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Abstract: A synthesis of optically active a-methylene-d-valerolac-
tones 7 and 13 with 97% ee was achieved by employing a highly
stereoselective Michael reaction between chiral imines 2, 9 and the
acrylate 3. Reduction of the carbonyl group of the resulting adducts
4 and 10 with KBH4 followed by lactonization and HWE reaction
with formaldehyde yielded the lactones 7 and 13 as mixtures of
diastereoisomers. Diastereoselectivity in the reduction of chiral 5-
oxoalkanoic acids 4 and 10 was improved by combination of metal
salt and hydride reducing agent.

Key words: asymmetric synthesis, Michael reaction, 5-oxoalkano-
ic acids, a-methylene-d-valerolactones

Over the years a number of biologically active natural
products containing a-methylene-d-valerolactone unit
such as vernolepin,1 vernomenin,1 pentalenolactone E,2

teucriumlactone,3 artemisitene,4 crassin,5 and crassin
acetate5 have been isolated and characterized. On the oth-
er hand, the application of enantiomerically pure a-meth-
ylene-d-valerolactones as chiral building blocks have
been restricted by the limited availability of their synthe-
ses. Some use has been made of the methylenation of a-
unsubstituted6 and a-methyl-d-valerolactones.4,7 Another
strategy reported in the literature is based on a sequential
oxidation and methylenation of sugars starting materials.8

To the best of our knowledge, asymmetric synthesis of
enantioenriched a-methylene-d-valerolactones has not
been described yet.

In 1998, we reported the synthesis of dicyclohexylammo-
nium 2-(diethoxyphosphoryl) acrylate (3) and demon-
strated that it undergoes Michael reaction with 1,3-
dicarbonyl and monocarbonyl compounds without partic-
ipation of any external catalyst.9 Since then, this type of
self-catalytic conjugate addition has been developed as an
efficient method for the synthesis of various 2-(diethoxy-
phosphoryl)alkanoic acids.10 We have recently demon-
strated that 2-(dietoxyphosphoryl)-5-oxoalkanoic acids
can be easily transformed into the corresponding a-meth-
ylene-d-valerolactones through the sequence of standard
reactions involving reduction of the carbonyl group, lac-
tonization of the resulting 5-hydroxyalkanoic acids and fi-
nally Horner�Wadsworth�Emmons (HWE) olefination of
the obtained a-phosphono-d-valerolactones with formal-

dehyde.11 Based on this methodology we now report on
the synthesis of highly enantioenriched a-methylene-d-
valerolactones.

The synthetic strategy depicted on Scheme 1 and
Scheme 2 relies on a variant of the asymmetric Michael
reaction pioneered by Pfau and d�Angelo.12 It is widely
recognized that imines derived from 2-substituted cy-
cloalkanones and enantiomerically pure 1-phenyl-ethyl-
amines undergo Michael reactions with excellent levels
of diastereoselectivity. The use of acrylates as the accep-
tors leads to highly enantioenriched 3-(2-oxocycloalkyl)
propanoates. Despite the synthetic significance of these
5-oxoesters their application for asymmetric synthesis of
d-valerolactones is relatively undeveloped.13 We reasoned
that the use of acrylate 3 as the acceptor holds consider-
able potential for enantio- and diastereoselective synthe-
sis of a-methylene-d-valerolactones.

As model substrates for our studies we selected the readily
available (aR)-imine 2 and (S)-b-enaminoester 9. These
compounds were prepared by condensation of 2-methyl-
cyclohexanone (1) with (R)-1-phenylethylamine (97% ee)
and 2-ethoxycarbonylcyclohexanone (8) with (S)-1-phe-
nylethylamine (97% ee), respectively, according to the lit-
erature procedures.12a,14 Preliminary studies were focused
on the diastereo- and enantioselective synthesis of 2-(di-
ethoxy-phosphoryl)-5-oxoalkanoic acids 4 and 10. We
found that the addition of (aR)-imine 2 to acrylate 3 pro-
ceeded effectively in benzene at room temperature and it
was completed within two days. Acidic hydrolysis of the
crude adduct afforded exclusively the acid 4 in 83% yield
as a mixture of diastereoisomers in a 1:1 ratio. The same
procedure was next employed in the addition of (S)-enam-
inoester 9 to acrylate 3. It appeared that this reaction was
also completely regioselective giving after acidic work-up
a 1:1 mixture of the diastereoisomeric acids 10 in 93%
yield. All attempts to separate particular diastereoisomers
by column chromatography were in both cases unsuccess-
ful. One can assume that diastereoisomeric products 4 and
10 are mixtures of epimers, which possess the same abso-
lute stereochemistry at the quaternary carbon stereocenter
and differ in configuration at the stereogenic center bear-
ing diethoxyphosphoryl and carboxylic acid groups. Giv-
en the acidity of the hydrogen at this center it is likely that
diastereoisomeric products 4 and 10 undergo rapid
epimerization. In this context it is worth to note that a few

