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The development of efficient methods to produce an
optically pure enantiomer is of fundamental importance,
particularly for the synthesis of bioactive natural or synthetic
products. Today, enzyme-mediated desymmetrizations of
either prochiral or meso substrates, generally diesters, and
enzyme-catalyzed kinetic resolutions of racemates constitute
classical approaches for the synthesis of enantiopure com-
pounds, and have become powerful synthetic tools.[1] In
contrast, in spite of the impressive advances in the field of
chemical, nonenzymatic, enantioselective desymmetrizations
over the last few years, the chemical differentiation of two
enantiotopic functional groups has been little developed.[2] On
the other hand, the major drawback of kinetic resolution, like
conventional resolution processes, is that the maximum yield
of one enantiomer is always limited to 50%. However, this
situation dramatically changes when racemic substrates have
a chirally labile stereogenic center that is capable of under-
going racemization in situ during the reaction (dynamic
kinetic resolution (DKR)).[3]

In the context of our studies on the synthesis of enantiopure
piperidine derivatives from chiral nonracemic bicyclic lactams
formed by cyclodehydration of �-oxoesters and (R)- or (S)-

consisting of CTA� cations and tungstate anions. 4) With
increasing furnace temperature, tungstate is reduced by
pyrolytic carbon derived from CAT� to give W metal with a
shape defined by the scrolls, which could serve as micro-
reactors for the VPC process and thus are responsible for the
ultimate wirelike shape ofW. The VPC process should involve
a tubular intermediate that results from confinement of the
scrolls. However, with the removal of surfactant molecules
and crystallization of tungsten metal, these tubular nano-
structures would finally transform into the nanowire products.

To substantiate our hypothesis, we performed control
experiments. The tungstate and surfactants were mixed
mechanically, but no lamellar composite structures were
present in these mixtures according to low-angle XRD data.
The same VPC operations were performed on these mixtures.
However, only W particles were observed. In addition, we
performed a more stringent test of our model by preparing Ni,
Co, Cu, and Cd nanowires (see Supporting Information). The
fundamental experimental results were in good agreement
with our suggested VPC model (see Supporting Information).
The above studies illustrate that the controlled VPC treat-
ment of inorganic ± surfactant lamellar precursors might be a
general approach for the synthesis of crystalline nanowires or
nanotubes.

Experimental Section

Analytical-grade Na2WO4 (3 mmol) and CTAB (9 mmol) were dissolved in
distilled water to form a homogeneous solution. The pH of the solution was
adjusted to the range of 8 ± 10 by addition of aqueous NH3 or HCl. The
mixture was stirred vigorously for 1 h and then sealed in a Teflon-lined
stainless steel autoclave and kept at 140 �C for 6 d. The solid WO-L product
was collected by filtration, washed with distilled water and absolute
ethanol, and then dried in vacuo at 80 �C for 12 h. The calculated yield was
about 85 ± 90% on the basis of W.

The VPC treatment was carried out in a conventional tube furnace (see
Figure 2). The as-prepared WO-L (400 mg) was placed in a quartz boat.
The quartz boat was placed in the hot zone inside the quartz tube and the
content calcined and pyrolyzed for 10 h at 100 to 850 �C in a high-purity
argon atmosphere (99.999%) with a pressure range of 10�2 ± 10�3 atm. The
furnace temperature was first increased to 400 �C over 4 h and then held at
that temperature for 2 h to ensure completion of the rolling process of the
lamellar precursor. Then the temperature was raised to 850 �C over 2 h and
kept at that temperature for 2 h. Finally, the temperature was allowed to
descend to room temperature. In the whole process, the reaction temper-
ature was controlled exactly at�1 K by a built-in temperature-control unit
in the tube furnace.
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phenylglycinol,[4] we report herein the preparation of poly-
substituted lactams by DKR of racemic �-oxoacid derivatives,
enantioselective desymmetrization of prochiral �-oxodiesters,
and tandem DKR±diastereotopic differentiation of racemic
�-oxodiesters, which ultimately leads to diversely substituted
enantiopure piperidines.

