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Synthesis of a series of novel chiral Lewis base catalysts
and their application in promoting asymmetric
hydrosilylation of β-enamino esters†
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A series of novel chiral Lewis base catalysts were synthesized from

L-serine and applied in the hydrosilylation of β-enamino esters, in

which the optimal one promoted the reactions to afford a wide

variety of β-amino esters in good yields with good enantio-

selectivities. It is noteworthy that several cyclic substrates were

hydrosilylated under the optimal conditions to give the cyclic

β-amino esters with high yields, good diastereoselectivities as

well as good ee values.

Introduction

β-Amino acids are key building blocks of peptides, peptidomi-
metics, many natural products and other physiologically active
compounds.1 Notably, peptides based on β-amino acids have
been proven to have secondary structures comparable to their
α-amino acid analogues, but are not vulnerable towards protea-
ses.1b,2 Therefore, the asymmetric synthesis of enantiomeri-
cally pure β-amino acids has been extensively studied.1b,3 In
the past few years, the catalytic asymmetric synthesis of
β-amino acid derivatives using transition metals, organocata-
lysts and biocatalysts has been studied intensively.3i,j Among
various catalytic asymmetric approaches to enantioenriched
β-amino acid derivatives, the most efficient and straightfor-
ward way is catalytic asymmetric reduction of β-enamino
esters. Up to now, many chiral transition metal complexes
have been developed to catalyze asymmetric hydrogenation of
β-enamino esters with high enantioselectivities.4

More recently, Lewis base catalytic asymmetric hydrosilyla-
tion5 of β-enamino esters has emerged as a powerful

alternative to transition-metal-catalysis in the synthesis of
chiral β-amino acids.5e,6 Malkov and co-workers employed an
L-valine derived formamide as the Lewis base catalyst to
promote asymmetric hydrosilylation of β-enamino esters to
afford the corresponding β-amino esters in good yields with
good enantioselectivities.6a We demonstrated asymmetric
Lewis base organocatalyzed hydrosilylation of β-enamino
esters6b as well as α-acetoxy-β-enamino esters.6c Sun and co-
workers reported a highly enantioselective hydrosilylation of
N-alkyl-β-enamino esters catalyzed by an N-sulfinyl L-prolinamide
Lewis base.6d Benaglia and co-workers employed an ephedrine-
derived 4-chloropicolinamide and chiral phosphinamide derived
from proline to accelerate hydrosilylation of β-enamino esters,
respectively.6e,f Jones et al. developed a novel imidazole-based
Lewis base and employed it in enantioselective hydrosilylation of
β-enamino esters.6g Although the present methods delivered a
wide variety of β-amino esters with good yields in good enantio-
selectivities, sometimes they suffered from some harsh con-
ditions, such as low temperature (down to −40 °C) or long
reaction time (up to 2 days). Moreover, reactions of some kinds
of β-enamino esters could not provide satisfactory results.
For example, some cyclic substrates resulted in very poor
enantioselectivities.6b Therefore, it is highly desirable to
develop novel catalytic systems to improve the reaction con-
ditions and adapt them to more types of substrates.

Our group has been actively engaged in research on chiral
Lewis base organocatalyzed hydrosilylation of CvN double
bonds. Recently, we developed a new class of chiral Lewis base
organocatalysts 1 (Fig. 1) which catalyzed asymmetric hydro-
silylation of α-acetoxy-β-enamino esters to afford α-hydroxy-
β-amino esters in high yields with good diastereoselectivities
as well as good enantioselectivities.6c Herein we describe a set
of newly designed analogous catalysts 2 (Fig. 1) and their appli-
cation in asymmetric hydrosilylation of β-enamino esters. To
our delight, the optimal one of 2 promoted asymmetric hydro-
silylation of β-enamino esters successfully. Particularly, some
cyclic substrates underwent the reaction to afford various
cyclic β-amino esters in high yields with good diastereoselectiv-
ities as well as good enantioselectivities.
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Cyclic β-amino acids are important building blocks for the
construction of many natural products, biologically active mole-
cules and β-peptides.7 Therefore, the synthesis of enantio-
enriched cyclic β-amino acid derivatives has attracted much
attention.4e,k,8 However, to date, there have been only a few
examples of highly efficient asymmetric catalytic synthesis of
enantioenriched cyclic β-amino acid derivatives. Zhang et al.4e

