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ABSTRACT

A formal [4þ 2] cycloaddition of 2,3-disubstituted indoles with vinyl methyl ketone was realized in the presence of a catalytic amount of quinine-
derived primary amine and pentafluorobenzoic acid. This method provides bridged-ring indoline scaffolds containing two quaternary carbon
centers with excellent yields and enantioselectivity (up to 98% yield and 98% ee).

The indoline ring is an important scaffold due to its
frequent occurrence in natural products and pharma-
ceuticals.1 As a result, various methods have been devel-
oped for efficient synthesis of indoline derivatives.2Among
them, the cascade annulation of indoles through the indo-
lenine intermediate has drawn much attention due to the
ready availability of indole derivatives.3 The asymmetric
catalytic version of this strategy has also been realized and

documented in the literature.4 Notably, most of the suc-
cessful examples employed the substrate bearing a pendant
nucleophile, tethered on the indole core such as tryptamine
or tryptanol derivatives,4a�h which captures the in situ
formed iminium intermediate (eq 1). A cascade approach
allows the utilization of simple substituted indoles, and
thus facile construction of complex ring structures will be
highly feasible (eq 2). This strategywill enable the synthesis
of more diversified ring structures given the rich combina-
tion of indoles and dipoles. However, to our knowledge,(1) (a) Takano, S.; Ogasawara, K. Alkaloids 1989, 36, 225. (b)

Dewick, P. M. Medicinal Natural Products: A Biosynthetic Approach,
2nd ed.; Wiley: New York, 2002. (c) Fattorusso, E.; Scafati, O. T. Modern
Alkaloids; WILEY-VCH: Weinheim, 2008. (d) Ruiz-Sanchis, P.; Savina,
S. A.; Albericio, F.; �Alvarez, M. Chem.;Eur. J. 2011, 17, 1388.

(2) For selected recent examples, see: (a) Arp, F. O.; Fu, G. C J. Am.
Chem. Soc. 2006, 128, 14264. (b) Thansandote, P.; Raemy,M.;Rudolph,
A.; Lautens, M. Org. Lett. 2007, 9, 5255. (c) Li, J.-J.; Mei, T.-S.; Yu,
J.-Q. Angew. Chem., Int. Ed. 2008, 47, 6452. (d) Garc�a Ruano, J. L.;
Alem�an, J.; Catal�an, S.; Marcos, V.; Monteagudo, S.; Parra, A.; del
Pozo, C.; Fustero, S.Angew. Chem., Int. Ed. 2008, 47, 7941. (e)Watanabe,
T.; Oishi, S.; Fujii, N.; Ohno, H.Org. Lett. 2008, 10, 1759. (f) Minatti, A.;
Buchwald, S. L. Org. Lett. 2008, 10, 2721. (g) Wipf, P.; Maciejewski, J. P.
Org. Lett. 2008, 10, 4383. (h) Gilmore, C. D.; Allan, K. M.; Stoltz, B. M.
J. Am. Chem. Soc. 2008, 130, 1558. (i) Viswanathan, R.; Smith, C. R.;
Prabhakaran, E. N; Johnston, J. N. J. Org. Chem. 2008, 73, 3040.

(3) For selected recent examples, see: (a) England, D. B.; Kuss,
T. D. O.; Keddy, R. G.; Kerr, M. A. J. Org. Chem. 2001, 66, 4704. (b)
Zhang, L. J. Am. Chem. Soc. 2005, 127, 16804. (c) Zhang, G.; Catalano,
V. J.; Zhang, L. J. Am. Chem. Soc. 2007, 129, 11358. (d) Zhang, G.;
Huang, X.; Li, G.; Zhang, L. J. Am. Chem. Soc. 2008, 130, 1814. (e)
Bajtos, B.; Yu, M.; Zhao, H.; Pagenkopf, B. L. J. Am. Chem. Soc. 2007,
129, 9631. (f) Benkovics, T.; Guzei, I. A.; Yoon, T. P.Angew. Chem., Int.
Ed. 2010, 49, 9153.

