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Construction of Vicinal Quaternary Stereogenic Centers by
Enantioselective Direct Mannich-Type Reaction Using a Chiral
Bis(guanidino)iminophosphorane Catalyst
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Abstract: A novel asymmetric direct Mannich-type reaction of
a-iminophenylacetate esters with thionolactones, bearing a sub-
stituent at the a-position, as a less acidic pronucleophile was
developed. Using bis(guanidino)iminophosphorane as the
chiral organosuperbase catalyst, the reaction afforded densely
functionalized amino-acid derivatives having vicinal quater-
nary stereogenic centers, one of which is an all-carbon
quaternary stereogenic center, in good yield with high dia-
stereo- and enantioselectivities.

The catalytic asymmetric construction of vicinal quaternary
stereogenic centers, which are commonly found as a core
structure in bioactive compounds, is a topic of profound
interest in the fields of synthetic chemistry.[1¢6] Intensive
efforts have been devoted to the development of an efficient
stereoselective method for the construction of vicinal quater-
nary stereogenic centers given the difficulties encountered in
not only the formation of a carbon–carbon bond in the
presence of steric congestion but also controlling the requisite
stereochemical outcome. Asymmetric cycloadditions and
intramolecular reactions which employ chiral metal cata-
lysts[2] and organocatalysts[3] have been actively pursued in an
effort to overcome these difficulties. In recent years, the
nucleophilic 1,2-addition of trisubstituted carbon nucleo-
philes to ketones and ketimines has emerged as a potential
method for constructing vicinal quaternary stereogenic cen-
ters.[4, 5] Although several reliable approaches towards the
construction of vicinal quaternary stereogenic centers are
available in the field of asymmetric catalysis, those
approaches are inherently limited to either the reaction of
pronucleophiles having a relatively acidic proton at the a-
position, such as 1,3-dicarbonyl and related compounds, or
preformed nucleophiles, such as silylated derivatives. The
direct use of less acidic pronucleophiles, which is expected to

expand the scope of the reaction, is a formidable challenge in
carbon–carbon bond formation to construct vicinal quater-
nary stereogenic centers. In an effort to activate the less acidic
pronucleophiles, we recently developed the novel chiral
bis(guanidino)iminophosphorane 1 as a superb class of
uncharged chiral organosuperbase catalysts (Scheme 1).[7]

The catalytic efficiency of 1 has been demonstrated in the
enantioselective 1,2-addition reactions of less acidic pronu-
cleophiles, such as 2-alkyltetralone derivatives[7a,b] and 2-
alkoxycarbonyl-1,3-dithiane,[7c] to azodicarboxylates and N-
Boc imines, respectively. Considering the characteristic fea-
tures of 1, it is speculated to have the potential to circumvent
the inherent limitation in the nucleophilic 1,2-addition of
trisubstituted carbon pronucleophiles. To establish a system
for constructing vicinal quaternary stereogenic centers, we
envisaged a direct Mannich-type reaction of lactones or its
derivatives, bearing a substituent at the a-position, as a less-
acidic pronucleophile with a-iminophenylacetate esters. a-
Iminophenylacetate esters have been employed in various
nucleophilic addition reactions as a reactive ketimine, thus
affording valuable precursors of a-quaternary phenylglycine
derivatives.[8] Herein we report the novel asymmetric Man-
nich-type reaction of thionolactone derivatives (2) with a-
iminophenylacetate esters (3) using a chiral organosuperbase
catalyst (1), and it gives rise to densely functionalized amino
acid derivatives (4) having vicinal quaternary stereogenic
centers, one of which is an all-carbon quaternary stereogenic
center, in a highly diastereo- and enantioselective manner
(Scheme 1).

