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Abstract: Although chiral quaternary ammonium and phos-
phonium salts are commonly used for asymmetric organo-
catalysis, the catalytic ability of chiral tertiary sulfonium salts
has yet to be demonstrated in asymmetric synthesis. Herein, we
show that chiral bifunctional trialkylsulfonium salts catalyze
highly enantioselective conjugate additions of 3-substituted
oxindoles to maleimides under base-free neutral phase-transfer
conditions.

Chiral onium salts are recognized as some of the most
reliable compounds in asymmetric synthesis (Figure 1).[1–5]

Various types of chiral quaternary ammonium and phospho-
nium salts have been synthesized, particularly over the past
two decades.[1, 2] These compounds have been employed as
chiral phase-transfer catalysts, and have enabled a wide
variety of efficient enantioselective transformations.[3] On the
other hand, the catalytic ability of chiral tertiary sulfonium
salts has yet to be demonstrated in asymmetric synthesis,
despite the utility of these chiral compounds as reagents in
stereoselective reactions.[4,5] The limitations of chiral sulfo-
nium salt catalysts have been attributed mainly to the high
reactivity and instability of the compounds with acidic a-
hydrogen atoms.[6] The corresponding sulfonium ylides are
thought to be formed from alkylsulfonium salts under
ordinary basic phase-transfer conditions, and as a result, the
catalytic activity of the sulfonium salts is lost. To avoid this
problem and realize efficient asymmetric reactions with chiral
sulfonium salt catalysts, we became interested in a base-free
neutral phase-transfer reaction system.[7] The formation of
sulfonium ylides from sulfonium salts can be suppressed
under base-free, neutral conditions. Under such conditions,
chiral sulfonium salt catalysts could efficiently promote
asymmetric neutral phase-transfer reactions with a high
level of enantioselectivity. Herein, we report the development

of chiral tertiary sulfonium salt catalysts for highly enantio-
selective conjugate additions under base-free neutral phase-
transfer conditions.[8]

To achieve highly enantioselective phase-transfer reac-
tions with chiral sulfonium salt catalysts, we employed
a binaphthyl backbone as the chiral scaffold for the synthesis
of the catalysts. The target chiral tertiary sulfonium triflates
1–3 (Scheme 1 and Table 1) were readily prepared in a similar
manner, which involved a reaction of the corresponding
binaphthol-derived arylmethyl bromide and dialkyl sulfide in

Figure 1. Chiral onium salts in organic synthesis.

Scheme 1. Synthesis of chiral sulfonium salt catalysts. Tf = trifluoro-
methanesulfonyl.
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the presence of silver triflate (see the Supporting Information
for details).

As a model reaction to examine the ability of chiral
sulfonium salts 1–3, asymmetric conjugate additions of 3-
substituted oxindoles 4 to maleimides 5 under base-free
conditions were selected (Table 1).[9] The reaction between 3-
phenyloxindole 4a and N-phenylmaleimide (5a) in H2O/

toluene (10:1) was run in the presence of catalyst 1a or 1b
(5 mol%) at 25 8C for 16 h. Whereas methoxy-substituted
catalyst 1a afforded only a trace amount of product 6aa
(entry 1), the bifunctional catalyst 1b with a hydroxy group
promoted the reaction to give 6aa in moderate yield, albeit
with low enantioselectivity (4% ee ; entry 2). These results
suggested that a bifunctional catalyst design was beneficial to
the reaction. Encouraged by this result, we next examined
bifunctional sulfonium salts 2, which also possess a urea group
(entries 3–5).[10] To our delight, phenylurea-substituted cata-
lyst 2 a gave the product 6aa in good diastereo- and
enantioselectivity (74 % ee ; entry 3). Further tuning of the
urea moiety on catalyst 2 improved both the yield and the
stereoselectivity (entries 4 and 5), and the highest levels of
diastereo- and enantioselectivity were achieved with catalyst
2c (91% ee ; entry 5).[11, 12] Changes in the alkyl groups on the
sulfonium moiety (catalysts 3) did not improve the results
(entries 6 and 7).

