achieved highly stereoselective monofluoromethylation of second-
ary alcohols in a Mitsunobu reaction using FBSM.10a

The Michael addition reaction is widely recognized as one of the
most general and versatile methods for the formation of C–C bonds
in organic synthesis,11 and the development of enantioselective
catalytic protocols for this reaction has been the subject of inten-
sive research.12 Although a number of catalytic enantioselective
Michael additions of active methines to a,b-unsaturated ketones
have reported, up to now there is one example of these reactions
with FBSM using chiral phase-transfer catalysts in the presence
of inorganic base.8c However, an enantioselective conjugate addi-
tion of FBSM to a,b-unsaturated ketones catalyzed by chiral pri-
mary amine organocatalysts remains elusive; although, if
successfully promoted with a practically accessible chiral catalyst
under mild conditions, it could provide a highly attractive, conver-
gent approach toward optically active b-monofluoromethylated
ketones. Recently, chiral primary amines have emerged as new
and powerful catalysts for enantioselective organocatalytic
reactions.13

As part of the research program related to the development of
synthetic methods for the enantioselective construction of stereo-
genic carbon centers,14 we recently reported asymmetric conjugate
addition reaction of active methines including fluoromolates and
a-fluoro-b-ketoesters.6a,7c Herein, we wish to describe the enantio-
selective asymmetric conjugate addition of commercially available
nucleophilic FBSM to a,b-unsaturated ketones promoted by
bifunctional organocatalysts. The reaction affords the products



Table 1
Optimization of the reaction conditions
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SO2Ph

SO2Ph
+
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cat.
(10 mol%)

1a 2 3a

solvent
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rt, 5 d

Entry Cat. Additive Solvent Yielda (%) eeb (%)

1 I — CH2Cl2/MeOH (9:1) 82 9
2 II — CH2Cl2/MeOH (9:1) 79 5
3 III — CH2Cl2/MeOH (9:1) 90 78
4 IV — CH2Cl2/MeOH (9:1) 92 84
5 V — CH2Cl2/MeOH (9:1) 85 84
6 VI — CH2Cl2/MeOH (9:1) 80 �65
7 VII — CH2Cl2/MeOH (9:1) 80 �70
8 VIII — CH2Cl2/MeOH (9:1) 86 �63
9 IV — DMSO 93 87

10 IV — DMF 93 79
11 IV — Cl(CH2)2Cl 87 90
12 IV — 1,4-Dioxane 90 80
13 IV — MTBE 87 91
14 IV — Et2O 87 90

15c IV C6H5CO2H CH2Cl2 70 88
16c IV 4-NO2–C6H4CO2H CH2Cl2 72 85
17c IV HCO2H CH2Cl2 65 23
18d IV NaOAc CH2Cl2/MeOH (9:1) 92 84
19d IV C6H5CO2Na CH2Cl2/MeOH (9:1) 92 60
20d IV LiOAc CH2Cl2/MeOH (9:1) 94 62

a Isolated yield.
b Enantiomeric excess was determined by HPLC analysis using a Chiralpak AS

column.
c 20 mol % of additive was used.
d 10 mol % of additive was used.

Table 2
Enantioselective conjugate addition of FBSM to a,b-unsaturated ketones
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1a, R1 = Ph, R2 = Me
1b, R1 = p-Me-C6H4, R2 = Me
1c, R1 = p-MeO-C6H4, R2 = Me
1d, R1 = p-F-C6H4, R2 = Me
1e, R1 = 1-naphthyl, R2 = Me 1f 1g, n=1
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with forming a fluorine-containing quaternary carbon center and
an adjacent chiral carbon center with an excellent level of enanti-
oselectivity and in high yields. Moreover, the products resulted
from a conjugate addition reaction will generate chiral b-monoflu-
oromethylated ketones, which can be conveniently elaborated in
organic synthesis.