Scheme 1. Asymmetric Mannich-type reaction to construct vicinal
quaternary stereogenic centers and structure of the chiral bis(guanidi-
no)iminophosphorane 1.
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Initially, the Mannich-type reaction of the a-benzyl-
substituted lactone 5 with the N-benzoyl-a-iminophenylace-
tate ester 3a was investigated under the reaction conditions
from our previous asymmetric a-amination of tetralones, in
which two equivalents of NaN(SiMe3)2, relative to (M)-
1a·HBr, were employed for the generation of the catalyst
(Table 1, entry 1).[7a,b] However, 5 did not undergo the
Mannich-type reaction under the influence of 10 mol%
(M)-1 a·HBr and 20 mol% NaN(SiMe3)2, presumably because
of the low acidity at the a-position of 5. We hence turned our
attention to the thionolactone 2a instead of 5, in order to
enhance the acidity at the a-position.[9] To our delight, the
desired Mannich adduct 4aa was obtained in high yield albeit
with low stereoselectivity (entry 2). As shown in entries 3–5,

in comparison with the reactions which use achiral bases
having different basicities,[10] these results clearly indicate that
the catalyst basicity is essential for promoting the present
reaction. Whereas use of the less basic guanidine-derived
TBD and P1-tBu phosphazene (entries 3 and 4) resulted in
the formation of 4aa in only a trace amount, the use of P2-tBu
phosphazene, the basicity of which is stronger than those of
TBD and P1-tBu phosphazene, dramatically accelerated the
reaction, thus affording 4aa in good yield (entry 5). Sub-
sequently, the reaction conditions, the catalyst substituent,
and the N-protective group of ketimine 3 were explored to
improve the stereochemical outcome.[11] The use of excess
NaN(SiMe3)2 relative to (M)-1a·HBr, which was employed in
the a-amination of tetralones,[7a,b] had a detrimental effect on
the enantioselectivity (entry 2 versus entry 6). In the present
Mannich reaction, the use of a slight excess of the salt form
(M)-1 a·HBr, relative to NaN(SiMe3)2, furnished a product
with high enantioselectivity (entry 6). To improve diastereo-
and enantioselectivities, the substituent R, attached to the
nitrogen atom of the guanidine unit of 1, was modified
(entries 6–9). In contrast to the comparable enantioselectiv-
ities irrespective of the substituent, the diastereoselectivity
was highly dependent on R. The introduction of a sterically
hindered benzhydryl group led to a significant improvement
of the diastereoselectivity (entry 9). Further improvement of
the diastereoselectivity was achieved by a thorough screening
of the benzoyl substituent introduced at the nitrogen atom of
3 (entries 10–14). The introduction of an electron-withdraw-
ing substituent, such as a nitro, cyano, or trifluoromethyl
group, to the para-position of the benzoyl group enhanced the
diastereoselectivity (entries 12–14), although a slight reduc-
tion of the enantioselectivity was observed in the case of nitro
and cyano substituents. In addition, electron-withdrawing
substituents are essential to achieving a high chemical yield.
Indeed, an electron-donating methoxy group resulted in
a marked reduction of the chemical yield (entry 11). During
the course of the screening, the 4-trifluoromethylbenzoyl
group was found to be the substituent of choice (entry 14).[11]

Further enhancement of the diastereo- and enantioselectiv-
ities was achieved by lowering the reaction temperature to
¢80 88C (entry 15). Finally, the optimum reaction conditions
were established by reducing the amount of the pronucleo-
phile 2a from 2.5 equivalents to 1.2 equivalents without any
detrimental effect on the chemical yield and stereoselectivity
(entry 16). Furthermore, the absolute configuration of major
product 4 af was determined to be (2R,3S) by single-crystal X-
ray diffraction analysis of the ammonium salt 7, which is
composed of the stereochemically known amino diol and the
carboxylic acid derivatized from 4af. The corresponding
carboxylic acid was isolated after oxidative desulfurization of
the thiocarbonyl group and the hydrolysis of the ester moiety
(Figure 1).[12]

With the optimum reaction conditions in hand, the
substrate scope of this reaction was investigated (Table 2).
In the reaction of the thionolactones 2c and 2d, bearing the
small methyl and allyl groups, respectively (entries 2 and 3),
high yields and diastereoselectivities were achieved and were
similar to those obtained with 2a and 2b, bearing arylmethyl
groups (Table 1, entry 16 and Table 2, entry 1), albeit with