Several control experiments were performed to clarify the
mechanism of the present reaction (Scheme 2). We first
examined the effect of H2O on the base-free neutral phase-
transfer reaction. Whereas this reaction was efficiently

promoted by catalyst 2c in a H2O/toluene biphasic solvent
mixture, the reaction did not take place in a homogeneous
toluene system.[13] To clarify the importance of the sulfonium
salt moiety on catalyst 2 c, the reaction with sulfide catalyst 7
was also examined in a H2O/toluene biphasic system. Com-
pound 7 was not able to catalyze the present base-free neutral
phase-transfer reaction, that is, the tertiary sulfonium salt
moiety of catalyst 2c was essential in promoting the reaction.
Furthermore, deuteration experiments were performed with
3-phenyloxindole 4a. Treatment of 4a with catalyst 2c in

Table 1: Catalyst optimization.[a]

Entry Catalyst Yield [%][b] d.r.[c] ee [%][d]

1 1a <5 – –
2 1b 24 70:30 4
3 2a 31 86:14 74
4 2b 77 88:12 83
5[e] 2c 64 92:8 91
6 3a 53 88:12 81
7 3b 15 74:26 76

[a] Reaction conditions: 4a (0.070 mmol), 5a (0.084 mmol), catalyst
(5 mol%, 0.0035 mmol), H2O (2.0 mL)/toluene (0.2 mL), 25 8C, 16 h.
[b] Yield of isolated product 6aa. [c] Determined by 1H NMR and HPLC
analysis. [d] Determined by HPLC analysis on a chiral stationary phase.
[e] Reaction time: 24 h. Boc = tert-butoxycarbonyl.

Scheme 2. Control experiments.

Scheme 3. Proposed catalytic cycle.
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a D2O/toluene biphasic system at
5 8C for 2 h returned deuterated 3-
phenyloxindole, [D]-4 a, in quanti-
tative yield. However, in the
absence of a catalyst, [D]-4a was
obtained in only 8 % yield. These
results completely agree with pre-
vious observations for base-free
neutral phase-transfer reactions
with quaternary ammonium and
phosphonium salt catalysts, and
indicate that the reaction proceeds
via a sulfonium enolate interme-
diate.[7h,i]

Based on these observations,
a catalytic cycle for the present
reaction was proposed (Scheme 3).
For the reaction to proceed, the
H2O/toluene biphasic solvent mix-
ture was indispensable. When the
reaction was carried out in toluene
without H2O, the reversible reac-
tion with oxindole 4a and sulfo-
nium salt 2c to form sulfonium
enolate A was not favored owing to
the facile protonation of sulfonium
enolate A with in situ generated
TfOH. On the other hand, when
the reaction was performed in the
H2O/toluene biphasic solvent
system, the generated TfOH was moved into the aqueous
phase. Consequently, contact between sulfonium enolate A
and TfOH was suppressed, and the formation of sulfonium
enolate A was promoted. The urea moiety of catalyst 2c
interacted with maleimide 5a via hydrogen bonds, thus
returning a well-organized complex B. It is noteworthy that
hydrogen-bonding interactions between the a-hydrogen
atoms of the trialkylsulfonium salt moiety[14] on catalyst 2c
and the substrates may also be important in organizing the
transition-state structure.[15] A highly stereoselective conju-
gate addition then occurred to give intermediate C. Proto-
nation of intermediate C by TfOH, which was generated
during the reaction of sulfonium triflate 2c with oxindole 4a,
afforded product 6aa with regeneration of sulfonium salt
catalyst 2c.

Having proposed a plausible catalytic cycle, we examined
the generality of the asymmetric conjugate addition with
various 3-substituted oxindoles 4 and maleimides 5 under
base-free neutral phase-transfer conditions (Table 2). Not
only N-aryl maleimides (5a–5c) but also N-alkyl maleimides
(5d) were found to be suitable substrates for the reaction to
give products 6 with high enantioselectivities (86–91% ee ;
entries 1–4). Furthermore, a wide variety of 3-aryl oxindoles 4
with electron-withdrawing and -donating substituents on both
the 3-aryl group and the oxindole core were also applicable,
and uniformly gave high diastereo- and enantioselectivities
(83–93% ee ; entries 5–18).[16] Unfortunately, 3-alkyl oxin-
doles, such as a 3-butyloxindole 4e, showed low reactivity in
this reaction system (entry 9).