and Zhou et al.4k have developed transition-metal catalytic
highly diastereoselective and enantioselective hydrogenation of
cyclic β-enamino esters, respectively. We employed a proline
derived chiral Lewis base catalyst to promote the hydrosilylation
of several cyclic β-enamino esters and the reactions gave the pro-
ducts in very high diastereoselectivities, but in very low enantio-
selectivities.6b Gratifyingly, in this study, the newly developed
catalyst 2 made a good compensation for this methodology.

Results and discussion

The catalysts 2a–2g were synthesized from methyl L-serinate
hydrochloride 3 via three or five steps. As depicted in
Scheme 1, first, methyl L-serinate hydrochloride 3 reacted with
various Grignard reagents to afford amino dialcohols 4.9 Con-
densation of picolinic acid with 4 followed by cyclization with

paraformaldehyde or 2,2-dimethoxy propane generates the
novel chiral Lewis base catalysts 2a–2f. As for the synthesis of
2g, it was necessary to protect the amino group of 3 with Boc
before reacting with Grignard reagent.

With these catalysts in hand, we initiated the hydrosilyla-
tion of β-enamino ester 7a in 1,2-dichloroethane at −10 °C.
The results are summarized in Table 1. These sets of new cata-
lysts were found to be highly active and the reactions were
completed in 10 hours to give almost quantitative yields of the
product. First, several diaryl catalysts 2a–2e were tested and
they all exhibited good enantioselection. Among these cata-
lysts, 2a delivered the best ee value of 94% (Table 1, entry 1).
Introduction of electron-donating groups or electron-withdraw-
ing groups at the para positions of the phenyl groups caused
no improvement in enantioselection (Table 1, entries 2–4).
Meanwhile, when catalyst 2e which bears methyl groups at C2
of the six-membered ring of the catalyst was employed, the
product was obtained in excellent yield, but the ee value
decreased obviously (Table 1, entry 5). When the aryl groups
were replaced by alkyl groups, the enantioselectivities
decreased dramatically (Table 1, entries 6 and 7). Apparently
the diaryl substituents of the six-membered ring of the catalyst
were crucial to obtain high enantioselectivity. It suggests that
arene–arene interaction between the catalyst and the substrate
could make a great contribution to the enantioselection.

With the optimal conditions established above, the scope
of this reaction was investigated. In the presence of 10 mol%
of catalyst 2a, a wide variety of β-enamino esters were hydrosi-
lylated in 1,2-dichloroethane at −10 °C. The results are sum-
marized in Table 2. Generally, varying the N-aryl substituent
resulted in marginal changes in enantioselectivity (Table 2,
entries 1–6). In most cases, good enantioselectivities were
observed with β-aryl-N-aryl-β-enamino esters (Table 2, entriesScheme 1 Preparation of catalysts 2a–2g.

Fig. 1 Chiral Lewis base organocatalysts 1 and 2.

Table 1 Screening of chiral Lewis base catalysts, solvents and temperatures in
the enantioselective hydrosilylation of β-enamino ester 7aa

Entry Cat.* Solvent T (°C) Yieldb (%) eec (%)

1 2a ClCH2CH2Cl −10 97 94
2 2b ClCH2CH2Cl −10 96 92
3 2c ClCH2CH2Cl −10 97 91
4 2d ClCH2CH2Cl −10 98 90
5 2e ClCH2CH2Cl −10 96 88
6 2f ClCH2CH2Cl −10 96 53
7 2g ClCH2CH2Cl −10 95 52
8 2a CH2Cl2 −10 96 92
9 2a THF −10 95 87
10 2a CHCl3 −10 50 N.D.d