Table 1: Enantioselective Mannich-type reaction of thionolactone 2a
(lactone 5) and a-iminophenylacetate esters 3.[a]

Entry Base catalyst (mol%) X G 4/6 Yield d.r.[c] ee
salt of 1/NaN(SiMe3)2 [%][b] [%][d]

1[e] (M)-1a·HBr (10/20) O H 6 0 – –
2 (M)-1a·HBr (10/20) S H 4aa 97 57:43 50
3[f ] TBD (10/–) S H 4aa <1 – –
4[f ] P1-tBu (10/–) S H 4aa <1 – –
5[f ] P2-tBu (10/–) S H 4aa 85 44:56 –
6 (M)-1a·HBr (11/10) S H 4aa >99 52:48 78
7 (M)-1b·HCl (11/10) S H 4aa 97 67:33 85
8 (M)-1c·HCl (11/10) S H 4aa 98 76:24 87
9 (M)-1d·HCl (11/10) S H 4aa >99 87:13 86

10 (M)-1d·HCl (11/10) S tBu 4ab >99 88:12 88
11 (M)-1d·HCl (11/10) S OMe 4ac 35 88:12 87
12 (M)-1d·HCl (11/10) S NO2 4ad 94 94:6 83
13 (M)-1d·HCl (11/10) S CN 4ae 92 93:7 83
14 (M)-1d·HCl (11/10) S CF3 4af 93 95:5 87
15[e,g] (M)-1d·HCl (11/10) S CF3 4af 95 99:1 95
16[e,g,h] (M)-1d·HCl (11/10) S CF3 4af 97 99:1 95

[a] Reactions were conducted with 1.0 equiv of 3 and 2.5 equiv of 2 in the
presence of base catalyst in toluene (0.1m) under argon atmosphere.
[b] Yield of isolated product. [c] Ratio of (2RS,3SR)-4 and (2RS,3RS)-4.
Determined by NMR analysis and chiral stationary phase HPLC. [d] The
ee value of (2RS,3SR)-4 as determined by chiral stationary phase HPLC.
[e] The reaction was conducted for 24 h. [f ] The reaction was conducted
at 0 88C. [g] The reaction was conducted at ¢80 88C. [h] 1.2 equiv of 2a was
used.
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a slight decrease in enantioselectivity. The benzyloxyethyl-
substituted 2e underwent the reaction in moderate yield with
similar stereoselectivities to those of the small alkyl group
substituted 2 c and 2d (Table 2, entry 4). A significant
decrease in reactivity was observed when 2 f, bearing a cyclo-
hexylmethyl group was used, thus affording the desired
product 4 ff in moderate yield even at an elevated temper-
ature (¢20 88C; entry 5). Further investigation of the substrate
scope was performed by changing the aryl substituent of 3
(entries 6–9). A variety of aryl groups, such as 4-methoxy-
phenyl (3g), 4-chlorophenyl (3h), 2-naphthyl (3 i), and 3,4,5-
trimethoxyphenyl (3j), were applicable to the present reac-
tion, thus giving rise to the corresponding products in
moderate to good yields with high diastereo- and enantiose-
lectivities.[13]

Finally, the derivatization of the Mannich-type reaction
product 4af into the amino-acid derivative 8 was demon-

strated (Scheme 2). The thionolactone moiety of 4af was
desulfurized by AgOAc.[14] Subsequently, the hydrolysis of the
benzoyl moiety attached to the amino group and the ethyl
ester moiety was simultaneously conducted under the acidic
conditions[15] to afford 8 in good yield. The newly developed
asymmetric Mannich-type reaction enables efficient access to
densely functionalized and complicated amino acid deriva-
tives which are difficult to prepare by previous procedures.

In conclusion, we have developed a novel asymmetric
Mannich-type reaction of a-iminophenylacetate esters with
thionolactones, bearing a substituent at the a-position, using
a chiral bis(guanidino)iminophosphorane organosuperbase
catalyst which facilitated the construction of vicinal quater-
nary stereogenic centers in a highly diastereo- and enantio-
selective manner. Further studies are in progress toward the
development of unprecedented enantioselective transforma-
tions using various pronucleophiles, with reduced acidity,
under the influence of the bis(guanidino)iminophosphorane
organosuperbase catalyst.
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Figure 1. Single-crystal X-ray analysis of the ammonium salt 7. Thermal
ellipsoids shown at 30% probability.

