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Abstract: An organocatalytic asymmetric synthesis of 0-
amino-f-ketoester derivatives has been developed. A chiral
disulfonimide (DSI) serves as a highly efficient precatalyst for
a vinylogous Mukaiyama—Mannich reaction of readily avail-
able dioxinone-derived silyloxydienes with N-Boc-protected
imines, delivering products in excellent yields and enantiose-
lectivities. The synthetic utility of this reaction is illustrated in
various transformations, including a new C—C bond-forming
reaction, which provide useful enantioenriched building
blocks. The methodology is applied in a formal synthesis of
(—)-lasubin.

6 'Amino-ﬁ-ketoesters are useful building blocks, in par-
ticular for the synthesis of various piperidine and pyrrolidine
alkaloids such as the lasubins."” Common methods to access
enantiomerically pure &-amino-f3-ketoesters rely on the
“chiral pool”™® or on chiral auxiliaries* and catalytic
asymmetric approaches are very rare.’! Here, we report
a general and highly enantioselective approach to the syn-
thesis of §-amino-f-ketoesters by a disulfonimide-catalyzed
vinylogous Mukaiyama-Mannich reaction,”! utilizing N-Boc
imines 2 and silyloxydienes 3 as substrates (Scheme 1).

Disulfonimides (DSIs) of the general structure 1 (Table 1)
are not only strong Brgnsted acids,”’ but also precatalyts,
which become strong Lewis acids upon in situ silylation.®
These silicon Lewis acids emerged as powerful catalysts for
the activation of aldehydes in Mukaiyama-aldol reactions®
as well as vinylogous and bisvinylogous variants®™ and in
hetero-Diels-Alder reactions,®™ and in methallylations.®™!
Quite recently it was also found that chiral silylated DSIs
activate alkyloxycarbonyl imines, promoting the correspond-
ing reactions with excellent enantioselectivity.”) We therefore
hypothesized that our DSIs could potentially catalyze the
enantioselective vinylogous Mukaiyama—Mannich reaction,
thus offering a general approach for the synthesis of
enantiomerically enriched 8-amino-f3-ketoesters.

We began our investigations using silyloxydiene 3 and N-
Boc imine 2a as model substrates. A systematic screening of
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Scheme 1. Approach and synthetic potential of d-amino-f3-ketoesters.
Boc = tert-butoxycarbonyl, TMS = trimethylsilyl.

Table 1: Optimization of the enantioselectivity.

NBoc O>< BocHN OXO
/\M

(0] 1 (2 mol%)

Ph)J\ H ¥ N\OTMS

za 8

toluene, T, 3 d Ph (0]

OO
OO
Ar

CF3
(R)-1
FSC CF3
F3C i CF3
(E* ‘ O oy
CF3

i\‘ 1e CFE CF3
Entryl Catalyst T[°C] Conv. [%] e.r.
1 1a -30 >95 89:11
2 1b -30 >95 86:14
3 1c -30 >95 84:16
4 1d -30 >95 86:14
5 le -30 >95 87.5:12.5
6 1f -30 >95 73:27
7 1g -30 >95 92.5:7.5
8l 1g -30 >95 89:11
9 1g -50 >95 95:5
10t 1g —50 >95 95:5
118 1g —-78 <60 95:5

[a] Reactions were carried out with 2a (0.05 mmol) and 3 (0.075 mmol)
in toluene (0.5 mL) for 3 days. [b] Conversions were determined by

'H NMR analysis by comparing the typical signals of products and
hydrolyzed aldehydes. [c] Determined by HPLC analysis on a chiral
stationary phase. [d] TBS-protected nucleophile was used. [e] Catalyst
loading: 1 mol %.
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the reaction conditions was carried out to optimize the
enantioselectivity (Table 1). A solvent screen revealed that
toluene is the optimal solvent.'”! Disulfoniminde 1a could
promote the conversion of 2a to 4a at —30°C, delivering the
desired product with >95% conversion and 89:11 e.r. (enan-
tiomeric ratio) in less than three days (entry1). Of the
investigated catalysts 1b—g, disulfonimide 1g, with branched
3,3'-substituents, afforded the highest enantioselectivity of
92.5:7.5 e.r. (entries 2-7). The enantioselectivity was slightly
lower (89:11 e.r.) when the TBS-protected silyloxydiene was
employed (entry 8 versus entry 7). By lowering the temper-
ature to —50°C, the enantioselectivity could be increased to
95:5 e.r (entry 9). Gratifyingly, when the catalyst loading was
lowered to 1 mol%, >95% conversion and equally good
enantioselectivity could be achieved in less than three days
(entry 10). Further cooling to —78°C did not prove useful, as
the enantioselectivity remained unchanged, and lower con-
version was observed (entry 11).