11 2a CH3CCl3 −10 50 N.D.d

12 2a ClCH2CH2Cl 0 96 92
13 2a ClCH2CH2Cl −20 97 93

aUnless specified otherwise, the reaction was carried out with 7a
(0.3 mmol), trichlorosilane (0.6 mmol), catalyst 2 (10 mol%) in 3 mL of
solvent for 10 hours. b Isolated yield based on 7a. c The ee value was
determined by chiral HPLC (Chiralcel OD). dNot detected.
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1–11 and 13–15). However, β-ortho-substituted-phenyl substrate
7l gave only a moderate ee value (Table 2, entry 12). β-Alkyl-N-
aryl-β-enamino ester 7p afforded poor enantioselection
(Table 2, entry 16). β-Aryl-N-alkyl-β-enamino ester 7q also
afforded rather low enantioselectivity (Table 2, entry 17).

To further extend the utility of our methodology, several
kinds of α-substituted-β-enamino esters were also subjected to
the titled reaction. The results are summarized in Table 3.
Hydrosilylation of α-phenyl substrates 7r afforded the desired
products 8r with high yield, high diastereoselectivity but poor
enantioselectivity (Table 3, entry 1), while α-allyl substrate 7s
and α-acetyl substrate 7t provided good enantioselectivities,
but inferior diastereoselectivities (Table 3, entries 2 and 3). To
our delight, several cyclic substrates 7u–x reacted smoothy to
generate the corresponding products with excellent yields in
high diastereoselectivities as well as good enantioselectivities
(Table 3, entries 4–7). However, cyclic substrate 7y delivered a
poor enantioselectivity (Table 3, entry 8).

In order to demonstrate the synthetic utility of this trans-
formation, product 8o was hydrolyzed with LiOH followed by
cyclization by PPA to generate the 3-aminoindan-1-one deriva-
tive 9 (Scheme 2). 3-Aminoindan-1-one derivatives are versatile
synthetic intermediates toward the 1-aminoindane moiety
embedded in many biologically important compounds includ-
ing HIV protease inhibitors,10 neuroprotective agents,11 and
the drugs used for cocaine abuse treatments.12

Table 3 Asymmetric hydrosilylation of α-substituted-β-enamino esters 7r–y
under the optimal conditionsa

Entry 7 Yieldb (%) drc eed (%)

1 97 anti : syn 34 (anti)
21 : 1

2e 90 anti : syn 90 (anti)
3.2 : 1 42 (syn)

3 f 82 syn : anti 90 (syn)
10 : 1 (2R,3S)g

4 98 syn : anti 95 (syn)
>99 : 1

5 97 syn : anti 96 (syn)
>99 : 1

6 95 syn : anti 92 (syn)
>99 : 1

7 98 syn : anti 90 (syn)
>99 : 1

8e 95 syn : anti 18 (syn)
>99 : 1

aUnless specified otherwise, the reaction was carried out with 7
(0.3 mmol), trichlorosilane (0.6 mmol), 2a (10 mol%) in 3 mL of 1,2-
dichloroethane for 10 hours. b Isolated yield based on 7. c The dr
values were determined by 1H NMR. d The ee values were determined
by chiral HPLC (Chiralcel OD, AD or OJ). e The reaction time is
24 hours. f The yield, dr and ee values were measured after the product
was hydrolyzed by K2CO3 in MeOH. g The absolute configuration of the
product was determined by comparison of its optical rotation value
and chiral HPLC with the literature data.6c

Table 2 Enantioselective hydrosilylation of β-enamino esters 7a–q promoted
by chiral Lewis base 2aa

Entry 7 R4 R5 Yieldb (%) eec (%)

1 7a Ph Ph 97 94
2 7b Ph 4-FC6H4 97 93
3 7c Ph 4-ClC6H4 97 91
4 7d Ph 4-BrC6H4 97 92
5 7e Ph 4-MeC6H4 97 98
6 7f Ph 4-MeOC6H4 96 94 (R)d