In summary, we have successfully demonstrated that
chiral tertiary sulfonium salt catalysts can promote asymmet-
ric reactions with a high level of enantioselectivity.
Binaphthyl-modified bifunctional sulfonium salts bearing
a urea group were efficient catalysts for the asymmetric
conjugate addition of 3-substituted oxindoles to maleimides
under base-free neutral phase-transfer conditions. To the best
of our knowledge, this is the first example of a highly
enantioselective reaction catalyzed by a chiral tertiary
sulfonium salt.
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Table 2: Scope and limitation.[a]

Entry 4 X R1 5 R2 Product Yield [%][b] d.r.[c] ee [%][d]

1 4a H Ph 5a Ph 6aa 64 92:8 91
2[e] 4a H Ph 5b 4-MeO-C6H4 6ab 42 86:14 86
3[f ] 4a H Ph 5c 4-CF3-C6H4 6ac 60 87:13 86
4[e] 4a H Ph 5d Me 6ad 17 89:11 86
5 4b H 4-Me-C6H4 5a Ph 6ba 45 85:15 83
6[f ] 4b H 4-Me-C6H4 5c 4-CF3-C6H4 6bc 54 85:15 83
7 4c H 3-Me-C6H4 5a Ph 6ca 28 83:17 88
8 4d H 4-F-C6H4 5a Ph 6da 59 90:10 83
9 4e H Bu 5a Ph 6ea <5 – –

10 4 f 5-Me Ph 5a Ph 6 fa 46 87:13 83
11 4g 5-F Ph 5a Ph 6ga 81 88:12 90
12[f ] 4g 5-F Ph 5c 4-CF3-C6H4 6gc 70 96:4 93
13 4h 6-Cl Ph 5a Ph 6ha 66 92:8 88
14 4 i 7-F Ph 5a Ph 6 ia 61 88:12 83
15[f ] 4 i 7-F Ph 5c 4-CF3-C6H4 6 ic 73 89:11 84
16 4 j 5-F 4-Me-C6H4 5a Ph 6 ja 66 90:10 86
17 4k 5-F 4-F-C6H4 5a Ph 6ka 85 89:11 84
18[f ] 4k 5-F 4-F-C6H4 5c 4-CF3-C6H4 6kc 56 92:8 85

[a] Reaction conditions: 4 (0.070 mmol), 5 (0.084 mmol), 2c (5 mol%, 0.0035 mmol), H2O (2.0 mL)/
toluene (0.2 mL), 25 8C, 24 h. [b] Yield of isolated product 6. [c] Determined by 1H NMR and HPLC
analysis. [d] Determined by HPLC analysis on a chiral stationary phase. [e] Reaction time: 16 h. [f ] At
0 8C.

Angewandte
ChemieCommunications

3Angew. Chem. Int. Ed. 2017, 56, 1 – 6 � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


[1] For examples of chiral quaternary ammonium salts, see: a) S.
Colonna, R. Fornasier, J. Chem. Soc. Perkin Trans. 1 1978, 371;
b) S. Juli�, A. Ginebreda, J. Guixer, A. Tom�s, Tetrahedron Lett.
1980, 21, 3709; c) U.-H. Dolling, P. Davis, E. J. J. Grabowski, J.
Am. Chem. Soc. 1984, 106, 446; d) M. Masui, A. Ando, T. Shioiri,
Tetrahedron Lett. 1988, 29, 2835; e) M. J. O�Donnell, W. D.
Bennett, S. Wu, J. Am. Chem. Soc. 1989, 111, 2353; f) B. Lygo,
P. G. Wainwright, Tetrahedron Lett. 1997, 38, 8595; g) E. J.
Corey, F. Xu, M. C. Noe, J. Am. Chem. Soc. 1997, 119, 12414;
h) T. Ooi, M. Kameda, K. Maruoka, J. Am. Chem. Soc. 1999, 121,
6519; i) S.-s. Jew, B.-S. Jeong, M.-S. Yoo, H. Huh, H.-g. Park,
Chem. Commun. 2001, 1244; j) T. Shibuguchi, Y. Fukuta, Y.
Akachi, A. Sekine, T. Ohshima, M. Shibasaki, Tetrahedron Lett.
2002, 43, 9539; k) S. Arai, R. Tsuji, A. Nishida, Tetrahedron Lett.
2002, 43, 9535; l) M. Kitamura, S. Shirakawa, K. Maruoka,
Angew. Chem. Int. Ed. 2005, 44, 1549; Angew. Chem. 2005, 117,
1573; m) S. E. Denmark, N. D. Gould, L. M. Wolf, J. Org. Chem.
2011, 76, 4260; n) M. Waser, K. Gratzer, R. Herchl, N. M�ller,
Org. Biomol. Chem. 2012, 10, 251; o) H.-Y. Wang, J.-X. Zhang,
D.-D. Cao, G. Zhao, ACS Catal. 2013, 3, 2218; p) J. Novacek, M.
Waser, Eur. J. Org. Chem. 2014, 802.