Under the optimized conditions, the scope of the enan-
tioselective vinylogous Mannich reaction of silyloxydiene 3
catalyzed by disulfoniminde 1g was investigated (Table 2).
From benzaldehyde-derived N-Boc imine 2a, product 4a was
obtained with 96% yield and 95:5er. (entry1). With
naphthyl-substituted N-Boc imines, excellent yields and

Table 2: Substrate scope of the vinylogous Mukaiyama—Mannich reac-
tion.

NBoc o>< BocHl;l OXO

o 1g (1 mol%)

' /l\/\oms

R™ H toluene, -50 °C,3d R o
2 3 4
Entry™"! R Product  Yield [%]  e.rld
N
1 ©/ 4a 96 95:5
N
2 4b 88 95:5
3 “’\ 4c 91 99:1
N
4 4d 98 91:9
MeO
N
5 /©/ e 99 91:9
Me
Me \
6 \©/ 4f 93 95.5:4.5
Me
7 (j\“ 4g 98 89.5:10.5
F N
8 \©/ 4h 93 95:5
cl LY
9 \©/ 4i 90 94:6
Br. \‘1
109 \©/ 4] 85 93.5:6.5
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Table 2: (Continued)

Entry®®! R Product Yield [%)] e.rld
MeO LY
i \©/ 4k 89 982
N
12 /\@ 41 % 97.5:2.5
Me ’\
13 O 4m 94 95:5
Me
MeO LY
14 \Q 4n 89 98.5:1.5
OMe
MeO \
15 5 J@/ 40 90 95:5
r
OMe
MeO Ay
16 Meoj;j/ 4p 94 94:6
OMe
MeO Ay
174 ]@/ 4q 9% 90:10
MeO
A
18 ©|\/j 4r 99 94:6
N
N
19 4 4s 87 90:10
S
™
20 = 4t 30 86.5:13.5
\$
o
21 @ 4u 89 80:20
o]
N
22 O/ 4v 60 60:40
N
23 ©/v 4w <5 -

[a] Reactions were carried out with 2 (0.1 mmol) and 3 (0.15 mmol) in
toluene (1 mL) for 3 d. [b] The exclusive formation of y-products was
confirmed by "H NMR analysis of the crude reaction mixture. [c] Deter-
mined by HPLC analysis on a chiral stationary phase. [d] The absolute
configuration was determined by X-ray crystallographic analysis of 4j
(see the Supporting Information). [e] 1 mol% (S)-1a was used as
catalyst.

enantioselectivities could be obtained (entries 2-4). The
influence of the substitution at different positions was
investigated next. A meta-methyl-substituted substrate
reacted with higher enantioselectivity than the para-methyl-
and ortho-methyl-substituted substrates (entry 6 versus
entries 5 and 7). The meta-methyl product 4f could be
isolated in 93 % yield and with 95.5:4.5 e.r. Substrates bearing
halogen substituents provided the corresponding products
4h—j (entries 8-10) with comparable enantioselectivities. The
meta-methoxy-substituted N-Boc imine proved to be a good
substrate, giving 4k in 89 % yield and with 98:2 e.r. (entry 11).
The meta-vinyl N-Boc imine provided the expected product in
96% yield and with 97.5:22.5er. (entry12). With 3,5-
dimethyl-substituted N-Boc imine, product 4m was obtained
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in 94 % yield and with 95:5 e.r. (entry 13). As alkoxy groups
are quite common substituents in natural products and their
synthesis,'!! several di- and trimethoxy-substituted N-Boc
imines were tested, and the products 4n—q were isolated in
good yields and with excellent enantioselectivities
(entries 14-17). With N-Boc imine 2n, bearing methoxy
groups at the 3- and 5-positions, an e.r. as high as 98.5:1.5
could be obtained. 3,4-Dimethoxyimine 2 q reacted to give the
enantiomeric product 4q in 96% yield and with 90:10 e.r.
when (S)-1aserved as the catalyst (entry 17). For heterocyclic
substrates, the corresponding products were obtained in
reasonable to good yields and enantioselectivities. With the
quinoline-substituted N-Boc imine 2r, 99 % yield and 94:6 e.r.
were observed (entry 18). The reaction of the 1-benzothio-
phene-5-carbaldehyde-derived N-Boc imine gave product 4s
in 87% yield and 90:10 e.r. (entry 19). The 2-thiophenyl
product 4t and 3-furyl product 4u were isolated with lower
e.r. (entries 20 and 21). The aliphatic N-Boc imines 2v and 2w
gave disappointingly low yield and e.r. (entries 22 and 23).
Further explorations towards the development of a catalytic
system suitable for aliphatic substrates are ongoing. The
absolute configuration of 4j was determined to be (R) by X-
ray crystallographic analysis and all further products were
assigned by analogy.