Validation of the feasibility of the proposed Michael addition
process started by evaluating a model reaction between FBSM (2)
with (E)-4-phenylbut-3-en-2-one (1a) in the presence of
10 mol % bifunctional catalysts (Fig. 1) in co-solvent of dichloro-
methane/MeOH (9:1) at room temperature. As shown in Table 1,
while chiral primary amine organocatalyst I bearing both central
and axial chiral elements effectively promoted the addition in high
yield but with no enantioselectivity (entry 1), 9-amino-9-deoxy-
epicinchona alkaloids (III–VIII) gave enhanced ee values (entries
3–8). The best result has been obtained with 9-amino-9-deoxye-
piquinine (IV). Based on the exploratory studies, we decided to se-
lect catalyst IV for further optimization of reaction conditions. A
survey of the reaction media indicated that many common sol-
vents, such as dichloromethane/MeOH (9:1) (entry 4), DMSO,
DMF, dichloroethane, 1,4-dioxane, MTBE, and diethyl ether (entries
9–14), were well tolerated in this conjugate addition reaction with
good to excellent enantioselectivities. Among the solvents probed,
the best results (87% yield and 91% ee) were achieved when the
reaction was conducted in MTBE (entry 13). We examined our
investigations by examining the reactivity and selectivity with
organocatalyst IV in the presence of different acids and bases as
additives (entries 15–20). In the presence of base, the reaction
yield was improved but selectivity was decreased slightly, presum-
ably because base may enhance the nucleophilicity of deproto-
nated FBSM.

With optimal reaction conditions in hand, we then carried on
evaluating the generality of this protocol. The results of a represen-
tative selection of a,b-unsaturated ketones for the conjugate addi-
tion reaction are summarized in Table 2. As demonstrated,
organocatalyst IV catalyzed Michael addition of FBSM (2) to
a,b-unsaturated ketones 1 proved to be a general approach for
the synthesis of versatile chiral monofluorinated ketones 3 with
structural variation of the a,b-unsaturated ketones.15 Notably,
good to high enantiomeric excess was obtained (80–93% ee). The
a,b-unsaturated ketones bearing substituted aryl, naphthyl, and
alkyl group in b-position could effectively participate in the pro-
cess (entries 1–6). Furthermore, cyclic systems were also effective
substrates for the process (entries 7 and 8). Unfortunately, the
reaction of FBSM to chalcone was not preceded in these reaction
conditions.
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Figure 1. Structure of chiral primary amine catalysts.

1h, n=0

Entry 1 Yielda (%) eeb (%)

1 1a 3a, 87 91
2 1b 3b, 90 90
3 1c 3c, 92 93
4 1d 3d, 90 86
5 1e 3e, 85 86
6 1f 3f, 85 80
7 1g 3g, 93 89
8 1h 3h, 87 86

a Isolated yield.
b Enantiomeric excess was determined by HPLC analysis using chiral columns

(Chiralpak AS for 3a, AD-H for 3b–c, 3e–f, and Chiralcel OD-H for 3d and 3g–h).
The conjugate addition adduct 3a can be readily converted into
the corresponding monofluoromethylated ketone 6a by a sequence
of steps (reduction of the carbonyl group, reductive desulfonation,
and oxidation of the hydroxyl group) without racemization
(Scheme 1).
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Scheme 1. Conversion of 1,4-addition adduct 3a into monofluoromethylated
ketone 6a.
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In conclusion, we have developed organocatalytic enantioselec-
tive conjugate addition reaction of FBSM (2) to a,b-unsaturated ke-
tones 1 to afford synthetically useful chiral monofluoromethylated
ketones. The process is efficiently catalyzed by a simple cinchona
alkaloid derivative. The significance of the approach is highlighted
by its capability to introduce a monofluorine-containing quater-
nary carbon center and an adjacent chiral carbon center with high
enantioselectivity and yields under mild reaction conditions. In
principle, the strategy we have described can be extended to other
fluorinated stabilized carbanions as well. Further details and appli-
cation of this asymmetric Michael addition of fluorocarbon nucle-
ophiles will be presented in due course.