D
ow

nl
oa

de
d 

by
: C

ar
le

to
n 

U
ni

ve
rs

ity
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



1996 H. Krawczyk et al. LETTER

Synlett 2004, No. 11, 1995�1999 © Thieme Stuttgart · New York

Scheme 1 Reagents and conditions: a. (R)-1-Phenylethylamine, pTSA (cat.), toluene, reflux, 12 h; b. EtOH, KOH (1 equiv), KBH4 (1 equiv),
r.t., 24 h; c. MeOH, BaCl2·2H2O (1 equiv), KBH4 (1 equiv), �70 °C, 1 h, r.t., 24 h; d. pTSA (cat.), benzene, reflux, 4 h; e. t-BuOK (1.1 equiv),
(HCHO)n (5 equiv), Et2O, r.t., 1 h.
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Scheme 2 Reagents and conditions: a. (S)-1-Phenylethylamine, pTSA (cat.), toluene, reflux, 8 h; b. EtOH, KOH (1 equiv), KBH4 (1 equiv),
r.t., 24 h; c. MeOH, CeCl3·7H2O (1 equiv), KBH4 (1 equiv), �70 °C, 1 h, r.t., 24 h; d. pTSA (cat.), benzene, reflux, 4 h; e. t-BuOK (1.1 equiv),
(HCHO)n (5 equiv), Et2O, r.t., 1 h.
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precedents of such isomerization involving different a-
phosphonoalkanoic acids derivatives are known.15

Transformation of the acids 4 and 10 into the correspond-
ing a-methylene-d-valerolactones enabled to determine
enantiomeric excesses at the quaternary stereogenic cen-
ters. The phosphonolactones 6 and 12 were obtained from
the oxoacids 4 and 10, respectively, by using the previous-
ly reported protocol.11 Reduction of the acids 4 and 10
with KBH4 followed by lactonization of the obtained hy-
droxyacids 5 and 11 provided the phosphonolactones 6
and 12, each as a mixture of diastereoisomers. At this
stage, we were not able to establish diastereoselectivity of
the reduction. Finally, the HWE reaction of phosphono-
lactones 6 and 12 with an excess of paraformaldehyde
performed in diethyl ether in the presence of potassium t-
butoxide afforded the corresponding a-methylenelactones
7a,b and 13a,b in high yields. We found that this proce-
dure gave better results in terms of yield and purity of the
products than the previously reported.11 The lactones 7a,b
and 13a,b were formed as mixtures of trans- and cis-dias-
tereoisomers in a ratio 1:1 and 2:1, respectively. These ra-
tios represent roughly the degree of diastereoselection that
one can attain in the reduction of the oxoacids 4 and 10.
Improvement of these stereoselectivities was attained as
the advantage of the reductions, which were performed in
the presence of metal salts.16 Model studies revealed that
the treatment of the oxoacid 4 with KBH4 and barium
chloride (BaCl2·2H2O, 1 equiv) followed by the sequence
of standard reactions afforded the lactone 7 as mixture of
trans- (7a) and cis-isomers (7b) in a ratio 1:3. Similarly,
the reduction of oxoacid 10 with KBH4 performed in the
presence of cerium chloride (CeCl3·7H2O, 1 equiv) led to
the formation of the lactone 13 as a mixture trans- (13a)
and cis-isomers (13b) in a ratio 95:5. The mixtures of dia-
stereoisomeric lactones 7a,b and 13a,b were separated
by column chromatography. Pure diastereoisomers 7b
and 13a were isolated as crystalline solids.17 Gas chroma-
tography analysis in chiral stationary phase showed that
the corresponding lactones 7a,b and 13a,b were formed

with ee of 97%.18 Additionally, 1H NMR shifts experi-
ments using (R)-(�)-9-(anthryl)-2,2,2-trifluoroethanol as
the chiral solvating agent19 indicated an ee of ≥95%. A
slight divergence of the found ee values is in line with ac-
curacy of the latter measurements.

The optical purity of the acid 4 was further enhanced by a
single recrystallization of its dicyclohexylammonium salt
14 from ethyl acetate20 (Scheme 3). The salt was convert-
ed by standard means into the lactones 7a and 7b with an
ee better then 99%. Assignment of the absolute configura-
tion to the acids 4, 10, and the lactones 7a,b and 13a,b was
based on X-ray crystallographic analysis. The X-ray anal-
ysis conducted on the salt 1421 (Figure 1) unequivocally
confirmed that there are two independent molecules of
epimers in the asymmetric unit of the crystal and both of
them have S absolute configuration at quaternary stereo-
genic centers. This result indicates that trans- and cis-lac-
tones 7a,b must be 4a(S),8a(R)- and 4a(S),8a(S)-isomers,
respectively. The absolute configuration of the cis-lactone
7b was confirmed by X-ray analysis.22 An attempt to de-
termine the absolute configuration of trans-lactone 13a
failed due to internal disorder of its ethoxycarbonyl
substituent23 (Figure 2). One should note that absolute
configuration induced at the quaternary stereocenter in the
adduct 4 is in agreement with the transition state model
proposed for this type Michael additions.24 According to
this model absolute configuration at the quaternary stereo-
center in the adduct 10 was assigned to be S. As a conse-
quence the absolute configuration of the trans-lactone 13a
must be 4a(S),8a(S) and therefore that of cis-13b which
differs for the configuration around C-8a is 4a(S),8a(R).

In summary, the asymmetric Michael addition of chiral
imines to the acrylate 3 opens a new, simple and efficient
entry to essentially enantiomerically pure bicyclic a-
methylene-d-valerolactones. Since the used chiral auxilia-
ry is commercially available in both optically pure forms
and a variety of a-substituted cycloalkanones can be used
it is possible to synthesize both enantiomers of a range of
a-methylene-d-valerolactones.

Figure 1 Both epimers of the salt 14 which are present in the asymmetric unit of the crystal. Dicyclohexylammonium cations have been omit-
ted for clarity. Displacement ellipsoids are drawn at the 50% probability level.
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Figure 2 The crystal structure of lactone 13a. The exocyclic O3 and
C12 atoms are disordered. Each of both atoms was refined in two par-
tially occupied positions. The picture shows sites for which the oc-
cupation factor was 0.62(1). For clarity, the less occupied positions
are not shown. Displacement ellipsoids are drawn at the 50% proba-
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