Cyclodehydrations[5] with a variety of racemic aldehyde
esters and ketoacids that bear a substituent (alkyl or aryl) at
the epimerizable carbon atom � to the aldehyde (1a ± c) or
ketone (1d ± f)[6] group (Table 1) stereoselectively afforded a
lactam as the major product, accompanied by minor amounts
of a second stereoisomer (�4:1),[7] which clearly indicates that
DKR had occurred.[8]

The stereochemical outcome of these reactions[9] can be
accounted for by considering that the mixture of four
diastereomeric oxazolidines formed initially is in equilibrium
through the corresponding imines ± enamines, and that sub-
sequent lactamization takes place faster through a chairlike
transition state in which the substituent R2 is equatorial, thus
leading predominantly to isomers in which R1 and R2 are cis
(Scheme 1). The preferential formation of isomers b (C6H5

and R1�H are trans) from aldehydes 1a ± c (Table 1, en-
tries 1 ± 3) and isomers a (C6H5 and R1� alkyl are cis) from
ketones 1d ± f (Table 1, entries 4 ± 6)[10] indicates that lactam-
ization occurs faster from the diastereomeric oxazolidine that
allows the approach of the carboxylate group to the nitrogen
atom by the most accessible face, that is anti with respect to
C6H5 (from aldehyde esters) or to both C6H5 and R1 (from
ketoacids).

To study enantioselective desymmetrizations of prochiral �-
oxodiesters with (R)-phenylglycinol, we selected the glutaric
and pimelic acid derivatives 2a ± b and 3a, respectively.[6]

Interestingly, cyclodehydration[5] of aldehyde diester 2a and
ketodiester 2b with (R)-phenylglycinol stereoselectively af-
forded lactams 10b and 11a, respectively, as the major
products, together with minor amounts (4:1) of a second
diastereomer, 10a and 11b, respectively (Table 2, entries 1
and 2). Similarly, cyclodehydration of the prochiral aldehyde
3a gave lactams 14 in very high stereoselectivity (14a/14b 1:9;
Table 3, entry 1).[7]

The above results can be rationalized by taking into account
that, after the formation of the corresponding oxazolidines,
lactamization occurs faster through a chairlike transition state

in which the diastereotopic acetate
(Scheme 2; from 2a and 2b) or
propionate (Scheme 3; from 3a)
chain that does not undergo cycliza-
tion is equatorial. In accordance
with this interpretation, the pres-
ence of an ethyl substituent at the
prochiral carbon atom in 3b[6] sup-
presses the discrimination between
the two propionate chains (Table 3,
entry 2). In this case, either the ethyl

Table 1. DKR by cyclodehydration of racemic �-oxoacid derivatives with (R)-
phenylglycinol.

R'O2C
O R1
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N O
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O
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8a

Entry Substrate R� R1 R2 t [h] Lac-
tam

a/b Yield
[%]

1 1a Me H Et 18 4 20:80[b] 80
2 1b Me H CH2CH2C(S2C3H6)CH3 14 5 17:83[c] 70
3 1c Me H C6H5 24 6 16:84[b] 58
4 1d H Me Et 24 7 78:22[c] 60
5 1e[a] Me Me p-MeOC6H4 14 8 80:20[b] 76
6 1 f H �(CH2)4� 24 9 79:21[c,d] 70

[a] Catalytic amounts of p-TsOH were added. [b] Calculated by means of
1H NMR spectroscopy. [c] Calculated by using HPLC. [d] The configuration of
9a was confirmed by X-ray crystallographic analysis.
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Scheme 1. Imine ± enamine equilibrium and subsequent lactamization in the formation of 4 ± 9.

Table 2. Enantioselective desymmetrization of prochiral �-oxodiesters
and tandem DKR±diastereoselective differentiation of racemic �-oxo-
diesters.

R'O2C
O R1

R2

NH2

OH
C6H5

N O

C6H5

O
R1

N O

C6H5

O
R1

R2 R2

CO2R' CO2R' CO2R'a b2

Entry Substrate R� R1 R2 t [h] Lactam a/b Yield [%]

1 2a Me H H 8 10 20:80[c] 95
2 2b[a] Et Me H 18 11 82:18[c,d] 77
3 2c Et H Et 14 12 20:80[e] 77
4 2d[b] Et Me nPr 24 13 85:15[e] 54

[a] Catalytic amounts of p-TsOH were added. [b] Catalytic amounts of
AcOH were added. [c] Calculated by means of HPLC. [d] The config-
uration of 11a was confirmed by X-ray crystallographic analysis. [e] Calcu-
lated by using 1H NMR spectroscopy.

Table 3. Enantioselective desymmetrization of prochiral 4-formylpimelic
acid derivatives by cyclodehydration with (R)-phenylglycinol.