[2] For examples of chiral quaternary phosphonium salts, see: a) K.
Manabe, Tetrahedron Lett. 1998, 39, 5807; b) R. He, X. Wang, T.
Hashimoto, K. Maruoka, Angew. Chem. Int. Ed. 2008, 47, 9466;
Angew. Chem. 2008, 120, 9608; c) D. Uraguchi, Y. Asai, Y. Seto,
T. Ooi, Synlett 2009, 658; d) C.-L. Zhu, F.-G. Zhang, W. Meng, J.
Nie, D. Cahard, J.-A. Ma, Angew. Chem. Int. Ed. 2011, 50, 5869;
Angew. Chem. 2011, 123, 5991; e) X. Wu, Q. Liu, Y. Liu, Q.
Wang, Y. Zhang, J. Chen, W. Cao, G. Zhao, Adv. Synth. Catal.
2013, 355, 2701; f) S. Shirakawa, K. Koga, T. Tokuda, K.
Yamamoto, K. Maruoka, Angew. Chem. Int. Ed. 2014, 53,
6220; Angew. Chem. 2014, 126, 6334.

[3] For recent reviews on asymmetric phase-transfer catalysis, see:
a) M. J. O�Donnell, Aldrichimica Acta 2001, 34, 3; b) T. Ooi, K.
Maruoka, Acc. Chem. Res. 2004, 37, 526; c) T. Ooi, K. Maruoka,
Angew. Chem. Int. Ed. 2007, 46, 4222; Angew. Chem. 2007, 119,
4300; d) Asymmetric Phase-Transfer Catalysis (Ed.: K. Mar-
uoka), Wiley-VCH, Weinheim, 2008 ; e) S.-s. Jew, H.-g. Park,
Chem. Commun. 2009, 7090; f) T. Werner, Adv. Synth. Catal.
2009, 351, 1469; g) D. Enders, T. V. Nguyen, Org. Biomol. Chem.
2012, 10, 5327; h) J. Novacek, M. Waser, Eur. J. Org. Chem. 2013,
637; i) S. Shirakawa, K. Maruoka, Angew. Chem. Int. Ed. 2013,
52, 4312; Angew. Chem. 2013, 125, 4408; j) S. Kaneko, Y.
Kumatabara, S. Shirakawa, Org. Biomol. Chem. 2016, 14, 5367;
k) S. Liu, Y. Kumatabara, S. Shirakawa, Green Chem. 2016, 18,
331.

[4] For reviews on chiral sulfonium salts, see: a) A. Padwa, S. F.
Hornbuckle, Chem. Rev. 1991, 91, 263; b) O. Meyer, P. C. Cagle,
K. Weickhardt, D. Vichard, J. A. Gladysz, Pure Appl. Chem.
1996, 68, 79; c) V. K. Aggarwal, Synlett 1998, 329; d) L.-X. Dai,
X.-L. Hou, Y.-G. Zhou, Pure Appl. Chem. 1999, 71, 369; e) V. K.
Aggarwal, C. L. Winn, Acc. Chem. Res. 2004, 37, 611; f) Y. Tang,
S. Ye, X.-L. Li, Synlett 2005, 2720; g) E. M. McGarrigle, E. L.
Myers, O. Illa, M. A. Shaw, S. L. Riches, V. K. Aggarwal, Chem.
Rev. 2007, 107, 5841; h) X.-L. Sun, Y. Tang, Acc. Chem. Res.
2008, 41, 937.

[5] For examples of chiral sulfonium salts in organic synthesis, see:
a) N. Furukawa, Y. Sugihara, H. Fijihara, J. Org. Chem. 1989, 54,
4222; b) I. G. Star�, I. Stary, M. Tichy, J. Z�vada, P. Fiedler, J.
Org. Chem. 1994, 59, 1326; c) A.-H. Li, L.-X. Dai, X.-L. Hou, Y.-
Z. Huang, F.-W. Li, J. Org. Chem. 1996, 61, 489; d) A.-H. Li, Y.-
G. Zhou, L.-X. Dai, X.-L. Hou, L.-J. Xia, L. Lin, Angew. Chem.
Int. Ed. Engl. 1997, 36, 1317; Angew. Chem. 1997, 109, 1375;
e) K. Julienne, P. Metzner, J. Org. Chem. 1998, 63, 4532; f) A.
Solladi�-Cavallo, L. Bou�rat, M. Roje, Tetrahedron Lett. 2000,
41, 7309; g) A. Solladi�-Cavallo, M. Roje, T. Isarno, V. Sunjic, V.