We applied the produced chiral dioxinone derivatives in
various versatile transformations giving useful enantiomeri-
cally pure building blocks (Scheme 2).['*!25] For example, §-
amino-f-ketoester 5 was generated in quantitative yield by
treatment of 4a with MeOH in toluene at 90°C. After
extensive experiments, we concluded that no racemization
occurred during the process, as the enantiomeric ratio was
completely retained even after the further conversion of ester
5 to ketone 6 under basic conditions. 3-Aminoketone 6 could

BocHN O O BocHN O
H NaOH, H,0, 100°C H
PI(R) OMe 85% yield Ph
5, 99% vyield 6, 97% yield, 95:5 e.r.

MeOH
oluene, 90°C H,O
toluene, 90°C
O><O

t
HNT

BocHN O O ‘ BocHN ) BocHN O O
/\)J\/U\ OMe /\M IPrOH /\)J\/lk
Ph g Ph{R) o Ph OiPr
10, 96% yield OMe 4a,955er. 7,99% yield
iPrSH
O
BocHN o O BOCHN O O
Ph ,\D Ph SiPr
9, 99% yield 8, 95% yield
>< OTBS
BocHN 07 "0 /\OMG BocHN O O O
Ph ] [¢] toluene, 90°C Ph OMe
4a 11, 80% yield

MeO 3 steps + literature
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Scheme 2. Versatile transformations providing useful building blocks
and the formal synthesis of (—)-lasubin
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also be generated directly from 4a without any loss of
enantiopurity, by utilizing H,O instead of methanol as
nucleophile under the same conditions. Further versatile
transformations were conducted, by utilizing similar reaction
conditions, but with different nucleophiles including alcohols,
amines, and thiols. The corresponding -amino-B-ketoester 7,
d-amino-f-ketothioester 8, and 8-amino-f3-ketoamides 9 and
10 were obtained in excellent yields. Remarkably, when 4a
was treated with a silyl ketene acetal, a C—C bond-forming
reaction occurred furnishing e-amino-9,3-diketoester 11 in
80 % yield. Our methodology was furthermore applied in the
formal synthesis of (—)-lasubin starting from 4q (see the
Supporting Information).

In summary, a versatile organocatalytic asymmetric syn-
thesis of d-amino-f-ketoesters has been developed. Disulfon-
imide 1g, which is converted into a strong Si Lewis acid under
the reaction conditions, serves as a highly efficient precatalyst
for the asymmetric vinylogous Mukaiyama—Mannich reaction
with silyloxydiene 3,14 delivering products in excellent yields
and enantioselectivities. Various useful transformations of 4a
have also been developed, thus enabling the synthesis of
different enantioenriched amino ketoesters. The method-
ology has been further applied in a formal synthesis of (—)-
lasubin. Our results represent an application of our asym-
metric counteranion-directed catalysis (ACDC) strategy to
Lewis acid catalysis.!""!