Table 2: Substrate scope.[a]

Entry R Ar 4 t
[h]

Yield
[%][b]

d.r.[c] ee
[%][d]

1 4-BrC6H4CH2 4-MeC6H4 4bf 48 96 98:2 91
2 Me 4-MeC6H4 4cf 24 97 96:4 89
3 Allyl 4-MeC6H4 4df 24 93 99:1 88
4 BnOCH2CH2 4-MeC6H4 4ef 48 64 98:2 88
5[e] c-C6H11CH2 4-MeC6H4 4 ff 48 56 95:5 83
6 Bn 4-MeOC6H4 4ag 24 91 97:3 93
7 Bn 4-ClC6H4 4ah 24 90 99:1 93
8 Bn 2-Naphthyl 4ai 24 >99 99:1 93
9 Bn 3,4,5-(MeO)3-

C6H2

4aj 48 64 99:1 92

[a] Reactions were conducted with 1.0 equiv of 3 and 1.2 equiv of 2 in the
presence of 11 mol% (M)-1d·HCl and 10 mol% NaN(SiMe3)2 (0.6m
toluene solution) in toluene (0.1m) under argon atmosphere. [b] Yield of
the isolated product. [c] Ratio of (2RS,3SR)-4 and (2RS,3RS)-4 as
determined by NMR analysis and chiral stationary phase HPLC. [d] The
ee value of (2RS,3SR)-4 as determined by chiral stationary phase HPLC.
[e] The reaction was conducted at ¢20 88C.

Scheme 2. Derivatization of Mannich-type reaction product 4af into
the amino-acid derivative 8. Reagents and conditions: a) AgOAc
(2.4 equiv), H2O, CH3CN, RT, 2 h; b) HCl aq., AcOH, 10088C, 20 h,
73% (in 2 steps), 93 % ee.

Angewandte
ChemieCommunications

4736 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 4734 –4737

http://dx.doi.org/10.1073/pnas.0402416101
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1039/c0cc02309d
http://dx.doi.org/10.1039/c0cc05222a
http://www.angewandte.org


J. P. Das, J. Am. Chem. Soc. 2014, 136, 2682 – 2694; g) F. Vetica,
R. M. de Figueiredo, M. Orsini, D. Tofani, T. Gasperi, Synthesis
2015, 47, 2139 – 2184.

[2] a) M. P. Doyle, Q.-L. Zhou, C. Charnsangavej, M. A. Longoria,
M. A. McKervey, C. F. Garc�a, Tetrahedron Lett. 1996, 37, 4129 –
4132; b) B. Moreau, A. B. Charette, J. Am. Chem. Soc. 2005, 127,
18014 – 18015; c) J. N. Payette, H. Yamamoto, J. Am. Chem. Soc.
2007, 129, 9536 – 9537; d) B. M. Trost, N. Cramer, S. M. Silver-
man, J. Am. Chem. Soc. 2007, 129, 12396 – 12397; e) T. Hashi-
moto, Y. Naganawa, T. Kano, K. Maruoka, Chem. Commun.
2007, 5143 – 5145; f) A. DeAngelis, O. Dmitrenko, G. P. A. Yap,
J. M. Fox, J. Am. Chem. Soc. 2009, 131, 7230 – 7231; g) R.
Shintani, S. Hayashi, M. Murakami, M. Takeda, T. Hayashi, Org.
Lett. 2009, 11, 3754 – 3756; h) L. Gao, G.-S. Hwang, D. H. Ryu, J.
Am. Chem. Soc. 2011, 133, 20708 – 20711; i) Z.-Y. Cao, X.-M.
Wang, C. Tan, X.-L. Zhao, J. Zhou, K.-L. Ding, J. Am. Chem.
Soc. 2013, 135, 8197 – 8200; j) A. Khan, L. Yang, J. Xu, L. Y. Jin,
Y. J. Zhang, Angew. Chem. Int. Ed. 2014, 53, 11257 – 11260;
Angew. Chem. 2014, 126, 11439 – 11442; k) R. Brimioulle, T.
Bach, Angew. Chem. Int. Ed. 2014, 53, 12921 – 12924; Angew.
Chem. 2014, 126, 13135 – 13138.