Vinkovic, Eur. J. Org. Chem. 2000, 1077; h) S. Ye, Z.-Z. Huang,
C.-A. Xia, Y. Tang, L.-X. Dai, J. Am. Chem. Soc. 2002, 124, 2432;
i) Y. Miyake, A. Oyamada, Y. Nishibayashi, S. Uemura, Heter-
oat. Chem. 2002, 13, 270; j) V. K. Aggarwal, I. Bae, H.-Y. Lee, J.
Richardson, D. T. Williams, Angew. Chem. Int. Ed. 2003, 42,
3274; Angew. Chem. 2003, 115, 3396; k) V. K. Aggarwal, G. Y.
Fang, A. T. Schmidt, J. Am. Chem. Soc. 2005, 127, 1642; l) M.
Davoust, J.-F. Bri�re, P.-A. Jaffr�s, P. Metzner, J. Org. Chem.
2005, 70, 4166; m) V. K. Aggarwal, J. P. H. Charmant, D.
Fuentes, J. N. Harvey, G. Hynd, D. Ohara, W. Picoul, R.
Robiette, C. Smith, J.-L. Vasse, C. L. Winn, J. Am. Chem. Soc.
2006, 128, 2105; n) M. G. Unthank, N. Hussain, V. K. Aggarwal,
Angew. Chem. Int. Ed. 2006, 45, 7066; Angew. Chem. 2006, 118,
7224; o) X.-M. Deng, P. Cai, S. Ye, X.-L. Sun, W.-W. Liao, K. Li,
Y. Tang, Y.-D. Wu, L.-X. Dai, J. Am. Chem. Soc. 2006, 128, 9730;
p) E. L. Myers, J. G. de Vries, V. K. Aggarwal, Angew. Chem. Int.
Ed. 2007, 46, 1893; Angew. Chem. 2007, 119, 1925; q) G. Y. Fang,
O. A. Wallner, N. D. Blasio, X. Ginesta, J. N. Harvey, V. K.
Aggarwal, J. Am. Chem. Soc. 2007, 129, 14632; r) M. Hansch, O.
Illa, E. M. McGarrigle, V. K. Aggarwal, Chem. Asian J. 2008, 3,
1657; s) L.-Q. Lu, J.-J. Zhang, F. Li, Y. Cheng, J. An, J.-R. Chen,
W.-J. Xiao, Angew. Chem. Int. Ed. 2010, 49, 4495; Angew. Chem.
2010, 122, 4597; t) M. Arshad, M. A. Fern�ndez, E. M. McGar-
rigle, V. K. Aggarwal, Tetrahedron: Asymmetry 2010, 21, 1771;
u) O. Illa, M. Arshad, A. Ros, E. M. McGarrigle, V. K. Aggar-
wal, J. Am. Chem. Soc. 2010, 132, 1828; v) F. Sarabia, C. Vivar-
Garc�a, M. Garc�a-Castro, C. Garc�a-Ruiz, F. Mart�n-G�lvez, A.
S�nchez-Ruiz, S. Chammaa, Chem. Eur. J. 2012, 18, 15190;
w) S. P. Fritz, Z. Ali, M. G. Unthank, E. M. McGarrigle, V. K.
Aggarwal, Helv. Chim. Acta 2012, 95, 2384; x) O. Illa, M.
Namutebi, C. Saha, M. Ostovar, C. C. Chen, M. F. Haddow, S.
Nocquet-Thibault, M. Lusi, E. M. McGarrigle, V. K. Aggarwal,
J. Am. Chem. Soc. 2013, 135, 11951; y) X.-Z. Zhang, J.-Y. Du, Y.-
H. Deng, W.-D. Chu, X. Yan, K.-Y. Yu, C.-A. Fan, J. Org. Chem.
2016, 81, 2598.