7 7g 4-FC6H4 4-MeOC6H4 98 88
8 7h 4-BrC6H4 4-MeOC6H4 97 92
9 7i 4-MeC6H4 4-MeOC6H4 98 95
10 7j 4-MeOC6H4 4-MeOC6H4 96 94
11 7k 3-ClC6H4 4-MeOC6H4 97 94
12 7l 2-ClC6H4 4-MeOC6H4 98 80
13 7m 2-Naphthyl 4-MeOC6H4 96 96
14 7n 4-BnOC6H4 4-FC6H4 96 95
15 7o 3-MeOC6H4 Ph 96 92
16 7p Bn 4-MeOC6H4 96 45
17 7q Ph Bn 97 82

aUnless specified otherwise, the reaction was carried out with 7
(0.3 mmol), trichlorosilane (0.6 mmol), 2a (10 mol%) in 3 mL of 1,2-
dichloroethane at −10 °C for 10 hours. b Isolated yield based on 7.
c The ee was determined by chiral HPLC (Chiralcel OD, AD or OJ).
d The absolute configuration of the product was determined by a
comparison of its optical rotation value with the literature datum.6b
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Furthermore, isomerization of cyclic product 8x was per-
formed. Treatment of 8x with NaOEt provided the correspond-
ing epimer 10. The coupling constant of H1–H2 of 8x is 4.5 Hz
and the coupling constant of H1–H2 of 10 is 7.1 Hz. It reveals
that the relative configuration of 8x is syn. In addition, 8x was
deprotected with CAN followed by treatment with HCl to give a
known compound 11. Thus the absolute configuration of com-
pound 8x was determined as (1R,2R) by a comparison of the
optical rotation value of 11 with the literature data
(Scheme 3).8j

Conclusions

In summary, we have developed a highly enantioselective
hydrosilylation of β-enamino esters catalyzed by a novel Lewis
base derived from L-serine. This transformation enables us to
prepare various enantioenriched β-amino esters in good yields
as well as good enantioselectivities under rather moderate con-
ditions. Notably, several cyclic substrates underwent reaction
to provide cyclic β-amino esters in high yields with excellent
diastereoselectivities as well as good enantioselectivities. After-
wards, one of the products was employed in the construction
of a 3-aminoindan-1-one derivative. The absolute configur-
ations of the products were determined by a comparison of
their optical rotation values with the literature data. Further
work is in progress to explore new applications of this novel
Lewis base organocatalyst.

Acknowledgements

We are grateful for the financial support from the National
Natural Science Foundation of China (20972155 and

21172217) and the National Basic Research Program of China
(973 Program) (2010CB833300).

Notes and references

1 (a) F. Von Nussbaum and P. Spiteller, in Highlights in Bio-
organic Chemistry: Methods and Application, ed. C. Schmuck
and H. Wennemers, Wiley-VCH, Weinheim, 2004, p. 63;
(b) E. Juaristi and V. Soloshonok, Enantioselective Synthesis
of β-Amino Acids, Wiley-VCH, New York, 2nd edn, 2005;
(c) I. Ojima, S. N. Lin and T. Wang, Curr. Med. Chem., 1999,
6, 927; (d) C. N. C. Drey, in Chemistry and Biochemistry of
Amino Acids, ed. G. C. Barret, Chapman and Hall, London,
1992; (e) D. Seebach, M. Overhand, F. Kuhnle,
B. Martinoni, L. Oberer, U. Hommel and H. Widmer, Helv.
Chim. Acta, 1996, 79, 913; (f ) K. Gademann, T. Hintermann
and J. V. Schreiber, Curr. Med. Chem., 1999, 6, 905;
(g) T. Kawakami, H. Ohtake, H. Arakawa, T. Okachi,
Y. Imada and S. I. Murahashi, Org. Lett., 1999, 1, 107.

2 (a) R. P. Cheng, S. H. Gellman and W. F. DeGrado, Chem.
Rev., 2001, 101, 3219; (b) J. L. Matthews, in Synthesis of Pep-
tides and Peptidomimetics in Houben–Weyl, ed. A. Felix,
L. Morodor and C. Toniolo, Georg Thieme Verlag, Stuttgart,
2003, vol. E22c, p. 552; (c) D. Seebach, T. Kimmerlin,
R. Sebesta, M. A. Campo and A. K. Beck, Tetrahedron, 2004,
60, 7455; (d) D. Seebach and J. Gardiner, Acc. Chem. Res.,
2008, 41, 1366.