[3] a) X.-N. Wang, P.-L. Shao, H. Lv, S. Ye, Org. Lett. 2009, 11, 4029 –
4031; b) C. Uyeda, A. R. RÅtheli, E. N. Jacobsen, Angew. Chem.
Int. Ed. 2010, 49, 9753 – 9756; Angew. Chem. 2010, 122, 9947 –
9950; c) B. Tan, N. R. Candeias, C. F. Barbas III, Nat. Chem.
2011, 3, 473 – 477; d) A. Noole, N. S. Ucman, M. A. Kabeshov, T.
Kanger, F. Z. Macaev, A. V. Malkov, Chem. Eur. J. 2012, 18,
14929 – 14933; e) A. Noole, K. lmarinen, I. Jarving, M. Lopp, T.
Kanger, J. Org. Chem. 2013, 78, 8117 – 8122; f) Y.-L. Liu, X.
Wang, Y.-L. Zhao, F. Zhu, X.-P. Zeng, L. Chen, C.-H. Wang, X.-
L. Zhao, J. Zhou, Angew. Chem. Int. Ed. 2013, 52, 13735 – 13739;
Angew. Chem. 2013, 125, 13980 – 13984; g) H.-J. Lee, C.-W. Cho,
Eur. J. Org. Chem. 2014, 387 – 394; h) H.-M. Zhang, Z.-H. Gao,
S. Ye, Org. Lett. 2014, 16, 3079 – 3081; i) F.-L. Hu, Y. Wei, M. Shi,
Chem. Commun. 2014, 50, 8912 – 8914.

[4] For chiral metal catalysts, see: a) T. Yoshino, H. Morimoto, G.
Lu, S. Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2009, 131,
17082 – 17083; b) G. Lu, T. Yoshino, H. Morimoto, S. Matsunaga,
M. Shibasaki, Angew. Chem. Int. Ed. 2011, 50, 4382 – 4385;
Angew. Chem. 2011, 123, 4474 – 4477; c) J. Zhao, B. Fang, W.
Luo, X. Hao, X. Liu, L. Lin, X. Feng, Angew. Chem. Int. Ed.
2015, 54, 241 – 244; Angew. Chem. 2015, 127, 243 – 246; d) X. Liu,
J. Zhang, L. Zhao, S. Ma, D. Yang, W. Yan, R. Wang, J. Org.
Chem. 2015, 80, 12651 – 12658.

[5] For organocatalysts, see: a) S. Ogawa, N. Shibata, J. Inagaki, S.
Nakamura, T. Toru, M. Shiro, Angew. Chem. Int. Ed. 2007, 46,
8666 – 8669; Angew. Chem. 2007, 119, 8820 – 8823; b) W.-B.
Chen, A.-J. Wu, J. Hu, L.-F. Cun, X.-M. Zhang, W.-C. Yuan, Org.
Lett. 2011, 13, 2472 – 2475; c) W. Yan, D. Wang, J. Feng, P. Li, D.
Zhao, R. Wang, Org. Lett. 2012, 14, 2512 – 2515; d) M.-X. Zhao,
H. Zhou, W.-H. Tang, W. S. Qu, M. Shi, Adv. Synth. Catal. 2013,
355, 1277 – 1283; e) Z. Tang, Y. Shi, H. Mao, X. Zhu, W. Li, Y.
Cheng, W.-H. Zheng, C. Zhu, Org. Biomol. Chem. 2014, 12,
6085 – 6088; f) T. Liu, W. Liu, X. Li, F. Peng, Z. Shao, J. Org.
Chem. 2015, 80, 4950 – 4956; g) O. D. Engl, S. P. Fritz, H.
Wennemers, Angew. Chem. Int. Ed. 2015, 54, 8193 – 8197;
Angew. Chem. 2015, 127, 8311 – 8315.