[6] J.-P. Cheng, B. Liu, X.-M. Zhang, J. Org. Chem. 1998, 63, 7574.
[7] a) R. He, S. Shirakawa, K. Maruoka, J. Am. Chem. Soc. 2009,

131, 16620; b) L. Wang, S. Shirakawa, K. Maruoka, Angew.
Chem. Int. Ed. 2011, 50, 5327; Angew. Chem. 2011, 123, 5439;
c) S. Shirakawa, S. J. Terao, R. He, K. Maruoka, Chem.
Commun. 2011, 47, 10557; d) S. Shirakawa, K. Ota, S. J. Terao,
K. Maruoka, Org. Biomol. Chem. 2012, 10, 5753; e) S. Shir-
akawa, L. Wang, A. Kasai, K. Maruoka, Chem. Eur. J. 2012, 18,
8588; f) S. Shirakawa, A. Kasai, T. Tokuda, K. Maruoka, Chem.
Sci. 2013, 4, 2248; g) S. Shirakawa, T. Tokuda, A. Kasai, K.
Maruoka, Org. Lett. 2013, 15, 3350; h) S. Shirakawa, L. Wang, R.
He, S. Arimitsu, K. Maruoka, Chem. Asian J. 2014, 9, 1586; i) S.
Shirakawa, K. Maruoka, Tetrahedron Lett. 2014, 55, 3833; j) S. P.
Bew, G. R. Stephenson, J. Rouden, P.-A. Ashford, M. Bourane,
A. Charvet, V. M. D. Dalstein, R. Jauseau, G. D. Hiatt-Gipson,
L. A. Martinez-Lozano, Adv. Synth. Catal. 2015, 357, 1245.

[8] Fan et al. examined an asymmetric conjugate addition catalyzed
by a chiral tertiary sulfonium salt under ordinary phase-transfer
conditions using Cs2CO3 as a base, but the product was obtained
in 0% ee ; see: X.-Z. Zhang, Y.-H. Deng, X. Yan, K.-Y. Yu, F.-X.
Wang, X.-Y. Ma, C.-A. Fan, J. Org. Chem. 2016, 81, 5655.

[9] a) Y.-H. Liao, X.-L. Liu, Z.-J. Wu, L.-F. Cun, X.-M. Zhang, W.-C.
Yuan, Org. Lett. 2010, 12, 2896; b) L. Li, W. Chen, W. Yang, Y.
Pan, H. Liu, C.-H. Tan, Z. Jiang, Chem. Commun. 2012, 48, 5124;
c) X. Yang, C. Wang, Q. Ni, D. Enders, Synthesis 2012, 2601; d) J.
Zhou, L.-N. Jia, L. Peng, Q.-L. Wang, F. Tian, X.-Y. Xu, L.-X.
Wang, Tetrahedron 2014, 70, 3478; e) S. Shirakawa, H. Makino,
T. Yoshidome, K. Maruoka, Tetrahedron 2014, 70, 7128.

[10] For examples of chiral bifunctional quaternary ammonium and
phosphonium salts with a urea group, see: a) P. Bernal, R.
Fern�ndez, J. M. Lassaletta, Chem. Eur. J. 2010, 16, 7714;
b) K. M. Johnson, M. S. Rattley, F. Sladojevich, D. M. Barber,

Angewandte
ChemieCommunications

4 www.angewandte.org � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2017, 56, 1 – 6
� �

These are not the final page numbers!