Received: July 23, 2014
Published online: October 27, 2014

Keywords: 0-amino-p-ketoesters - disulfonimides -
organocatalysis - vinylogous Mukaiyama—Mannich reaction

[1] a) F. A. Davis, B. Chao, T. Fang, J. M. Szewczyk, Org. Lett. 2000,
2,1041-1043; b) E. A. Davis, B. Chao, Org. Lett. 2000, 2, 2623 -
2625; c) F. A. Davis, T. Fang, B. Chao, D. M. Burns, Synthesis
2000, 2016-2112; d) F. A. Davis, B. Chao, A. Rao, Org. Lett.
2001, 3, 3169-3171; e) F. A. Davis, T. Fang, R. Goswami, Org.
Lett. 2002, 4, 1599-1602; f) F. A. Davis, A. Rao, P.J. Carroll,
Org. Lett. 2003, 5, 3855-3857; g) F. A. Davis, Y. Zhang, G.
Anilkumar, J. Org. Chem. 2003, 68, 8061 —8064; h) F. A. Davis, J.
Zhang, Y. Li, H. Xu, C. DeBrosse, J. Org. Chem. 2005, 70, 5413 -
5419; i) F. A. Davis, N. Theddu, P. M. Gaspari, Org. Lett. 2009,
11, 1647-1650.

a) D. A. Elbein, R. Molyneux in Alkaloids: Chemical and
Biological Perspectives, Vol.57 (Ed.: S. W. Palletier), Wiley,
New York, 1987; b) “Pyridine and Piperidine Alkaloids”: G. B.
Fodor, B. Colasanti in Alkaloids: Chemical and Biological
Perspectives, vol. 3, Pergamon, New York, 1996; c) K. Fuji, T.
Yamada, E. Fujita, H. Murata, Chem. Pharm. Bull. 1978, 26,
2515-2521; d) P. D. Bailey, P. A. Millwood, P. D. Smith, Chem.
Commun. 1998, 633 -640; e) D. O’Hagan, Nat. Prod. Rep. 2000,
17, 435-446; f) B. G. Davis, Chem. Rev. 2002, 102, 579-601;
¢) F. A. Luzzio, A. V. Mayorov, S. S. W. Ng, E. A. Kruger, W. D.
Figg, J. Med. Chem. 2003, 46, 3793-3799; h) J. W. Daly, T. F.
Spande, H. M. Garraffo, J. Nat. Prod. 2005, 68, 1556-1575;
i) J. C. Hannam, J. J. Kulagowski, A. Madin, M. P. Ridgill, E. M.
Seward, PCT Int. Appl. 2006, 043064; j) V.P. Vyavahare, S.
Chattopadhyay, V. G. Puranik, D. D. Dhavale, Synlett 2007, 559 —
562; k) M. N. Erichsen, T. H. V. Huynh, B. Abrahamsen, J. F.
Bastlund, C. Bundgaard, O. Monrad, A. Bekker-Jensen, C. W.
Nielsen, K. Frydenvang, A. A. Jensen, L. Bunch, J. Med. Chem.

2

—_—

Angew. Chem. Int. Ed. 2014, 53, 13592-13595


http://dx.doi.org/10.1021/ol005580j
http://dx.doi.org/10.1021/ol005580j
http://dx.doi.org/10.1021/ol0061438
http://dx.doi.org/10.1021/ol0061438
http://dx.doi.org/10.1021/ol0164839
http://dx.doi.org/10.1021/ol0164839
http://dx.doi.org/10.1021/ol025831j
http://dx.doi.org/10.1021/ol025831j
http://dx.doi.org/10.1021/ol035390j
http://dx.doi.org/10.1021/jo030208d
http://dx.doi.org/10.1021/jo050373o
http://dx.doi.org/10.1021/jo050373o
http://dx.doi.org/10.1021/ol9002948
http://dx.doi.org/10.1021/ol9002948
http://dx.doi.org/10.1248/cpb.26.2515
http://dx.doi.org/10.1248/cpb.26.2515
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1021/cr0004310
http://dx.doi.org/10.1021/jm020079d
http://dx.doi.org/10.1021/np0580560
http://dx.doi.org/10.1021/jm1009154
http://www.angewandte.org

3

[4

[5

6

[7

8

Angew. Chem. Int. Ed. 2014, 53, 13592 -13595

—_

—_—

[l

[

—

[

2010, 53,7180-7191;1) A. Olmos, B. Louis, P. Pale, Chem. Eur. J.
2012, 18, 4894 -4901.