[6] a) C. Du, L. Li, Y. Li, Z. Xie, Angew. Chem. Int. Ed. 2009, 48,
7853 – 7856; Angew. Chem. 2009, 121, 7993 – 7996; b) B. M.
Trost, S. Malhotra, W. H. Chan, J. Am. Chem. Soc. 2011, 133,
7328 – 7331; c) Z.-Y. Han, R. Guo, P.-S. Wang, D. F. Chen, H.
Xiao, L. Z. Gong, Tetrahedron Lett. 2011, 52, 5963 – 5967; d) X.
Huang, J. Peng, L. Dong, Y.-C. Chen, Chem. Commun. 2012, 48,
2439 – 2441; e) B. M. Trost, M. Osipov, Angew. Chem. Int. Ed.
2013, 52, 9176 – 9181; Angew. Chem. 2013, 125, 9346 – 9351;
f) H. L. Zhang, L. Hong, H. Kang, R. Wang, J. Am. Chem. Soc.

2013, 135, 14098 – 14101; g) K. Ohmatsu, Y. Ando, T. Ooi, J. Am.
Chem. Soc. 2013, 135, 18706 – 18709; h) K. Ohmatsu, N. Imag-
awa, T. Ooi, Nat. Chem. 2014, 6, 47 – 51; i) A. Jolit, P. M.
Walleser, G. P. A. Yap, M. A. Tius, Angew. Chem. Int. Ed. 2014,
53, 6180 – 6183; Angew. Chem. 2014, 126, 6294 – 6297.

[7] a) T. Takeda, M. Terada, J. Am. Chem. Soc. 2013, 135, 15306 –
15309; b) T. Takeda, M. Terada, Aust. J. Chem. 2014, 67, 1124 –
1128; c) A. Kondoh, M. Oishi, T. Takeda, M. Terada, Angew.
Chem. Int. Ed. 2015, 54, 15836 – 15839; Angew. Chem. 2015, 127,
16062 – 16065.

[8] For recent examples of nucleophilic addition reactions in which
a-iminophenylacetate esters were employed as an electrophile,
see: a) Y. Qian, C. Jing, C. Zhai, W. Hu, Adv. Synth. Catal. 2012,
354, 301 – 307; b) L. Sun, Z. Liang, W. Jia, S. Ye, Angew. Chem.
Int. Ed. 2013, 52, 5803 – 5806; Angew. Chem. 2013, 125, 5915 –
5918; c) S. Takizawa, E. R¦mond, F. A. Arteaga, Y. Yoshida, V.
Sridharan, J. Bayardon, S. Jug¦, H. Sasai, Chem. Commun. 2013,
49, 8392 – 8394; d) S. Takizawa, F. A. Arteaga, Y. Yoshida, M.
Suzuki, H. Sasai, Org. Lett. 2013, 15, 4142 – 4145; e) Y.-H. Wang,
Y.-L. Liu, Z.-Y. Cao, J. Zhou, Asian J. Org. Chem. 2014, 3, 429 –
432.

[9] For examples of nucleophilic addition reactions in which
thionoesters were employed as a pronucleophile, see: a) P.
Metzner, R. Rakotonirina, Tetrahedron 1985, 41, 1289 – 1298;
b) N. Iwasawa, T. Yura, T. Mukaiyama, Tetrahedron 1989, 45,
1197 – 1207. See also: c) Y. Bao, N. Kumagai, M. Shibasaki,
Chem. Sci. 2015, 6, 6124 – 6132, and references therein.