(4) For a review, see: (a) Loh, C. C. J.; Enders, D.Angew. Chem., Int.
Ed. 2012, 51, 46. For selected examples, see: (b)Austin, J. F.;Kim, S.-G.;
Sinz, C. J.; Xiao,W.-J.;MacMillan,D.W.C.Proc. Natl. Acad. Sci. U.S.A.
2004, 101, 5482. (c) Trost, B. M.; Quancard, J. J. Am. Chem. Soc.
2006, 128, 6314. (d) Barluenga, J.; Tudela, E.; Ballesteros, A.; Tom�as,
M. J. Am. Chem. Soc. 2009, 131, 2096. (e) Jones, S. B.; Simmons, B.;
MacMillan, D.W. C. J. Am. Chem. Soc. 2009, 131, 13606. (f) Zheng,
C.; Lu, Y.; Zhang, J.; Chen, X.; Chai, Z.; Ma,W.; Zhao, G.Chem.;Eur.
J. 2010, 16, 5853. (g) Lozano, O.; Bessley, G.; Martinez d Campo, T.;
Thompson, A. L.; Giuffredi, G. T.; Bettati, M.;Walker,M.; Borman, R.;
Gouverneur, V. Angew. Chem., Int. Ed. 2011, 50, 8105. (h) Jones,
S. B.; Simmons, B.; Mastracchio, A.; MacMillan, D. W. C. Nature 2011,
475, 183. (i) Cao, Y.-J.; Cheng, H.-G.; Lu, L.-Q.; Zhang, J.-J.; Cheng,
Y.; Chen, J.-R.; Xiao, W.-J. Adv. Synth. Catal. 2011, 353. (j) Cai, Q.;
Zheng, C.; Zhang, J.-W.; You, S.-L. Angew. Chem., Int. Ed. 2011, 50,
8665. (k) Tan, B.; Hern�andez-Torres, G.; Barbas, C. F., III. J. Am.
Chem. Soc. 2011, 133, 12354. (l) Xiao, Y.-C.; Wang, C.; Yao, Y.; Sun,
J.; Chen, Y.-C. Angew. Chem., Int. Ed. 2011, 50, 10661. (m) Cera, G.;
Crispino, P.; Monari, M.; Bandini, M. Chem. Commun. 2011, 47, 7803.
(n) Cera, G.; Chiarucci, M.; Mazzanti, A.; Mancinelli, M.; Bandini, M.
Org. Lett. 2012, 14, 1350.
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there are only limited catalytically asymmetric examples by
either Lewis acid or transition-metal complexes.5

Recently, we have developed an intramolecularMichael�
Mannich cascade reaction of indolyl methyl enones cata-
lyzed by the quinine-derived primary amine, affording a
series of highly enantioenriched tetracyclic compounds in
high yields with excellent enantioselectivity.4j Meanwhile,
methyl vinyl ketone (MVK) was a well-known annulated
substrateby reacting asan electrophile and anucleophile in
a sequence.6 We envisaged that the combination of MVK
and 2,3-disubstituted indole will constitute a formal [4þ 2]
cycloaddition through a Michael and Mannich cascade
process. As shown in Scheme 1, in the presence of a chiral
primary amine,7 aMichael reaction provides an indolenine
intermediate bearing an all-carbon quaternary chiral cen-
ter via iminium catalysis.8 Subsequently, themethyl ketone
group of MVK would trap the iminium electrophile via
enamine catalysis.6c,9 Herein, we describe such a novel
organocatalyzed, enantioselective [4 þ 2] annulation of
indoles to construct a bridged indoline ring structure
bearing two quaternary carbon centers.

We began our studies by testing several readily available
chiral primary amines (3a�3d) as the catalyst in the
reaction of the unprotected tetrahydrocarbazole 1a with
MVK(entries 1�4,Table 1). Toour delight,with 9-amino-
9-deoxyepiquinine10�15 (3a, 20 mol %) and 3,5-dinitro-
benzoic acid (40 mol %) in THF, the cascade reaction
proceeded smoothly to afford the bridged ring product 2a
in 52% yield and 97% ee (entry 1, Table 1). Notably, the
dearomatizationof indole generateda secondary amine that
occurred via an aza-Michael reaction with MVK under the
reaction conditions. Decreasing the amount of MVK to
1 equiv also led toproduct2a, albeit in a lower yield (entry 16,
Table 1). No reaction occurred when N-protected indoles
were employed. Further screening of acid additives
(entries 5�8,Table 1) revealed that pentafluorobenzoic acid

Scheme 1. Proposed Annulation of 2,3-Disubstituted Indole
with MVK Catalyzed by Chiral Primary Amine

(5) (a) Lian, Y.; Davies, H. M. L. J. Am. Chem. Soc. 2010, 132, 440.
(b) Repka, L. M.; Ni, J.; Reisman, S. E. J. Am. Chem. Soc. 2010, 132,
14418.

