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ABSTRACT

An efficient catalytic asymmetric synthesis of chiral γ-butenolides was developed based on the hetero-allylic asymmetric alkylation (h-AAA)
in combination with ring closing metathesis (RCM). The synthetic potential of the h-AAA-RCM protocol was illustrated with the facile synthesis
of (-)-whiskey lactone, (-)-cognac lactone, (-)-nephrosteranic acid, and (-)-roccellaric acid.

The γ-butyrolactone skeleton is present in more than
13000 natural products (Figure 1).1 Due to the interesting
biological activities such as antibiotic and antitumor prop-
erties, different asymmetric synthesis approaches to access
γ-butyrolactones have been intensively investigatedduring
the past decades.2

Br€uckner3 et al. describeda route toward the synthesis of
optically activebutenolides through theSharpless dihydroxy-
lation4 of β,γ-unsaturated carboxylic esters.

Subsequently, iminium organocatalysis with siloxy fur-
anones developed by theMacMillan group became one of
the most powerful methods to obtain enantiomerically
enriched γ-butyrolactones.5 Most recently, Trost and co-
workers reported the first direct use of 2(5H)-furanone as a
nucleophile in asymmetric Michael reactions employing a
dinuclear zinc catalyst.6

Our group has been involved in asymmetric synthesis of
butenolides over the past 20 years.7 A simple and inexpen-
sive protocol to butenolides was developed based on the
D-menthol derivatives of 5-hydroxy-2(5H) furanone.7a

Furthermore, an atom economic route was developed by
using enantioselective acylation of 5-hydroxy-2(5H) fur-
anone through lipase-catalyzed dynamic kinetic resolution
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(DKR), which offered the complete conversion of racemic
furanone into the single enantiomer of γ-butyrolactone.7b

Although a number of powerful methods have been de-
scribed,2 there is still a major incentive to develop efficient
catalytic asymmetric protocols toward butenolides. Recently
we reported an efficient catalyst system to accomplish
highly enantioselective Cu-catalyzed allylic alkylations
with Grignard reagents.8a Novel prospects were offered
by discovering that the transformation can also be per-
formed with allylic esters through hetero-allylic asym-
metric alkylation (h-AAA) with excellent enantiomeric
control (Scheme 1).8b,9 As shown in Scheme 2, the reaction
with cinnamyl ester 1 gives rise to compound 2 bearing two
olefinic moieties. The olefinic substrates will directly lead
to γ-butenolides by ring closing metathesis (RCM).10,11

Such a route could be a valuable alternative to current
methods.1a

Whiskey and cognac lactones12 are well-known perfume
compounds with a distinct aroma, bearing the γ-butyro-
lactone ring as the main structure. (-)-Nephrosteranic
acid and (-)-roccellaric acid13 are also naturally occurring
γ-butyrolactones, containing a carboxylic acid group in
the three position as their characteristic functionality.
Despite extensive synthetic efforts toward their total synthe-
sis using either chiral pool13a or chiral auxiliaries,13e there
are limited reports on efficient catalytic enantioselective
routes of these natural products.12,13

Here we present a catalytic enantioselective synthesis
of γ-butenolides via an h-AAA/RCM strategy. To further
demonstrate the utility of this protocol, we report the
concise total synthesis of (-)-whiskey lactone, (-)-cognac
lactone, (-)-nephrosteranic acid, and (-)-roccellaric acid.
As shown in the retrosynthetic route (Scheme 3), starting

from the inexpensive commercially available cinnamic acid
and acrolein,14 the allylic ester is readily obtained. The key
intermediate γ-butenolides could be prepared through the
h-AAA-RCM protocol.15 Thus the desired natural prod-
ucts (-)-nephrosteranic acid and (-)-roccellaric acid
would be possible to obtain after the conjugate addition

Scheme 1. Cu-Catalyzed Hetero-Allylic Asymmetric
Alkylation8b

Scheme 2. Chiral γ-Butenolides via h-AAA Followed by RCM

Figure 1. Natural products with γ-butyrolactone rings.

Scheme 3. Retrosynthesis of (-)-Whiskey Lactone, (-)-Cognac
Lactone, (-)-Nephrosteranic Acid, and (-)-Roccellaric Acid
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and subsequent enolate trapping to the corresponding
γ-butenolides, followed by hydrolysis. The stereochemis-
try is anticipated to occur in a double anti fashion due to
the directing influence of the alkyl substituent at γ-position.
Analogously, the appropriate γ-butenolides could be con-
verted to (-)-whiskey lactone and (-)-cognac lactone by
straightforward 1,4-addition.
Our initial approach focused on the copper-catalyzed

h-AAA reaction of cinnamyl substrate 1 with the corre-
sponding Grignard reagents. Under the optimized con-
ditions,8b using 3mol%CuBr 3SMe2 and 3.6 mol% (R,R)-
(þ)-Taniaphos, the desired products 2a and 2b were
obtained in high yields with excellent regio- (>99:1) and
enantioselectivities (97-98% ee) (Table 1, entries 1, 2). In
accordance with our previous findings8b no competing
conjugate addition to the cinnamyl moiety was observed.
To avoid the precipitation of theGrignard reagents, the tem-
perature was increased to-55 �CwhenGrignard reagents
with long alkyl chains were introduced (entries 3, 4).
As presented in Table 1, the regio- and enantioselectiv-

ities during formation of 2c and 2d were not affected by
increasing the temperature. In addition, good yields were
still obtained when the Grignard reagents bearing long
alkyl chains (3 equiv) were added (entries 3, 4).