Acknowledgment

This research was supported by Korea Research Foundation
Grant founded by the Korean Government (MEST, Basic Research
Promotion Fund) (KRF-2009-0071779).

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2009.06.056.

References and notes

1. (a) Hudlicky, M.; Pavlath, A. E. Chemistry of Organic Fluorine Compounds II;
American Chemical Society: Washington, DC, 1995; (b) Filler, R.; Kobayashi, Y.
Biomedicinal Aspect of Fluorine Chemistry; Kodansha Ltd, Elsevier Biochemical:
Tokyo, New York, 1982; (c) Kirk, K. L. J. J. Fluorine Chem. 2006, 127, 1013; (d)
Isanobor, C.; O’Hagan, D. J. Fluorine Chem. 2006, 127, 303; (e) Muller, K.; Faeh,
C.; Diederich, F. Science 2007, 317, 1881; (f) Kirk, K. L. Org. Proc. Res. Dev. 2008,
12, 305.

2. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. Soc. Rev. 2008, 37,
320; (a) Hiyama, T.; Kanie, K.; Kusumoto, T.; Morizawa, Y.; Shimizu, M.
Organofluorine Compounds: Chemistry and Applications; Springer: Berlin, 2000;
(b)Biomedical Frontiers of Fluorine Chemistry; Ojima, I., McCarthy, J. R., Welch, J.
T., Eds.ACS Symposium Series 639; American Chemical Society: Washington,
DC, 1996.

3. (a) Enantiocontrolled Synthesis of Fluoro-organic Compounds; Soloshonok, V. A.,
Ed.; John Wiley & Sons: Chichester, 1999; (b) Bravo, P.; Resnati, G. Tetrahedron:
Asymmetry 1990, 1, 661; (c)Asymmetric Fluoroorganic Chemistry: Synthesis
Application and Future Directions; Ramachandran, P. V., Ed.ACS Symposium
Series 746; American Chemical Society: Washington, DC, 2000.

4. For reviews, see: (a) Mikami, K.; Itoh, Y.; Yamanaka, M. Chem. Rev. 2004, 104, 1;
(b) Ibrahim, H.; Togni, A. Chem. Commun. 2004, 1147; (c) Ma, J.-A.; Cahard, D.
Chem. Rev. 2008, 108, PR1; (d) France, S.; Weatherwax, A.; Lectka, T. Eur. J. Org.
Chem. 2005, 475; (e) Oestreich, M. Angew. Chem., Int. Ed. 2005, 44, 2324; (f)
Pihko, P. M. Angew. Chem., Int. Ed. 2006, 45, 544; (g) Prakash, G. K. S.; Beier, P.
Angew. Chem., Int. Ed. 2006, 45, 2172; (h) Bobbio, C.; Gouverneur, V. Org. Biomol.
Chem. 2006, 4, 2065; (i) Shibata, N.; Ishimaru, T.; Nakamura, S.; Toru, T. J.
Fluorine Chem. 2007, 128, 469; (j) Brunet, V. A.; O’Hagan, D. Angew. Chem., Int.
Ed. 2008, 47, 1179; (k) Smits, R.; Cadicamo, C. D.; Burger, K.; Koksch, B. Chem.
Soc. Rev. 2008, 37, 1727.