a) K. Tohdo, Y. Hamada, T. Shioiri, Synlett 1994, 2, 105-106;
b) P. Chalard, R. Remuson, Y. Gelas-Mailhe, J.-C. Gramian,
Tetrahedron: Asymmetry 1998, 9, 4361 —4368; c) N. Leflemme, P.
Dallemagne, S. Rault, Tetrahedron Lett. 2001, 42, 8997-8999;
d) J. Marin, C. Didierjean, A. Aubry, J.-R. Casimir, J.-P. Briand,
G. Guichard, J. Org. Chem. 2004, 69, 130—141; ¢) M.-P. Brun, L.
Bischoff, C. Garbay, Angew. Chem. Int. Ed. 2004, 43,3432 —3436;
Angew. Chem. 2004, 116, 3514-3518; f) F. Buron, A. Turck, N.
PIé, L. Bischoff, F. Marsais, Tetrahedron Lett. 2007, 48, 4327 —
4330; g) A. Dondoni, A. Massi, M. Aldhoun, J. Org. Chem. 2007,
72,7677-7687; h) M. M. Adams, P. Damani, N. R. Perl, A. Won,
F. Hong, P. O. Livingston, G. Ragupathi, D. Y. Gin, J. Am. Chem.
Soc. 2010, 7132, 1939-1945; i) A. R. Mohite, R. G. Bhat, J. Org.
Chem. 2012, 77, 5423 —5428.

a) C. Dong, F. Mo, J. Bo, J. Org. Chem. 2008, 73, 1971-1974;
b) C.-L. Gu, L. Liu, D. Wang, Y.-J. Chen, J. Org. Chem. 2009, 74,
5754-5757; ¢) F. Mo, F. Li, D, Qiu, J. Wang, Tetrahedron 2010,
66, 1274-1279; d) H. T. Cao, T. Roisnel, A. Valleix, R. Grée,
Eur. J. Org. Chem. 2011, 3430-3436; ¢) C. S. Shanahan, N. O.
Fuller, B. Ludolph, S.T. Martin, Tetrahedron Lett. 2011, 52,
4076-4079.

For the one example of a metal-catalyzed asymmetric vinylogous
Mannich addition of silyloxydiene 3 with ketimine in 94:6 e.r.,
see: S. Saaby, K. Nakama, M. A. Lie, R. G. Hazell, K. A.
Jpgensen, Chem. Eur. J. 2003, 9, 6145-6154.

a) “Catalytic, Enantioselective, Vinylogous Mannich Reac-
tions”: C. Schneider, M. Sickert in Chiral Amine Synthesis
(Ed.: T. C. Nugent), Wiley-VCH, Weinheim, 2010; b) “Mannich
Reaction”: N. Z. Burns, E. N. Jacobsen in Stereoselective Syn-
thesis 2 (Science of Synthesis) (Ed.: G. A. Molander), Thieme,
Stuttgart, 2011; For recent organocatalytic vinylogous
Mukaiyama—Mannich reactions, see: c¢)M. Sickert, C.
Schneider, Angew. Chem. Int. Ed. 2008, 47, 3631-3634;
Angew. Chem. 2008, 120, 3687 -3690; d) D. S. Giera, M. Sichert,
C. Schneider, Org. Lett. 2008, 10, 4259-4262; e¢) M. Sickert, F.
Abels, M. Lang, J. Sieler, C. Birkemeyer, C. Schneider, Chem.
Eur. J. 2010, 16, 2806-2818; f) F. Abels, C. Schneider, Synthesis
2011, 4050-4058; g) T. Akiyama, Y. Honma, J. Itoh, K. Fuchibe,
Adv. Synth. Catal. 2008, 350, 399-402; h) R. Villano, M. R.
Acocella, A. Massa, L. Palombi, A. Scettri, Tetrahedron 2007, 63,
12317-12323.