3 For reviews on the asymmetric synthesis of β-amino acids,
see: (a) D. C. Cole, Tetrahedron, 1994, 50, 9517;
(b) G. Cardillo and C. Tomasini, Chem. Soc. Rev., 1996, 25,
117; (c) A. F. Abdel-Magid, J. H. Cohen and C. A. Maryanoff,
Curr. Med. Chem., 1999, 6, 955; (d) E. Juaristi and H. Lopez-
Ruiz, Curr. Med. Chem., 1999, 6, 983; (e) J. A. Ma, Angew.
Chem., Int. Ed., 2003, 42, 4290; (f ) D. Seebach, A. K. Beck
and D. J. Bierbaum, Chem. Biodiversity, 2004, 1, 1111;
(g) G. Lelais and D. Seebach, Biopolymers, 2004, 76, 206;
(h) J. A. Miller and S. B. T. Nguyen, Mini-Rev. Org. Chem.,
2005, 2, 39; (i) D. Seebach, A. K. Beck, S. Capone,
G. Deniau, U. Grošelj and E. Zass, Synthesis, 2009, 1;
( j) B. Weiner, W. Szymanski, D. B. Janssen, A. J. Minnaard
and B. L. Feringa, Chem. Soc. Rev., 2010, 39, 1656.

4 For representative examples, see: (a) W. D. Lubell,
M. Kitamura and R. Noyori, Tetrahedron: Asymmetry, 1991,
2, 543; (b) Y. G. Zhou, W. J. Tang, W. B. Wang, W. G. Li and
X. M. Zhang, J. Am. Chem. Soc., 2002, 124, 4952; (c) D. Pena,
A. J. Minnaard, J. G. de Vries and B. L. Feringa, J. Am.
Chem. Soc., 2002, 124, 14552; (d) J. S. You, H. J. Drexler,
S. L. Zhang, C. Fischer and D. Heller, Angew. Chem., Int.
Ed., 2003, 42, 913; (e) W. J. Tang, S. L. Wu and X. M. Zhang,
J. Am. Chem. Soc., 2003, 125, 9570; (f ) W. J. Tang,
W. M. Wang, Y. X. Chi and X. M. Zhang, Angew. Chem., Int.
Ed., 2003, 42, 3509; (g) Y. Hsiao, N. R. Rivera, T. Rosner,
S. W. Krska, E. Njolito, F. Wang, Y. K. Sun, J. D. Armstrong,
E. J. J. Grabowski, R. D. Tillyer, F. Spindler and C. Malan,
J. Am. Chem. Soc., 2004, 126, 9918; (h) Q. Dai, W. R. Yang

Scheme 2 Synthesis of chiral 3-aminoindan-1-one derivative 9.

Scheme 3 Isomerization of 8x and determination of its configuration.

Communication Organic & Biomolecular Chemistry

3092 | Org. Biomol. Chem., 2013, 11, 3089–3093 This journal is © The Royal Society of Chemistry 2013

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
hi

ca
go

 o
n 

23
/0

4/
20

13
 1

7:
28

:0
5.

 
Pu

bl
is

he
d 

on
 2

7 
M

ar
ch

 2
01

3 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3O
B

40
43

0G
View Article Online

http://dx.doi.org/10.1039/c3ob40430g


and X. M. Zhang, Org. Lett., 2005, 7, 5343; (i) K. B. Hansen,
H. Yi, F. Xu, N. Rivera, A. Clausen, M. Kubryk, S. Krska,
T. Rosner, B. Simmons, J. Balsells, N. Ikemoto, Y. Sun,
F. Spindler, C. Malan, E. J. J. Grabowski and
J. D. Armstrong, J. Am. Chem. Soc., 2009, 131, 8798;
( j) G. H. Hou, W. Li, M. F. Ma, X. W. Zhang and
X. M. Zhang, J. Am. Chem. Soc., 2010, 132, 12844;
(k) C. B. Yu, K. Gao, Q. A. Chen, M. W. Chen and
Y. G. Zhou, Tetrahedron Lett., 2012, 53, 2560.