[10] pKBH
+ values of bases were reported as follows: TBD = 26.03 (in

CH3CN), 21.0 (in THF), P1-tBu = 26.98 (in CH3CN), 18.9 (in
THF), P2-tBu = 33.49 (in CH3CN), bis(guanidino)imino phos-
phorane 9 = 26.8 (in THF). See: a) R. Schwesinger, H. Schlem-
per, C. Hasenfratz, J. Willaredt, T. Dambacher, T. Breuer, C.
Ottaway, M. Fletschinger, J. Boele, H. Fritz, D. Putzas, H. W.
Rotter, F. G. Bordwell, A. V. Satish, G.-Z. Ji, E.-M. Peters, K.
Peters, H. G. von Schnering, L. Walz, Liebigs Ann. 1996, 1055 –
1081; b) I. Kaljurand, I. A. Kîtt, L. Soov�li, T. Rodima, V.
M�emets, I. Leito, I. A. Koppel, J. Org. Chem. 2005, 70, 1019 –
1028; c) A. A. Kolomeitsev, I. A. Koppel, T. Rodima, J. Barten,
E. Lork, G.-V. Rçschenthaler, I. Kaljurand, A. Kîtt, I. Koppel,
V. M�emets, I. Leito, J. Am. Chem.
Soc. 2005, 127, 17656 – 17666.

[11] The results of initial screening for
reaction conditions were shown in the
Supporting Information.

[12] See the Supporting Information for
details of derivatization of 4af into 7
and the X-ray diffraction analysis.
CCDC 1450163 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre. Absolute
configurations of other products were assigned by analogy.

[13] The desired products were not obtained when d-thionovaler-
olactone, thionolactam, a-secondary-alkyl-substituted thiono-
lactone, a-alkoxythionolactone, and ortho-substituted a-imi-
noarylacetate were used.

[14] a) N. Narasimhamurthy, A. G. Samuelson, Tetrahedron Lett.
1986, 27, 3911 – 3912; b) W. H. Pirkle, T. J. Sowin, J. Org. Chem.
1987, 52, 3011 – 3017.

[15] D. Obrecht, U. Bohdal, C. Broger, D. Bur, C. Lehmann, R.
Ruffieux, P. Schçnholzer, C. Spiegler, K. Mîller, Helv. Chim.
Acta 1995, 78, 563 – 580.