a) S. Prévost, N. Dupré, M. Leutzsch, Q. Wang, V. Wakchaure, B.
List, Angew. Chem. Int. Ed. 2014, 53, 8770-8773; Angew. Chem.
2014, 126, 8915-8918; For contributions from other groups after
our seminal report, see: b) L.-Y. Chen, H. He, W.-H. Chan,
A.W.M. Lee, J. Org. Chem. 2011, 76, 7141-7147; c) M.
Treskow, J. Neudorfl, R. Giernoth, Eur. J. Org. Chem. 2009,
3693-3697; d) B. He, L.-T. Chen, W.-Y. Wong, W.-H. Chan,
A.W.M. Lee, Eur. J. Org. Chem. 2010, 4181 -4184.

a) M. van Gemmeren, F. Lay, B. List, Aldrichimica Acta 2014, 47,
3-13; b) P. Garcia-Garcia, F. Lay, P. Garcia-Garcia, C. Rabala-
kos, B. List, Angew. Chem. Int. Ed. 2009, 48, 4363 —4366; Angew.
Chem. 2009, 121, 4427 -4430; c) L. Ratjen, P. Garcia-Garcia, F.
Lay, M. E. Beck, B. List, Angew. Chem. Int. Ed. 2011, 50, 754 —
758; Angew. Chem. 2011, 123, 780-784; d) J. Guin, C. Rabala-
kos, B. List, Angew. Chem. Int. Ed. 2012, 51, 8859 —8863; Angew.

]

[10]
(1]

[12

—

[14]

[15]

Angewandte
itermationalediion. CHEIMIIE

Chem. 2012, 124,8989-8993; ¢) M. Mahlau, P. Garcia-Garcia, B.
List, Chem. Eur. J. 2012, 18, 16283 -16287; f) Z. Zhang, B. List,
Asian J. Org. Chem. 2013, 2, 957-960; g) L. Ratjen, M.
van Gemmeren, F. Pesciaioli, B. List, Angew. Chem. Int. Ed.
2014, 53, 8765-8769; Angew. Chem. 2014, 126, 8910-8914.

a) S. Gandhi, B. List, Angew. Chem. Int. Ed. 2013, 52, 2573 —
2576; Angew. Chem. 2013, 125, 2633-2636; b) Q. Wang, M.
Leutzsch, M. van Gemmeren, B. List, J. Am. Chem. Soc. 2013,
135, 15334-15337.

See the Supporting Information for details.

a) D. A. Evans, M. R. Wood, B. Wesley Trotter, T. I. Richardson,
J. C. Barrow, J. L. Katz, Angew. Chem. Int. Ed. 1998, 37, 2700 -
2704; Angew. Chem. 1998, 110, 2868-2872; b) K. C. Nicolaou,
D. Gray, Angew. Chem. Int. Ed. 2001, 40, 761-763; Angew.
Chem. 2001, 113,783 -785; c) F. Zuccotto, M. Zvelebil, R. Brun,
S. F. Chowdhury, R. Di Lucrezia, I. Leal, L. Maes, L. M. Ruiz-
perez, D. G. Pacanowska, I. H. Gilbert, Eur. J. Med. Chem. 2001,
36,395-405; d) Y. Jia, E. Gonzalez-Zamora, N. Ma, Z. Liu, M.
Bois-choussy, A. Malabarba, C. Brunati, J. Zhou, Bioorg. Med.
Chem. 2005, 15,4594 -4599; e) L. F. Tietze, K. M. Gericke, R. R.
Singidi, Angew. Chem. Int. Ed. 2006, 45, 6990—6993; Angew.
Chem. 2006, 118, 7146-7150; f) S. Kolb, O. Mondésert, M.-L.
Goddard, D. Jullien, B. O. Villoutreix, B. Ducommun, C. Garbay,
E. Braud, ChemMedChem 2009, 4, 633-648; g) P. Lacotte, C.
Puente, Y. Ambroise, ChemMedChem 2013, 8,104—-111;h) S. H.
Lim, K. Nahm, C. S. Ra, D. W. Cho, U. C. Yoon, J. A. Latham, D.
Dunaway-Mariano, P. S. Mariano, J. Org. Chem. 2013, 78, 9431 -
9443,