5 For reviews on Lewis base catalysis and Lewis base catalytic
asymmetric hydrosilylation of CvN double bonds, see:
(a) P. Kočovský and A. V. Malkov, Chiral Lewis bases as cat-
alysts, in Enantioselective Organocatalysis, ed. P. I. Dalko,
Wiley-VCH, Weinheim, 2007, p. 255; (b) H. B. Kagan,
Organocatalytic enantioselective reduction of olefins,
ketones and imines, in Enantioselective Organocatalysis, ed.
P. I. Dalko, Wiley-VCH, Weinheim, 2007, p. 391;
(c) S. E. Denmark and G. L. Beutner, Angew. Chem., Int. Ed.,
2008, 47, 1560; (d) S. Guizzetti and M. Benaglia, Eur. J. Org.
Chem., 2010, 5529; (e) A. Weickgenannt and M. Oestreich,
ChemCatChem, 2011, 3, 1527; (f ) S. Jones and
C. J. A. Warner, Org. Biomol. Chem., 2012, 10, 2189.

6 (a) A. V. Malkov, S. Stončius, K. Vranková, M. Arndt and
P. Kočovský, Chem.–Eur. J., 2008, 14, 8082; (b) H. J. Zheng,
W. B. Chen, Z. J. Wu, J. G. Deng, W. Q. Lin, W. C. Yuan and
X. M. Zhang, Chem.–Eur. J., 2008, 14, 9864; (c) Y. Jiang,
X. Chen, Y. S. Zheng, Z. Y. Xue, C. Shu, W. C. Yuan and
X. M. Zhang, Angew. Chem., Int. Ed., 2011, 50, 7304;
(d) X. J. Wu, Y. Li, C. Wang, L. Zhou, X. X. Lu and J. Sun,
Chem.–Eur. J., 2011, 17, 2846; (e) S. Guizzetti, M. Benaglia,
M. Bonsignore and L. Raimondi, Org. Biomol. Chem., 2011,
9, 739; (f ) M. Bonsignore, M. Benaglia, R. Annunziata and
G. Celentano, Synlett, 2011, 1085; (g) S. Jones and X. F. Li,
Tetrahedron, 2012, 68, 5522.

7 (a) M. Konishi, M. Nishio, K. Saitoh, T. Miyaki, T. Oki and
H. Kawaguchi, J. Antibiot., 1989, 42, 1749; (b) T. Oki,
M. Hirano, K. Tomatsu, K. I. Numata and H. Kamei, J. Anti-
biot., 1989, 42, 1756; (c) C. Saliou, A. Fleurant, J. P. Celerier
and G. Lhommet, Tetrahedron Lett., 1991, 32, 3365;
(d) F. Fülöp, Chem. Rev., 2001, 101, 2181; (e) K. H. Park and
M. J. Kurth, Tetrahedron, 2002, 58, 8629; (f ) A. Kuhl,
M. G. Hahn, M. Dumic and J. Mittendorf, Amino Acids,
2005, 29, 89; (g) J. P. Nandy, B. Rakic, B. V. N. B. Sarma,
N. Babu, M. Lefrance, G. D. Enright, D. M. Leek, K. Daniel,
L. A. Sabourin and P. Arya, Org. Lett., 2008, 10, 1143;
(h) J. L. Baeza, B. G. de la Torre, C. M. Santiveri,