5. For recent selected examples of catalytic asymmetric fluorinations of active
methines, see: (a) Hintermann, L.; Togni, A. Angew. Chem., Int. Ed. 2000, 39,
4359; (b) Kim, D. Y.; Park, E. J. Org. Lett. 2002, 4, 545; (c) Hamashima, Y.; Yagi,
K.; Takano, H.; Tamás, L.; Sodeoka, M. J. Am. Chem. Soc. 2002, 124, 14530; (d)
Ma, J.-A.; Cahard, D. Tetrahedron: Asymmetry 2004, 15, 1007; (e) Shibata, N.;
Ishimaru, T.; Nagai, T.; Kohno, J.; Toru, T. Synlett 2004, 1703; (f) Bernardi, L.;
Jørgensen, K. A. Chem. Commun. 2005, 1324; (g) Kim, S. M.; Kim, H. R.; Kim, D. Y.
Org. Lett. 2005, 7, 2309; (h) Kim, H. R.; Kim, D. Y. Tetrahedron Lett. 2005, 46,
3115; (i) Ishimaru, T.; Shibata, N.; Horikawa, T.; Yasuda, N.; Nakamura, S.; Toru,
T.; Shiro, M. Angew. Chem., Int. Ed. 2008, 47, 4157; (j) Lee, N. R.; Kim, S. M. .; Kim,
D. Y. Bull. Korean Chem. Soc. 2009, 30, 829.

6. For asymmetric Michael-type reactions of a-fluoromalonates, see: (a) Kim, D.
Y.; Kim, S. M.; Koh, K. O.; Mang, J. Y. Bull. Korean Chem. Soc. 2003, 24, 1425; (b)
Nichols, P. J.; DeMattei, J. A.; Barnett, B. R.; LeFur, N. A.; Chuang, T.-H.; Piscopio,
A. D.; Koch, K. Org. Lett. 2006, 8, 1495; (c) Kwon, B. K.; Kim, S. M.; Kim, D. Y. J.
Fluorine Chem. 2009. doi:10.1016/j.jfluchem.2009.06.002.

7. For asymmetric Michael-type reactions of a-fluoro-b-ketoesters, see: (a)
Nakamura, M.; Hajra, A.; Endo, K.; Nakamura, E. Angew. Chem., Int. Ed. 2005,
44, 7248; (b) He, R.; Wang, X.; Hashimoto, T.; Maruoka, K. Angew. Chem., Int. Ed.
2008, 47, 9466; (c) Mang, J. Y.; Kwon, D. G.; Kim, D. Y. J. Fluorine Chem. 2009,
130, 259; (d) Han, X.; Luo, J.; Liu, C.; Lu, Y. Chem. Commun. 2009, 2044; (e) Li, H.;
Zhang, S.; Yu, C.; Song, X.; Wang, W. Chem. Commun. 2009, 2136; (f) Oh, Y.; Kim,
S. M.; Kim, D. Y. Tetrahedron Lett. 2009. doi:10.1016/j.tetlet.2009.06.003.

8. (a) Fukuzumi, T.; Shibata, N.; Sugiura, M.; Yasui, H.; Nakamura, S.; Toru, T.
Angew. Chem., Int. Ed. 2006, 45, 4973; (b) Mizuta, S.; Shibata, N.; Goto, Y.;
Furukawa, T.; Nakamura, S.; Toru, T. J. Am. Chem. Soc. 2007, 129, 6394; (c)
Furukawa, T.; Shibata, N.; Mizuta, S.; Nakamura, S.; Toru, T.; Shiro, M. Angew.
Chem., Int. Ed. 2008, 47, 8051; Non-asymmetric version of conjugate addition of
FBSM to a,b-unsaturated ketones, see: (d) Prakash, G. K. S.; Zhao, X.; Chacko, S.;
Wang, F.; Vaghoo, H.; Olah, G. A. Beilstein J. Org. Chem. 2008, 4, 1; (e) Ni, C.;
Zhang, L.; Hu, J. J. Org. Chem. 2008, 73, 5699.

9. Li, Y.; Ni, C.; Liu, J.; Zhang, L.; Zheng, J.; Zhu, L.; Hu, J. Org. Lett. 2006, 8, 1693.
10. (a) Prakash, G. K. S.; Chacko, S.; Alconcel, S.; Stewart, T.; Mathew, T.; Olah, G. A.

Angew. Chem., Int. Ed. 2007, 46, 4933; (b) Prakash, G. K. S.; Hu, J. Acc. Chem. Res.
2007, 40, 921; (c) Ni, C.; Hu, J. J. Org. Chem. 2006, 71, 6829.