https://doi.org/10.1039/p19780000371
https://doi.org/10.1016/S0040-4039(00)78752-1
https://doi.org/10.1016/S0040-4039(00)78752-1
https://doi.org/10.1021/ja00314a045
https://doi.org/10.1021/ja00314a045
https://doi.org/10.1016/0040-4039(88)85224-9
https://doi.org/10.1016/S0040-4039(97)10293-3
https://doi.org/10.1021/ja973174y
https://doi.org/10.1021/ja991062w
https://doi.org/10.1021/ja991062w
https://doi.org/10.1039/b102584h
https://doi.org/10.1016/S0040-4039(02)02416-4
https://doi.org/10.1016/S0040-4039(02)02416-4
https://doi.org/10.1016/S0040-4039(02)02415-2
https://doi.org/10.1016/S0040-4039(02)02415-2
https://doi.org/10.1002/anie.200462257
https://doi.org/10.1002/ange.200462257
https://doi.org/10.1002/ange.200462257
https://doi.org/10.1021/jo2005445
https://doi.org/10.1021/jo2005445
https://doi.org/10.1039/C1OB06573D
https://doi.org/10.1021/cs400594e
https://doi.org/10.1002/ejoc.201301594
https://doi.org/10.1016/S0040-4039(98)01181-2
https://doi.org/10.1002/anie.200804140
https://doi.org/10.1002/ange.200804140
https://doi.org/10.1002/anie.201100283
https://doi.org/10.1002/ange.201100283
https://doi.org/10.1002/adsc.201300383
https://doi.org/10.1002/adsc.201300383
https://doi.org/10.1002/anie.201403046
https://doi.org/10.1002/anie.201403046
https://doi.org/10.1002/ange.201403046
https://doi.org/10.1021/ar030060k
https://doi.org/10.1002/anie.200601737
https://doi.org/10.1002/ange.200601737
https://doi.org/10.1002/ange.200601737
https://doi.org/10.1039/b914028j
https://doi.org/10.1002/adsc.200900211
https://doi.org/10.1002/adsc.200900211
https://doi.org/10.1039/c2ob25823d
https://doi.org/10.1039/c2ob25823d
https://doi.org/10.1002/ejoc.201201425
https://doi.org/10.1002/ejoc.201201425
https://doi.org/10.1002/anie.201206835
https://doi.org/10.1002/anie.201206835
https://doi.org/10.1002/ange.201206835
https://doi.org/10.1039/C5OB02446C
https://doi.org/10.1039/C5GC02692J
https://doi.org/10.1039/C5GC02692J
https://doi.org/10.1021/cr00003a001
https://doi.org/10.1055/s-1998-1652
https://doi.org/10.1021/ar030045f
https://doi.org/10.1055/s-2005-918929
https://doi.org/10.1021/cr068402y
https://doi.org/10.1021/cr068402y
https://doi.org/10.1021/ar800108z
https://doi.org/10.1021/ar800108z
https://doi.org/10.1021/jo00278a045
https://doi.org/10.1021/jo00278a045
https://doi.org/10.1021/jo951442+
https://doi.org/10.1002/anie.199713171
https://doi.org/10.1002/anie.199713171
https://doi.org/10.1002/ange.19971091221
https://doi.org/10.1021/jo980269p
https://doi.org/10.1016/S0040-4039(00)01222-3
https://doi.org/10.1016/S0040-4039(00)01222-3
https://doi.org/10.1002/(SICI)1099-0690(200003)2000:6%3C1077::AID-EJOC1077%3E3.0.CO;2-4
https://doi.org/10.1021/ja0172969
https://doi.org/10.1002/hc.10028
https://doi.org/10.1002/hc.10028
https://doi.org/10.1002/anie.200350968
https://doi.org/10.1002/anie.200350968
https://doi.org/10.1002/ange.200350968
https://doi.org/10.1021/ja043632k
https://doi.org/10.1021/jo0479260
https://doi.org/10.1021/jo0479260
https://doi.org/10.1021/ja0568345
https://doi.org/10.1021/ja0568345
https://doi.org/10.1002/anie.200602782
https://doi.org/10.1002/ange.200602782
https://doi.org/10.1002/ange.200602782
https://doi.org/10.1021/ja056751o
https://doi.org/10.1002/anie.200604715
https://doi.org/10.1002/anie.200604715
https://doi.org/10.1002/ange.200604715
https://doi.org/10.1021/ja074110i
https://doi.org/10.1002/asia.200800174
https://doi.org/10.1002/asia.200800174
https://doi.org/10.1002/anie.201000755
https://doi.org/10.1002/ange.201000755
https://doi.org/10.1002/ange.201000755
https://doi.org/10.1016/j.tetasy.2010.04.046
https://doi.org/10.1021/ja9100276
https://doi.org/10.1002/chem.201201332
https://doi.org/10.1002/hlca.201200455
https://doi.org/10.1021/ja405073w
https://doi.org/10.1021/acs.joc.5b02725
https://doi.org/10.1021/acs.joc.5b02725
https://doi.org/10.1021/jo981078p
https://doi.org/10.1021/ja906821y
https://doi.org/10.1021/ja906821y
https://doi.org/10.1002/anie.201101307
https://doi.org/10.1002/anie.201101307
https://doi.org/10.1002/ange.201101307
https://doi.org/10.1039/c1cc14043d
https://doi.org/10.1039/c1cc14043d
https://doi.org/10.1039/c2ob07193b
https://doi.org/10.1002/chem.201201107
https://doi.org/10.1002/chem.201201107
https://doi.org/10.1039/c3sc22130j
https://doi.org/10.1039/c3sc22130j
https://doi.org/10.1021/ol4013926
https://doi.org/10.1002/asia.201402194
https://doi.org/10.1016/j.tetlet.2014.05.014
https://doi.org/10.1002/adsc.201400915
https://doi.org/10.1021/acs.joc.6b00390
https://doi.org/10.1021/ol100822k
https://doi.org/10.1039/c2cc31587d
https://doi.org/10.1016/j.tet.2014.03.065
https://doi.org/10.1016/j.tet.2014.06.017
https://doi.org/10.1002/chem.201001107
http://www.angewandte.org