(6) For selected examples, see: (a) Rapson, W. S.; Robinson, R.
J. Chem. Soc. 1935, 1285. (b) Hajos, Z. G.; Parrish, D. R. J. Org. Chem.
1974, 39, 1615. (c) Bui, T.; Barbas, C. F., III. Tetrahedron Lett. 2000, 41,
6951. (d) Akiyama, T.; Katoh, T.;Mori, K.Angew. Chem., Int. Ed. 2009,
48, 4226. (e) Mori, K.; Katoh, T.; Suzuki, T.; Noji, T.; Yamanaka, M.;
Akiyama, T. Angew. Chem., Int. Ed. 2009, 48, 9652.

(7) A chiral primary amine salt was first applied as an iminium
catalyst by Ishihara and co-workers: (a) Ishihara, K.; Nakano, K.
J. Am. Chem. Soc. 2005, 127, 10504. (b) Sakakura, A.; Suzuki, K.;
Nakano, K.; Ishihara, K. Org. Lett. 2006, 8, 2229. (c) Sakakura, A.;
Suzuki, K.; Ishihara,K.Adv. Synth. Catal. 2006, 348, 2457. (d) Ishihara,
K.; Nakano, K. J. Am. Chem. Soc. 2007, 129, 8930. (e) Ishihara, K.;
Sakakura, A.; Hatano, M. Synlett 2007, 686. (f) Ishihara, K.; Nakano,
K.; Akakura, M. Org. Lett. 2008, 10, 2893. For reviews on chiral
primary amine catalysis, see: (g) Bartoli, G.;Melchiorre, P.Synlett 2008,
1759. (h) Xu, L.-W.; Lu, Y. Org. Biomol. Chem. 2008, 6, 2047. (i) Xu,
L.-W.; Luo, J.; Lu, Y. Chem. Commun. 2009, 1807.

(8) For selected reviews on iminium catalysis, see: (a) Lelais, G.;
MacMillan, D. W. C. Aldrichimica Acta 2006, 39, 79. (b) Erkkila, A.;
Majander, I.; Pihko, P. M. Chem. Rev. 2007, 107, 5416.

(9) For recent reviews on using iminium-enamine chemistry in cas-
cade reaction, see: (a) Enders, D.; Grondal, C.; H€uttl, M. R.M.Angew.
Chem., Int. Ed. 2007, 46, 1545. (b) Yu, X.-H.; Wang, W. Org. Biomol.
Chem. 2008, 6, 2037. (c) Grondal, C.; Jeanty,M.; Enders, D.Nat. Chem.
2010, 2, 167. For selected examples, see: (d) Yang, J. W.; Hechavarria
Fonseca, M. T.; List, B. J. Am. Chem. Soc. 2005, 127, 15036. (e) Huang,
Y.;Walji, A.M.; Larsen, C. H.;MacMillan, D.W. C. J. Am. Chem. Soc.
2005, 127, 15051. (f) Marigo, M.; Schulte, T.; Franz�en, J.; Jørgensen,
K. A. J. Am. Chem. Soc. 2005, 127, 15710. (g) Wang, W.; Li, H.; Wang,
J.; Zu, L. J. Am. Chem. Soc. 2006, 128, 10354. (h) Simmons, B.; Walji,
A. M.; MacMillan, D. W. C. Angew. Chem., Int. Ed. 2009, 48, 4349.
(i) Zhang, X.; Zhang, S.; Wang, W. Angew. Chem., Int. Ed. 2010, 49,
1481.