11. (a) Leonard, J. Contemp. Org. Synth. 1994, 1, 387; (b) Perlmutter, P. Conjugate
Addition Reactions in Organic Synthesis; Pergamon: Oxford, 1992.

12. For recent reviews of asymmetric Michael addition reactions, see: (a) Krause,
N.; Hoffmann-Röder, A. Synthesis 2001, 171; (b) Berner, O. M.; Tedeschi, L.;
Enders, D. Eur. J. Org. Chem. 2002, 1877; (c) Christoffers, J.; Baro, A. Angew.
Chem., Int. Ed. 2003, 42, 1688.

13. For recent reviews on chiral primary amine catalysis, see: (a) Chen, Y.-C. Synlett
2008, 1919; (b) Peng, F.; Shao, Z. J. Mol. Catal. A: Chem. 2008, 285, 1; (c) Bartoli,
G.; Melchiorre, P. Synlett 2008, 1759; (d) Xu, L.-W.; Lu, Y. Org. Biomol. Chem.
2008, 6, 2047; (e) Xu, L.-W.; Lu, Y. Chem. Commun. 2009, 1807.

14. (a) Kim, D. Y.; Huh, S. C.; Kim, S. M. Tetrahedron Lett. 2001, 42, 6299; (b)
Kim, D. Y.; Huh, S. C. Tetrahedron 2001, 57, 8933; (c) Park, E. J.; Kim, M.
H.; Kim, D. Y. J. Org. Chem. 2004, 69, 6897; (d) Kang, Y. K.; Kim, D. Y.
Tetrahedron Lett. 2006, 47, 4265; (e) Kang, Y. K.; Cho, M. J.; Kim, S. M.;
Kim, D. Y. Synlett 2007, 1135; (f) Cho, M. J.; Kang, Y. K.; Lee, N. R.; Kim,
D. Y. Bull. Korean Chem. Soc. 2007, 28, 2191; (g) Kim, S. M.; Kang, Y. K.;
Cho, M. J.; Mang, J. Y.; Kim, D. Y. Bull. Korean Chem. Soc. 2007, 28, 2435;
(h) Lee, J. H.; Bang, H. T.; Kim, D. Y. Synlett 2008, 1821; (i) Mang, J. Y.;
Kim, D. Y. Bull. Korean Chem. Soc. 2008, 29, 2091; (j) Kim, S. M.; Lee, J. H.;
Kim, D. Y. Synlett 2008, 2659; (k) Jung, S. H.; Kim, D. Y. Tetrahedron Lett.
2008, 49, 5527; (l) Kang, Y. K.; Kim, D. Y. Bull. Korean Chem. Soc. 2008, 29,
2093; (m) Kim, D. Y. Bull. Korean Chem. Soc. 2008, 29, 2036; (n) Mang, J.
Y.; Kwon, D. G.; Kim, D. Y. Bull. Korean Chem. Soc. 2009, 30, 249.

15. General procedure for asymmetric conjugate addition of FBSM (2) to a,b-
unsaturated ketones 1: To a stirred mixture of FBSM (2, 113.1 mg, 0.36 mmol)
and 9-amino-9-deoxyepiquinine (IV, 9.7 mg, 0.03 mmol) in MTBE (0.6 mL)
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to afford desired product 3.Compound 3a: ½a�25

D ¼ �130:1 (c 0.25, CHCl3); 1H
NMR (200 MHz, CDCl3) d = 2.20 (s, 3H), 3.88–3.93 (m, 2H), 4.52–4.60 (m, 1H),
7.00–7.05 (m, 2H), 7.14–7.18 (m, 3H), 7.42–7.50 (m, 2H), 7.57–7.69 (m, 3H),
7.75–7.82 (m, 3H), 7.88–7.93 (m, 2H); 13C NMR (50 MHz, CDCl3) d = 30.4, 42.1,
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