MeO2C
O H

NH2

OH
C6H5

CO2Me

R

N O

C6H5

O N O

C6H5

O

CO2Me CO2Me

R R
a b3

8 8

Entry Substrate R t [h] Lactam a/b Yield [%]

1 3a H 20 14 10:90[a] 67
2 3b Et 24 15 10:90[b,c] 50

[a] Calculated by means of HPLC. [b] Calculated by using 1H NMR spectro-
scopy. [c] Isomers 15a and 15b were isolated accompanied by their respective
C-8 epimers (15a� and 15b�; 1:1 mixtures).
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Scheme 2. Lactamization step in the formation of 10 ± 13.
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Scheme 3. Lactamization step in the formation of 14 and 15.

substituent or one of the propionate chains is axially oriented
(Scheme 3).

Finally, as could be expected from the above results,
treatment of racemic �-oxodiesters 2c or 2d[6] with (R)-
phenylglycinol under the usual conditions predominantly
afforded one of the eight possible stereoisomers, 12b or 13a,
respectively (Table 2, entries 3 and 4). Three stereogenic
centers with a well-defined absolute configuration have been
generated in a single synthetic step. Minor amounts of the
respective isomers 12a or 13b were also isolated.[7] These
reactions involve DKR, with epimerization of the configura-
tionally labile stereocenter in the substrate, and differentia-
tion of the two diastereotopic acetate chains via a transition
state in which the substituents R2 and CH2CO2Et of the
incipient chairlike six-membered lactam are equatorial
(Scheme 2, R2� alkyl). In all cases, isomers b (C6H5 and
R1�H are trans) are the major products in the cyclodehydra-
tions from aldehydes, whereas bicyclic cis C6H5/Me lactams a
are the main products from ketones.

The substituted chiral lactams 4 ± 14 are immediate pre-
cursors of a variety of valuable enantiopure piperidine and
perhydroquinoline derivatives, including functionalized 3-al-
kyl-, 3-aryl-, 2,3-dialkyl-, and 2-alkyl-3-arylpiperidines, as well
as diversely substituted 4-piperidineacetates. Thus, after
removal of the chiral auxiliary, bicyclic lactams 6b, 14b, and
12b were converted into 3-phenylpiperidine 16, 3-piperidine-
propionate 17, which is an intermediate in the synthesis of
anti-obesity drugs,[11] and trans-3-ethyl-4-piperidineacetate 18,
the enantiomer of a crucial intermediate in the synthesis
of benzo[a]- and indolo[2,3-a]quinolizidine alkaloids[12]

(Scheme 4). Similarly, after stereoselective opening of the
oxazolidine ring, lactams 9a, 13a, and 8a were converted into
cis-perhydroquinoline 19, polysubstituted piperidine 20, and
cis-2-alkyl-3-arylpiperidine 21, an analogue of the antipsy-
chotic drug preclamol [(�)-3PPP].[13]
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Scheme 4. Reagents and conditions: a) LiAlH4, THF, 70%; b) H2,
Pd(OH)2, EtOAc, 73% (16), 91% (17); c) BH3, THF, 61% (from 14b),
70% (from 13a); d) Ca, liquid NH3, then Et3SiH, TiCl4, THF, 53%;
e) AlH3, THF, 70% (from 9a), 87% (from 8a); f) HCl, MeOH, then H2,
Pd/C, 85%; g) H2, Pd/C, MeOH, 73%; h) H2, Pd(OH)2, CH3CH2CHO,
EtOAc, 79%; i) aq. HBr, 82%.

Simple chiral, aminoalcohol-derived bicyclic lactams that
are either unsubstituted at the piperidine carbon atoms or
bear an alkyl substituent at the angular C8a position have
already been demonstrated to be extremely useful building
blocks for the enantioselective construction of a number of
natural and non-natural products.[4, 14] These syntheses require
a later stereocontrolled formation of C�C bonds at the carbon
atom positions of the nitrogen heterocycle. Advantageously,
the chiral synthons described herein already incorporate the
carbon substituents on the heterocyclic ring, thus expanding
the potential of chiral bicyclic lactams for the enantioselective
synthesis of piperidine derivatives.[15] Although the diaster-
eoselectivity of the above cyclodehydrations ranges from only
4:1 to 9:1, taking into account that both enantiomers of
phenylglycinol are commercially available and that this
auxiliary is easily removable, this method provides a conven-
ient straightforward access to polysubstituted piperidines in
both enantiomeric series.