(10) For recent reviews on asymmetric organocatalysis with cinchona
alkaloid-based primary amines, see: (a) Moyano, A.; Rios, R. Chem.
Rev. 2011, 111, 4703. (b) Jiang, L.; Chen,Y.-C.Catal. Sci. Technol. 2011,
1, 354. (b) Marcelli, T.; Hiemstra, H. Synthesis 2010, 1229. (c) Alba,
A.-N.; Companyo, X.; Viciano,M.; Rios, R.Curr. Org. Chem. 2009, 13,
1432. (d) Bartoli, G.; Melchiorre, P. Synlett 2008, 1759. (d) Chen, Y.-C.
Synlett 2008, 1919.

(11) For selected iminium catalysis by cinchona alkaloid derived
primary amine, see: (a) Xie, J.-W.; Chen, W.; Li, R.; Zeng, M.; Du,
W.; Yue, L.; Chen, Y.-C.; Wu, Y.; Zhu, J.; Deng, J.-G. Angew. Chem.,
Int. Ed. 2007, 46, 389. (b) Xie, J.-W.; Yue, L.; Chen,W.; Du,W.; Zhu, J.;
Deng, J.-G.; Chen, Y.-C. Org. Lett. 2007, 9, 413. (c) Chen, W.; Du, W.;
Yue, L.; Li, R.; Wu, Y.; Ding, L.-S.; Chen, Y.-C. Org. Biomol. Chem.
2007, 5, 816. (d) Bartoli, G.; Bosco, M.; Carlone, A.; Pesciaioli, F.;
Sambri, L.; Melchiorre, P. Org. Lett. 2007, 9, 1403. (e) Chen, W.; Du,
W.; Duan, Y.-Z.; Wu, Y.; Yang, S.-Y.; Chen, Y.-C. Angew. Chem., Int.
Ed. 2007, 46, 7667. (f) Carlone, A.; Bartoli, G.; Bosco,M.; Pesciaioli, F.;
Ricci, P.; Sambri, L.; Melchiorre, P. Eur. J. Org. Chem. 2007, 5492. (g)
Ricci, P.; Carlone, A.; Bartoli, G.; Bosco,M.; Sambri, L.;Melchiorre, P.
Adv. Synth. Catal. 2008, 350, 49. (h) Ricci, P.; Carlone, A.; Bartoli, G.;
Bosco, M.; Sambri, L.; Melchiorre, P. Org. Biomol. Chem. 2008, 6, 349.
(i) Singh, R. P.; Bartelson,K.;Wang, Y.; Su, H.; Lu, X.; Deng, L. J. Am.
Chem. Soc. 2008, 130, 2422. (j) Lu, X.; Deng, L. Angew. Chem., Int. Ed.
2008, 47, 7710. (k) Gogoi, S.; Zhao, C.-G.; Ding, D.Org. Lett. 2009, 11,
2249. (l) Paix~ao, M. W.; Holub, N.; Vila, C.; Nielsen, M.; Jørgensen,
K. A.Angew. Chem., Int. Ed. 2009, 48, 7338. (m) Zhang, E.; Fan, C.-A.;
Tu, Y.-Q.; Zhang, F.-M.; Song, Y.-L. J. Am. Chem. Soc. 2009, 131,
14626. (n) Liu, C.; Lu, Y. Org. Lett. 2010, 12, 2278. (o) Lv, J.; Wu, H.;
Wang, Y. Eur. J. Org. Chem. 2010, 2073. (p) Holub, N.; Jiang, H.;
Paix~ao, M. W.; Tiberi, C.; Jørgensen, K. A. Chem.;Eur. J. 2010, 16,
4337. (q) Qiao, Z.; Shafiq, Z.; Liu, L.; Yu, Z.-B.; Zheng, Q.-Y.; Wang,
D.; Chen, Y.-J. Angew. Chem., Int. Ed. 2010, 49, 7294. (r) Li, X.-M.;
Wang, B.; Zhang, J.-M.;Yan,M.Org. Lett. 2011, 13, 374. (s) Ling, J.-B.;
Wang, W.-P.; Xu, P.-F. ChemCatChem 2011, 3, 302. (t) Tian, X.;
Cassani, C.; Liu, Y.; Moran, A.; Urakawa, A.; Galzerano, P.; Arceo,
E.; Melchiorre, P. J. Am. Chem. Soc. 2011, 133, 17934.
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(PFBA) was the best one (59% yield, 97% ee, entry 8,
Table 1). With 1,4-dioxane as the solvent, the yield could
be increased significantly to 87% without affecting the
enantioselectivity (entry 12, Table 1). The optimal yield
(97%) and enantioselectivity (97% ee) were obtained with
3 equiv of methyl vinyl ketone (entry 14, Table 1).
Under the optimal reaction conditions, the substrate

scope has been examined to test the generality of the current
method. In general, tetrahydrocarbazoles bearing an elec-
tron-withdrawing group (Cl or Br) or electron-donating