a) N. Aubry, R. Plante, R. Déziel, Tetrahedron Lett. 1990, 31,
6311-6312; b) F. F. Fleming, L. A. Funk, R. Altundas, V.
Sharief, J. Org. Chem. 2002, 67, 9414-9416; c) T. Misaki, R.
Nagase, K. Matsumoto, Y. Tanabe, J. Am. Chem. Soc. 2005, 127,
2854 -2855; d) A. Fiirstner, K. Radkowski, H. Peters, G. Seidel,
C. Wirtz, R. Mynott, C. W. Lehmann, Chem. Eur. J. 2007, 13,
1929-1945; e) J. P. Michael, C. B. de Koning, C. W. van Wes-
thuyzen, Org. Biomol. Chem. 2005, 3, 836 —847; f) E. Knobloch,
R. Briickner, Synlett 2008, 1865-1869; g) K. Kato, S. Motodate,
S. Takaishi, T. Kusakabe, H. Akita, Tetrahedron 2008, 64, 4627 —
4636;h) A. R. Mohite, R. G. Bhat, J. Org. Chem. 2012, 77, 5423 —
5428.

a) J. A. Hyatt, P. L. Feldman, R. J. Clemens, J. Org. Chem. 1984,
49, 5105-5108; b) D. M. Birney, X. Xu, S. Ham, X. Huang, J.
Org. Chem. 1997, 62, 7114-7120; c)N. A. Swain, R.C.D.
Brown, G. Bruton, J. Org. Chem. 2004, 69, 122-129; d)J.
Toueg, J. Prunet, Synlett 2006, 2807-2811; e¢) E. J. Roh, J. M.
Keller, Z. Olah, M. J. Iadarola, K. A. Jacobson, Bioorg. Med.
Chem. 2008, 16, 9349-9358; f) V. Sridharan, M. Ruiz, J. C.
Menndez, Synthesis 2010, 1053 - 1057.

Vinylogous silyl ketene acetals were also tested as nucleophiles
with limited success. For details, see the Supporting Information.
For current reviews on asymmetric counteranion-directed cat-
alysis (ACDC): a) M. Mahlau, B. List, Angew. Chem. Int. Ed.
2013, 52, 518-533; Angew. Chem. 2013, 125, 540-556; b) M.
Mabhlau, B. List, Isr. J. Chem. 2012, 52, 630-638; Also see: c¢) K.
Brak, E. N. Jacobsen, Angew. Chem. Int. Ed. 2013, 52, 534—-561;
Angew. Chem. 2013, 125, 558-588; d)R.J. Phipps, G.L.
Hamilton, F. D. Toste, Nat. Chem. 2012, 4, 603 -614.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