M. G. NuÇez, A. M. Goldys, D. J. Dixon, Org. Lett. 2012, 14,
2492; c) D. Cao, Z. Chai, J. Zhang, Z. Ye, H. Xiao, H. Wang, J.
Chen, X. Wu, G. Zhao, Chem. Commun. 2013, 49, 5972; d) M. Li,
P. A. Woods, M. D. Smith, Chem. Sci. 2013, 4, 2907; e) H.-Y.
Wang, Z. Chai, G. Zhao, Tetrahedron 2013, 69, 5104; f) D. Cao, J.
Zhang, H. Wang, G. Zhao, Chem. Eur. J. 2015, 21, 9998; g) M.
Tiffner, J. Novacek, A. Busillo, K. Gratzer, A. Massa, M. Waser,
RSC Adv. 2015, 5, 78941.

[11] Remaining starting materials 4a and 5a were observed after the
reaction.

[12] Longer reaction times did not improve the yield.
[13] The effect of the amount of water was also examined

(Scheme S1).
[14] a) S. Kaneko, Y. Kumatabara, S. Shimizu, K. Maruoka, S.

Shirakawa, Chem. Commun. 2017, 53, 119; see also: b) S.
Shirakawa, S. Liu, S. Kaneko, Y. Kumatabara, A. Fukuda, Y.
Omagari, K. Maruoka, Angew. Chem. Int. Ed. 2015, 54, 15767;

Angew. Chem. 2015, 127, 15993; c) Y. Kumatabara, S. Kaneko, S.
Nakata, S. Shirakawa, K. Maruoka, Chem. Asian J. 2016, 11,
2126.

[15] a) T. Ohshima, T. Shibuguchi, Y. Fukuta, M. Shibasaki, Tetrahe-
dron 2004, 60, 7743; b) T. Kamachi, K. Yoshizawa, Org. Lett.
2014, 16, 472; c) C. P. Johnston, A. Kothari, T. Sergeieva, S. I.
Okovytyy, K. E. Jackson, R. S. Paton, M. D. Smith, Nat. Chem.
2015, 7, 171; d) Q. Peng, R. S. Paton, Acc. Chem. Res. 2016, 49,
1042; e) J. Novacek, J. A. Izzo, M. J. Vetticatt, M. Waser, Chem.
Eur. J. 2016, 22, 17339.

[16] Reactions on larger scale (x10, 0.70 mmol) gave similar results
(Scheme S2).

Manuscript received: December 20, 2016
Revised: March 7, 2017
Final Article published: && &&, &&&&

Angewandte
ChemieCommunications

5Angew. Chem. Int. Ed. 2017, 56, 1 – 6 � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

https://doi.org/10.1021/ol300779x
https://doi.org/10.1021/ol300779x
https://doi.org/10.1039/c3cc42864h
https://doi.org/10.1039/c3sc50592h
https://doi.org/10.1016/j.tet.2013.04.079
https://doi.org/10.1002/chem.201501806
https://doi.org/10.1039/C5RA14466C
https://doi.org/10.1039/C6CC08411G
https://doi.org/10.1002/anie.201508659
https://doi.org/10.1002/ange.201508659
https://doi.org/10.1002/asia.201600781
https://doi.org/10.1002/asia.201600781
https://doi.org/10.1016/j.tet.2004.05.120
https://doi.org/10.1016/j.tet.2004.05.120
https://doi.org/10.1021/ol4033545
https://doi.org/10.1021/ol4033545
https://doi.org/10.1038/nchem.2150
https://doi.org/10.1038/nchem.2150
https://doi.org/10.1021/acs.accounts.6b00084
https://doi.org/10.1021/acs.accounts.6b00084
https://doi.org/10.1002/chem.201604153
https://doi.org/10.1002/chem.201604153
http://www.angewandte.org


Communications

Organocatalysis

S. Liu, K. Maruoka,
S. Shirakawa* &&&&—&&&&

Chiral Tertiary Sulfonium Salts as
Effective Catalysts for Asymmetric Base-
Free Neutral Phase-Transfer Reactions

Sulfonium catalyst : Whereas chiral qua-
ternary ammonium and phosphonium
salts are commonly used for asymmetric
organocatalysis, chiral tertiary sulfonium
salts have not been employed for such
purposes. It is now shown that chiral

bifunctional trialkylsulfonium salts cata-
lyze the enantioselective conjugate addi-
tion of 3-substituted oxindoles to male-
imides under base-free neutral phase-
transfer conditions.
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