Scheme 2. Substrate Scope of the Cascade Reactiona

aThe yields refer to isolated yields, and the ee values were determined
by HPLC analysis. The absolute configuration was determined by the
X-ray analysis of enantiopure (R,R)-2e.16

Table 1. Optimization of the Reaction Conditions for the [4þ 2]
Annulation

entrya cat./HX solvent x

t

(h)

yield

(%)b
ee

(%)c

1 3a/3,5-DNBA THF 5 36 52 97

2 3b/3,5-DNBA THF 5 312 13 �77

3 3c/3,5-DNBA THF 5 312 6 75

4 3d/3,5-DNBA THF 5 312 trace 2

5 3a/TFA THF 5 36 93 67

6 3a/2-NBA THF 5 36 36 >99

7 3a/3,4-DNBA THF 5 36 36 97

8 3a/PFBA THF 5 36 59 97

9 3a/PFBA CH2Cl2 5 36 quant. 83

10 3a/PFBA ClCH2-

CH2Cl

5 36 86 80

11 3a/PFBA EtOAc 5 36 quant. 92

12 3a/PFBA dioxane 5 36 87 97

13 3a/PFBA dioxane 4 36 71 97

14 3a/PFBA dioxane 3 72 97 97

15 3a/PFBA dioxane 2 36 91 97

16 3a/PFBA dioxane 1 48 27 97

aReaction conditions: 20 mol% cat., 40 mol%HX, rt, 0.1 mol/L of
1a in 1,4-dioxane. b Isolated yield. cDetermined by HPLC analysis
(Chiralpak AD-H). DNBA = dinitrobenzoic acid, NBA = nitroben-
zoic acid, TFA = trifluoroacetic acid, PFBA = pentafluorobenzoic
acid.

(12) For selected enamine catalysis by cinchona alkaloid derived
primary amine, see: (a) McCooey, S. H.; Connon, S. J. Org. Lett.
2007, 9, 599. (b) Liu, T.-Y.; Cui, H.-L.; Zhang., Y.; Jiang, K.; Du, W.;
He, Z.-Q.; Chen,Y.-C.Org.Lett. 2007, 9, 3671. (c) Zhou, J.;Wakchaure,
V.; Kraft, P.; List, B. Angew. Chem., Int. Ed. 2008, 47, 7656. (d)
Bergonzini, G.; Vera, S.; Melchiorre, P. Angew. Chem., Int. Ed. 2010,
49, 9685. (e) Kwiatkowski, P.; Beeson, T. D.; Conrad, J. C.; MacMillan,
D. W. C. J. Am. Chem. Soc. 2011, 133, 1738. (f) Bencivennia, G.;
Galzeranoa, P.; Mazzantia, A.; Bartolia, G.; Melchiorre, P. Proc. Natl.
Acad. Sci. U.S.A. 2010, 107, 20642. (g) Lee, A.;Michrowska, A.; Sulzer-
Mosse, S.; List, B. Angew. Chem., Int. Ed. 2011, 50, 1707. (h) Liu, C.;
Zhu, Q.; Huang, K.-W.; Lu, Y. Org. Lett. 2011, 13, 2638.