13595


http://dx.doi.org/10.1021/jm1009154
http://dx.doi.org/10.1002/chem.201103624
http://dx.doi.org/10.1002/chem.201103624
http://dx.doi.org/10.1016/S0957-4166(98)00468-6
http://dx.doi.org/10.1016/S0040-4039(01)01991-8
http://dx.doi.org/10.1021/jo0353886
http://dx.doi.org/10.1002/anie.200454116
http://dx.doi.org/10.1002/ange.200454116
http://dx.doi.org/10.1016/j.tetlet.2007.04.108
http://dx.doi.org/10.1016/j.tetlet.2007.04.108
http://dx.doi.org/10.1021/jo071221r
http://dx.doi.org/10.1021/jo071221r
http://dx.doi.org/10.1021/ja9082842
http://dx.doi.org/10.1021/ja9082842
http://dx.doi.org/10.1021/jo300653u
http://dx.doi.org/10.1021/jo300653u
http://dx.doi.org/10.1021/jo702275a
http://dx.doi.org/10.1021/jo900977y
http://dx.doi.org/10.1021/jo900977y
http://dx.doi.org/10.1016/j.tet.2009.12.013
http://dx.doi.org/10.1016/j.tet.2009.12.013
http://dx.doi.org/10.1002/ejoc.201100352
http://dx.doi.org/10.1016/j.tetlet.2011.05.121
http://dx.doi.org/10.1016/j.tetlet.2011.05.121
http://dx.doi.org/10.1002/chem.200305302
http://dx.doi.org/10.1002/anie.200800103
http://dx.doi.org/10.1002/ange.200800103
http://dx.doi.org/10.1021/ol8017374
http://dx.doi.org/10.1002/chem.200902537
http://dx.doi.org/10.1002/chem.200902537
http://dx.doi.org/10.1002/adsc.200700521
http://dx.doi.org/10.1016/j.tet.2007.09.073
http://dx.doi.org/10.1016/j.tet.2007.09.073
http://dx.doi.org/10.1002/anie.201404909
http://dx.doi.org/10.1002/ange.201404909
http://dx.doi.org/10.1002/ange.201404909
http://dx.doi.org/10.1021/jo2011335
http://dx.doi.org/10.1002/ejoc.200900548
http://dx.doi.org/10.1002/ejoc.200900548
http://dx.doi.org/10.1002/ejoc.201000477
http://dx.doi.org/10.1002/anie.200901768
http://dx.doi.org/10.1002/ange.200901768
http://dx.doi.org/10.1002/ange.200901768
http://dx.doi.org/10.1002/anie.201005954
http://dx.doi.org/10.1002/anie.201005954
http://dx.doi.org/10.1002/ange.201005954
http://dx.doi.org/10.1002/anie.201204262
http://dx.doi.org/10.1002/ange.201204262
http://dx.doi.org/10.1002/ange.201204262
http://dx.doi.org/10.1002/chem.201203623
http://dx.doi.org/10.1002/ajoc.201300182
http://dx.doi.org/10.1002/anie.201402765
http://dx.doi.org/10.1002/anie.201402765
http://dx.doi.org/10.1002/ange.201402765
http://dx.doi.org/10.1002/anie.201209776
http://dx.doi.org/10.1002/anie.201209776
http://dx.doi.org/10.1002/ange.201209776
http://dx.doi.org/10.1021/ja408747m
http://dx.doi.org/10.1021/ja408747m
http://dx.doi.org/10.1002/(SICI)1521-3773(19981016)37:19%3C2700::AID-ANIE2700%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3773(19981016)37:19%3C2700::AID-ANIE2700%3E3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1521-3757(19981002)110:19%3C2868::AID-ANGE2868%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20010216)40:4%3C761::AID-ANIE7610%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C783::AID-ANGE7830%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3757(20010216)113:4%3C783::AID-ANGE7830%3E3.0.CO;2-X
http://dx.doi.org/10.1016/S0223-5234(01)01235-1
http://dx.doi.org/10.1016/S0223-5234(01)01235-1
http://dx.doi.org/10.1016/j.bmcl.2005.06.098
http://dx.doi.org/10.1016/j.bmcl.2005.06.098
http://dx.doi.org/10.1002/anie.200601992
http://dx.doi.org/10.1002/ange.200601992
http://dx.doi.org/10.1002/ange.200601992
http://dx.doi.org/10.1002/cmdc.200800415
http://dx.doi.org/10.1002/cmdc.201200417
http://dx.doi.org/10.1021/jo401680z
http://dx.doi.org/10.1021/jo401680z
http://dx.doi.org/10.1016/S0040-4039(00)97050-3
http://dx.doi.org/10.1016/S0040-4039(00)97050-3
http://dx.doi.org/10.1021/jo026396+
http://dx.doi.org/10.1021/ja043833o
http://dx.doi.org/10.1021/ja043833o
http://dx.doi.org/10.1002/chem.200601639
http://dx.doi.org/10.1002/chem.200601639
http://dx.doi.org/10.1039/b418062c
http://dx.doi.org/10.1016/j.tet.2008.02.101
http://dx.doi.org/10.1016/j.tet.2008.02.101
http://dx.doi.org/10.1021/jo300653u
http://dx.doi.org/10.1021/jo300653u
http://dx.doi.org/10.1021/jo00200a018
http://dx.doi.org/10.1021/jo00200a018
http://dx.doi.org/10.1021/jo971083d
http://dx.doi.org/10.1021/jo971083d
http://dx.doi.org/10.1021/jo035365r
http://dx.doi.org/10.1055/s-2006-950274
http://dx.doi.org/10.1016/j.bmc.2008.08.048
http://dx.doi.org/10.1016/j.bmc.2008.08.048
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/anie.201205343
http://dx.doi.org/10.1002/ange.201205343
http://dx.doi.org/10.1002/ijch.201200001
http://dx.doi.org/10.1002/anie.201205449
http://dx.doi.org/10.1002/ange.201205449
http://dx.doi.org/10.1038/nchem.1405
http://www.angewandte.org