R. D. Almeida, M. T. Garcia-Lopez, G. Gerona-Navarro,
S. R. Jaffrey, M. A. Jimenez, D. Andreu, R. Gonzalez-Muniz
and M. Martin-Martinez, Bioorg. Med. Chem. Lett., 2012, 22,
444; (i) E. A. Porter, X. F. Wang, H. S. Lee, B. Weisblum and
S. H. Gellman, Nature, 2000, 404, 565; ( j) X. F. Wang,
J. F. Espinosa and S. H. Gellman, J. Am. Chem. Soc., 2000,
122, 4821; (k) D. H. Appella, L. A. Christianson, D. A. Klein,
M. R. Richards, D. R. Powell and S. H. Gellman, J. Am.
Chem. Soc., 1999, 121, 7574; (l) A. Janecka and
R. Kruszynski, Curr. Med. Chem., 2005, 12, 471;
(m) F. Fülöp, T. A. Martinek and G. K. Toth, Chem. Soc.
Rev., 2006, 35, 323.

8 For selected examples, see: (a) T. Yamazaki, Y. F. Zhu,
A. Probstl, R. K. Chadha and M. Goodman, J. Org. Chem.,
1991, 56, 6644; (b) S. G. Davies, O. Ichihara and
I. A. S. Walters, Synlett, 1993, 461; (c) L. T. Kanerva,
P. Csomós, O. Sundholm, G. Bernath and F. Fülöp, Tetrahe-
dron: Asymmetry, 1996, 7, 1705; (d) D. Nöteberg, J. Brånalt,
I. Kvarnström, B. Classon, B. Samuelsson, U. Nillroth,
H. Danielson, A. Karlén and A. Hallberg, Tetrahedron, 1997,
53, 7975; (e) C. Bolm, I. Schiffers, C. L. Dinter, L. Defrère,
A. Gerlach and G. Raabe, Synthesis, 2001, 1719;
(f ) P. R. LePlae, N. Umezawa, H. S. Lee and S. H. Gellman,
J. Org. Chem., 2001, 66, 5629; (g) A. Berkessel, K. Glaubitz
and J. Lex, Eur. J. Org. Chem., 2002, 2948; (h) Y. Yokota,
G. S. Cortez and D. Romo, Tetrahedron, 2002, 58, 7075;
(i) K. H. Park and M. J. Kurth, Tetrahedron, 2002, 58, 8629;
( j) O. Miyata, K. Muroya, T. Kobayashi, R. Yamanaka,
S. Kajisa, J. Koide and T. Naito, Tetrahedron, 2002, 58, 4459;
(k) T. Ooi, T. Miki and K. Maruoka, Org. Lett., 2005, 7, 191;
(l) J. A. Miller and S. T. Nguyen, Mini-Rev. Org. Chem., 2005,
2, 39; (m) R. M. Ortuno, A. G. Moglioni and G. Y. Moltrasio,
Curr. Org. Chem., 2005, 9, 237; (n) S. G. Davies, D. Diez,
S. H. Dominguez, N. M. Garrido, D. Kruchinin, P. D. Price
and A. D. Smith, Org. Biomol. Chem., 2005, 3, 1284;
(o) E. Forró and F. Fülöp, Chem.–Eur. J., 2006, 12, 2587.

9 (a) M. P. Sibi, J. X. Chen and G. R. Cook, Tetrahedron Lett.,
1999, 40, 3301; (b) S. Rajaram and M. S. Sigman, Org. Lett.,
2005, 7, 5473.

10 (a) M. Vieth and D. J. Cummins, J. Med. Chem., 2000, 43,
3020; (b) C. Perez, M. Pastor, A. R. Ortiz and F. Gago,
J. Med. Chem., 1998, 41, 836.

11 G. M. Gilad and V. H. Gilad, J. Pharmacol. Exp. Ther., 1999,
291, 39.

12 M. Froimowitz and K. M. Wu, J. Med. Chem., 2000, 43,
4981.

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2013 Org. Biomol. Chem., 2013, 11, 3089–3093 | 3093

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
hi

ca
go

 o
n 

23
/0

4/
20

13
 1

7:
28

:0
5.

 
Pu

bl
is

he
d 

on
 2

7 
M

ar
ch

 2
01

3 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3O
B

40
43

0G
View Article Online

http://dx.doi.org/10.1039/c3ob40430g