(13) For selected iminium-enamine cascade catalysis by cinchona
alkaloid derived primary amine, see: (a) Wang, X.; Reisinger, C. M.;
List, B. J. Am. Chem. Soc. 2008, 130, 6070. (b) Reisinger, C. M.; Wang,
X.; List, B. Angew. Chem., Int. Ed. 2008, 47, 8112. (c) Pesciaioli, F.; De
Vincentiis, F.; Galzerano, P.; Bencivenni, G.; Bartoli, G.; Mazzanti, A.;
Melchiorre, P.Angew. Chem., Int. Ed. 2008, 47, 8703. (d) Lu,X.; Liu, Y.;
Sun, B.; Cindric, B.; Deng, L. J. Am. Chem. Soc. 2008, 130, 8134. (e) Lv,
J.; Zhang, J.; Lin, Z.; Wang, Y. Chem.;Eur. J. 2009, 15, 972. (f)
Galzerano, P.; Pesciaioli, F.; Mazzanti, A.; Bartoli, G.; Melchiorre, P.
Angew. Chem., Int. Ed. 2009, 48, 7892. (g) Lifchits, O.; Reisinger, C.M.;
List, B. J. Am. Chem. Soc. 2010, 132, 10227. (h) Sun, X.; Yu, F.; Ye, T.;
Liang, X.; Ye, J. Chem.;Eur. J. 2011, 17, 430. (i) Tan, B.; Candeias,
N. R.; Barbas, C. F., III. Nat. Chem. 2011, 3, 473.

(14) For selected enamine-iminium cascade catalysis by cinchona
alkaloid derived primary amines, see: (a) Wu, L.-Y.; Bencivenni, G.;
Mancinelli,M.;Mazzanti, A.; Bartoli, G.;Melchiorre, P.Angew. Chem.,
Int. Ed. 2009, 48, 7196. (b) Cassani, C.; Tian, X.; Escudero-Ad�an, E. C.;
Melchiorre, P. Chem. Commun. 2011, 47, 233. (c) Bencivenni, G.; Wu,
L.-Y.; Mazzanti, A.; Giannichi, B.; Pesciaioli, F.; Song, M.-P.; Bartoli,
G.; Melchiorre, P. Angew. Chem., Int. Ed. 2009, 48, 7200.

(15) For selected Lewis base catalysis by a cinchona alkaloid derived
primary amine, see: (a) Tan, B.; Chua, P. J.; Li, Y.; Zhong,G.Org. Lett.
2008, 10, 2437. (b) Tan, B.; Shi, Z.; Chua, P. J.; Zhong, G. Org. Lett.
2008, 10, 3425.

(16) The absolute configuration was determined by the X-ray dif-
fraction of enantiopure (R,R)-2e. CCDC 863418 contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/ data_request/cif.
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group (Me orMeO) on the indole core were all tolerated to
afford the corresponding indolines with excellent enantio-
selectivity (94�98% ee, 2b�2g, Scheme 2). Slightly de-
creased yields were observed for the electron-withdrawing
group substituted substrates (2d�e). It should be noted that
when 8-methyl-2,3,4,9-tetrahydro-1H-carbazole was used,
product 2g without the aza-Michael addition reaction was
obtained in 91% yield and 98% ee. It is reasoned that the
steric effect of the methyl group near the nitrogen hindered
the second aza-Michael addition. The substituted 1,2,3,4-
tetrahydrocyclopenta[b]indoles were also well tolerated,
affording the corresponding products 2h�2l with good
yields and excellent enantioselectivity (76�99% yields,
94�97% ee). Remarkably, the utilization of 2,3-dimethyl
indole also provided the hexahydrocarbazole 2m in 94%
yield and 81% ee.

Removal of the alkyl group on the nitrogen of the
product was also explored, as shown in Scheme 3. The
oxidation of 2e (95% ee) with pyridium dichromate
(PDC) led to the corresponding amide. The two carbo-
nyl groups of the amide were protected by propane-1,3-
dithiol. Then the amide was hydrolyzed under acidic
conditions to afford 4 in 89% yield over three steps in a
one-pot fashion. Compound 5 was obtained in 64%
yield without loss of the enantiomeric purity by treat-
ing cyclic dithiol ketal 4 with mercury(II) perchlorate
trihydrate.17

In conclusion, a novel asymmetric formal [4 þ 2]
cycloaddition of 2,3-disubstituted indole derivatives with
methyl vinyl ketone has been developed. This iminium-
enamine catalysis cascade reaction allows the synthesis of
bridged ring indoline products containing two quaternary
carbon centers in excellent yields and enantioselectivities.
The method features a readily available catalyst and sub-
strates, mild conditions, and synthetically challenging
products.Further application of thismethod to the synthe-
sis of complex molecules is currently underway in our
laboratory.
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with MVK Catalyzed by Chiral Primary Amine
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