Received: February 6, 2016
Published online: March 8, 2016

Angewandte
ChemieCommunications

4737Angew. Chem. Int. Ed. 2016, 55, 4734 –4737 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja410424g
http://dx.doi.org/10.1016/0040-4039(96)00822-2
http://dx.doi.org/10.1016/0040-4039(96)00822-2
http://dx.doi.org/10.1021/ja056192l
http://dx.doi.org/10.1021/ja056192l
http://dx.doi.org/10.1021/ja0735958
http://dx.doi.org/10.1021/ja0735958
http://dx.doi.org/10.1021/ja075335w
http://dx.doi.org/10.1039/b715803c
http://dx.doi.org/10.1039/b715803c
http://dx.doi.org/10.1021/ja9026852
http://dx.doi.org/10.1021/ol901348f
http://dx.doi.org/10.1021/ol901348f
http://dx.doi.org/10.1021/ja209270e
http://dx.doi.org/10.1021/ja209270e
http://dx.doi.org/10.1021/ja4040895
http://dx.doi.org/10.1021/ja4040895
http://dx.doi.org/10.1002/anie.201407013
http://dx.doi.org/10.1002/ange.201407013
http://dx.doi.org/10.1002/anie.201407832
http://dx.doi.org/10.1002/ange.201407832
http://dx.doi.org/10.1002/ange.201407832
http://dx.doi.org/10.1021/ol901290z
http://dx.doi.org/10.1021/ol901290z
http://dx.doi.org/10.1002/anie.201005183
http://dx.doi.org/10.1002/anie.201005183
http://dx.doi.org/10.1002/ange.201005183
http://dx.doi.org/10.1002/ange.201005183
http://dx.doi.org/10.1002/chem.201203099
http://dx.doi.org/10.1002/chem.201203099
http://dx.doi.org/10.1021/jo4008223
http://dx.doi.org/10.1002/anie.201307250
http://dx.doi.org/10.1002/ange.201307250
http://dx.doi.org/10.1002/ejoc.201301260
http://dx.doi.org/10.1021/ol501205v
http://dx.doi.org/10.1039/C4CC03479A
http://dx.doi.org/10.1021/ja908571w
http://dx.doi.org/10.1021/ja908571w
http://dx.doi.org/10.1002/anie.201101034
http://dx.doi.org/10.1002/ange.201101034
http://dx.doi.org/10.1002/anie.201408730
http://dx.doi.org/10.1002/anie.201408730
http://dx.doi.org/10.1002/ange.201408730
http://dx.doi.org/10.1021/acs.joc.5b02238
http://dx.doi.org/10.1021/acs.joc.5b02238
http://dx.doi.org/10.1002/anie.200703317
http://dx.doi.org/10.1002/anie.200703317
http://dx.doi.org/10.1002/ange.200703317
http://dx.doi.org/10.1021/ol200724q
http://dx.doi.org/10.1021/ol200724q
http://dx.doi.org/10.1021/ol3007953
http://dx.doi.org/10.1002/adsc.201300077
http://dx.doi.org/10.1002/adsc.201300077
http://dx.doi.org/10.1039/C4OB01039F
http://dx.doi.org/10.1039/C4OB01039F
http://dx.doi.org/10.1021/acs.joc.5b00302
http://dx.doi.org/10.1021/acs.joc.5b00302
http://dx.doi.org/10.1002/anie.201502976
http://dx.doi.org/10.1002/ange.201502976
http://dx.doi.org/10.1002/anie.200902908
http://dx.doi.org/10.1002/anie.200902908
http://dx.doi.org/10.1002/ange.200902908
http://dx.doi.org/10.1021/ja2020873
http://dx.doi.org/10.1021/ja2020873
http://dx.doi.org/10.1016/j.tetlet.2011.08.123
http://dx.doi.org/10.1039/c2cc17777c
http://dx.doi.org/10.1039/c2cc17777c
http://dx.doi.org/10.1002/anie.201302805
http://dx.doi.org/10.1002/anie.201302805
http://dx.doi.org/10.1002/ange.201302805
http://dx.doi.org/10.1021/ja408336v
http://dx.doi.org/10.1021/ja408336v
http://dx.doi.org/10.1021/ja411647x
http://dx.doi.org/10.1021/ja411647x
http://dx.doi.org/10.1002/anie.201403587
http://dx.doi.org/10.1002/anie.201403587
http://dx.doi.org/10.1002/ange.201403587
http://dx.doi.org/10.1021/ja408296h
http://dx.doi.org/10.1021/ja408296h
http://dx.doi.org/10.1071/CH14195
http://dx.doi.org/10.1071/CH14195
http://dx.doi.org/10.1002/anie.201508178
http://dx.doi.org/10.1002/anie.201508178
http://dx.doi.org/10.1002/ange.201508178
http://dx.doi.org/10.1002/ange.201508178
http://dx.doi.org/10.1002/adsc.201100615
http://dx.doi.org/10.1002/adsc.201100615
http://dx.doi.org/10.1002/anie.201301304
http://dx.doi.org/10.1002/anie.201301304
http://dx.doi.org/10.1002/ange.201301304
http://dx.doi.org/10.1002/ange.201301304
http://dx.doi.org/10.1039/c3cc44549f
http://dx.doi.org/10.1039/c3cc44549f
http://dx.doi.org/10.1021/ol401817q
http://dx.doi.org/10.1002/ajoc.201300289
http://dx.doi.org/10.1002/ajoc.201300289
http://dx.doi.org/10.1016/S0040-4020(01)96530-5
http://dx.doi.org/10.1016/0040-4020(89)80028-6
http://dx.doi.org/10.1016/0040-4020(89)80028-6
http://dx.doi.org/10.1039/C5SC02218E
http://dx.doi.org/10.1021/jo048252w
http://dx.doi.org/10.1021/jo048252w
http://dx.doi.org/10.1021/ja053543n
http://dx.doi.org/10.1021/ja053543n
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201601352
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1016/S0040-4039(00)83914-3
http://dx.doi.org/10.1016/S0040-4039(00)83914-3
http://dx.doi.org/10.1021/jo00390a012
http://dx.doi.org/10.1021/jo00390a012
http://dx.doi.org/10.1002/hlca.19950780305
http://dx.doi.org/10.1002/hlca.19950780305
http://www.angewandte.org