Received: July 30, 2001 [Z17626]
Revised: October 29, 2001

[1] a) M. Ohno, M. Otsuka,Org. React. 1989, 37, 1 ± 55; b) E. Schoffers, A.
Golebiowski, C. R. Johnson, Tetrahedron 1996, 52, 3769 ± 3826.

[2] For reviews, see: a) R. S. Ward, Chem. Soc. Rev. 1990, 19, 1 ± 19;
b) S. R. Magnuson, Tetrahedron 1995, 51, 2167 ± 2213; c) M. C. Willis,
J. Chem. Soc. Perkin Trans. 1 1999, 1765 ± 1784.

[3] a) R. Noyori, M. Tokunaga, M. Kitamura, Bull. Chem. Soc. Jpn. 1995,
68, 36 ± 56; b) R. S. Ward, Tetrahedron: Asymmetry 1995, 6, 1475 ±
1490; c) S. Caddick, K. Jenkins, Chem. Soc. Rev. 1996, 25, 447 ± 456.



COMMUNICATIONS

338 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4102-0338 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 2

A Highly Enantioselective and General
Conjugate Addition of Thiols to Cyclic Enones
with an Organic Catalyst**
Paul McDaid, Yonggang Chen, and Li Deng*

Enantioselective conjugate addition is a fundamentally
important transformation in asymmetric synthesis.[1] Catalytic
enantioselective conjugate addition to cyclic enones has
attracted considerable attention as a general and attractive
strategy for the synthesis of optically active cyclic building

blocks. A number of general and highly enantioselective
conjugate additions of carbon nucleophiles to cyclic enones
catalyzed by transition metals have been reported recently.[2]

Excellent enantioselectivity has also been obtained in the
conjugate addition of carbon nucleophiles to cyclohexenone
and �,�-unsaturated aldehydes with organic catalysts.[3] How-
ever, the development of a general and highly enantioselec-
tive 1,4-addition of thiols to cyclic enones remains a challeng-
ing goal despite numerous attempts involving metal-based
catalysts,[4] phase-transfer catalysts,[5] and organic catalysts.[6±11]

We describe here significant progress toward accomplishing
this goal using a readily available chiral organic catalyst.

Pioneering studies by Wynberg et al.[6] and Mukaiyama
et al.[7] on the asymmetric 1,4-addition of thiols promoted by
organic catalysts pinpointed chiral cyclic amines bearing a �-
hydroxy group such as cinchonidine (1) and the proline-
derived compound 2 as promising catalysts. The highest

enantioselectivities obtained with catalysts 1 and 2 in the
conjugate additions of thiols to 5,5-dimethylcyclohexenone
and cyclohexenone, respectively, are 75 and 88% ee.[6, 7]

Unfortunately, in additions to other cyclic enones enantiose-
lectivity was found to decrease significantly (�70% ee) with
either catalyst.[6, 7] Since modification or removal of the
hydroxy group of catalysts 1 and 2 led to drastically reduced
catalyst efficiency, the enantioselective catalysis of 1 and 2was
attributed to a bifunctional mechanism involving the simulta-
neous activation of the cyclic enone and the thiol by the
hydroxy and the amino groups, respectively.[6, 7] However, we
recently observed that commercially available ethers of
mono- and biscinchona alkaloids are more effective than
natural cinchona alkaloids as chiral Lewis base catalysts for
asymmetric nucleophile ± electrophile reactions.[12] These ob-
servations prompted us to explore the possibility of using a
modified cinchona alkaloid to catalyze highly enantioselective
1,4-additions of thiols to cyclic enones.

We first examined natural and modified cinchona alkaloids
for their ability to promote enantioselective conjugate
addition of thiophenol to cyclohexenone [Eq. (1)]. As illus-
trated in Table 1, modified cinchona alkaloids bearing no
hydroxy groups are comparable to cinchonidine (1) in their
catalytic activity. Especially notable is that the bis(dihydro-
quinidinyl)pyrimidine derivative (DHQD)2PYR (3) was
shown to be more effective than cinchonidine (1). Lacking a
hydrogen donor, (DHQD)2PYR (3) is unable to promote the
enantioselective conjugate addition by means of a bifunc-
tional catalysis mechanism similar to that proposed for 1 and
2.[6, 7] Furthermore, reactions promoted by 3, which was
derived from quinidine, gave in excess the R isomer of the
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