With the isolated products 2 in hand, we turned our
attention to the studyof the ring closingmetathesis (RCM)
for diolefinic esters.11When a solution of 2a (4.6 mM) was
refluxed in CH2Cl2 with Hoveyda-Grubbs II catalyst
(6 mol %), the desired furanone 3a was obtained in 74%
yield.However, amore concentrated solution of 2a (0.2M)
allowed use of a lower catalyst loading (3 mol %), and
provided compound 3a in 83% yield with excellent enantio-
meric excess (97% ee). Noteworthy, the reaction time was
significantly reduced from7d to 24h (entry 1). The samepro-
cedure was followed for substrates 2b-2d (entries 2-4).
It should be pointed out that good isolated yields (up to

84%) and excellent ee (up to 98%) were found in all cases
under the optimized conditions. The yield of theRCMstep
was still good despite the reaction time being extended for
2c and 2d with a longer alkyl substituent at the γ-position
(entries 3, 4).
As shown in Scheme 4, chiral γ-butenolides 3a and 3b

were used for the synthesis of (-)-whiskey and (-)-cognac
lactone. The conjugate addtion of dimethylcopper lithium
(in situ formed from methyllithium and copper iodide in
ether at -20 �C)12b to butenolide 3a provided 4a in 93%
yield with complete diastereoselectivity. The homologous
lactone 4bwas prepared with 96% yield by performing the
same reaction sequence. Their spectroscopic data and
optical rotation were in agreement with those previously
reported.12

Next we turned our attention to the synthesis of (-)-
nephrosteranic acid and (-)-roccellaric acid (Scheme 5).13

We treated 3c with lithiated tris(methylthio)methane at
-78 �C,12b followed by quenching the resulting enolate
withmethyl iodide (10 equiv) in the presence of HMPA.16a

The trisubstituted product 5c was obtained in 46% yield,
and the intermediate lactone 4cwas recovered in 42% yield.
Unfortunately the use of DMPU16b instead of HMPA

did not improve the double alkylation and a mixture of 4c
and trisubstitutedγ-butyrolactone 5cwas obtained aswell.

Scheme 4. Synthesis of (-)-Whiskey and (-)-Cognac Lactones

Scheme 5. Synthesis of (-)-Nephrosteranic Acid and
(-)-Roccellaric Acid

Table 1. h-AAA/RCM of Cinnamyl Substratea

entry R 2 γ/Rc

yieldd

(%) 3

time

(h)

yieldd

(%)

eef, g

(%)

1 C4H9 2a >99:1 91 3a 24 83

(74)e
97

2 C5H11 2b >99:1 89 3b 24 82 98

3b C11H23 2c >99:1 84 3c 40 84 98

4b C13H27 2d >99:1 78 3d 40 82 97

aGeneral conditions for h-AAA: 3mol%of CuBr 3SMe2, 3.6 mol%
of (R,R)-(þ)-Taniaphos, 2 equiv of RMgBr in CH2Cl2 at -75 �C.
b 3 equiv of RMgBr were employed at -55 �C. cRegioselectivity was
determined by 1H NMR spectroscopy. d Isolated yield. eReaction was
performed with a solution 4.6 mM of 2a. fEe was determined after
converting compounds 2 to γ-butenolides 3.

gDetermined by chiral
HPLC analysis.

(16) (a) HMPA = Hexamethylphosphoramide. (b) DMPU = 1,3-
Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone.
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Taking this into account, we considered the possibility
of completing the formation of 5c in two steps. After the
addition of lithiated tris(methylthio)methane to 3c was
completed, the reaction was quenchedwith sat. aq. NH4Cl
solution. Then the crude product was treated with Na-
HMDS17 and excess MeI at -78 �C. To our delight, the
desired all trans product was obtainedwith 86%yield over
two steps in a fully diastereoselective manner.
Efficient hydrolysis of 5c afforded the final product (-)-

nephrosteranic acid 6c with excellent yield (97%). Analo-
gously, γ-butenolide 3d was converted to (-)-roccellaric
acid 6d in an overall yield of 79%. The trans configuration
of the substituents at the γ-butyrolactones 6c and 6d was
determined by comparison of the 1H NMR spectroscopy
data and optical rotation with those in literature.13c,d

In summary, we have developed a novel enantioselective
method toward the synthesis of chiral γ-butenolides based

on h-AAA in combination with an RCM strategy. The
synthetic potential of this protocol is illustrated with the
facile synthesis of (-)-whiskey and (-)-cognac lactone.
Moreover, the biologically active γ-butyrolactones, (-)-
nephrosteranic acid and (-)-roccellaric acid, were prepared
efficiently with this catalytic enantioselective synthetic route.
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