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ABSTRACT

Complementary reduction conditions have been identified that provide ready access to each respective diastereomer of bi- and tricyclic,
trisustituted γ-lactones starting from the corresponding cyclic γ-keto acids. Subjection of cyclic γ-keto acids to silane reagents in the presence
of trifluoroacetic acid provides all syn -γ-lactones, while reduction with trialkylborohydrides furnishes the syn ,anti -γ-lactones. The conditions
are mild and provide the product lactones in good yields and modest to excellent selectivity.

New methods for the synthesis of the lactone moiety continue
to be an area of intense investigation due to its synthetic
utility and its prevalence in biologically significant natural
products.1 In particular,γ-butyrolactones represent an equiva-
lent to 4-hydroxycarbonyl compounds, also known as ho-
moaldol products.2 Among the multitude of approaches
devised for the synthesis ofγ-lactones,3,4 the synthesis of
trisubstituted derivatives still represents a formidable chal-
lenge.5 We have recently developed complementary ap-
proaches toγ-keto acid derivatives6 using alkylative anhy-
dride desymmetrization as well as asymmetric Stetter
reactions.7 Herein, we report the complementary diastereo-

selective reduction ofγ-keto acids bearing a cyclic backbone
providing ready access to trisubstitutedγ-lactones.

Substrate-directed reactions represent a powerful method
for the introduction of new stereochemical elements into
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molecules containing preexisting stereocenters.8 Although
reductions ofâ-hydroxyacids are well developed, relatively
few examples applying this concept to the reduction ofγ-keto
acids have appeared.9 Several reports have detailed the
diastereoselective reduction of cyclic10 and acyclic11 1,4-keto
acid derivatives providing the product lactones in good yield
and selectivity. We envisioned that treatment of the 4-oxo-
carboxylic acids with a particular reducing agent ([H-]A)
would potentially provide thesyn-lactoneA, while treatment
of the starting material with a separate hydride source ([H-]B)
may supply the pairedanti-lactoneB (Scheme 1).

Our initial efforts to discover a set of conditions that
provide access to each diastereomer focused on reducing
agents known to participate in substrate-directed reduction
manifolds (Table 1). Alkyl aluminum hydrides have been
shown to reduce acyclic 1,4-keto acids with high levels of
stereocontrol.11 Reduction ofcis-cyclohexyl keto acid1 with
DIBAL-H at low temperature followed by cyclization
afforded the desired lactone in modest yield and selectivity
favoring syn-lactone3 (entry 1).12 Silanes have seen ap-
plication as hydride sources usually under acidic conditions
and have been shown to be effective for the reduction of
R-hydroxyketones.13 In the event, treatment of keto acid1

with Et3SiH under acidic conditions provided an isomeric
mixture of the desired lactones in modest yield but improved
selectivity favoring3 in an 80:20 ratio (entry 2). Increasing
the steric demand of the silane source in the form of PhMe2-
SiH leads to a dramatic increase in both reaction efficiency
and selectivity, supplying3 in a 93:7 ratio (entry 3).14

With efficient entry to the syn diastereomer, we turned
our attention to the search for conditions that would favor
the corresponding anti isomer. Lithium trialkylborohydrides
had been shown to provide theanti-lactones in similar
systems.10 Subjection of keto acid1 to 2.4 equiv of Super-
Hydride (Et3BHLi) in THF provided the desired products
after cyclization in 83% yield and an 85:15 ratio favoring
anti-lactone2 (entry 4). Increasing the steric bulk of the
reducing agent resulted in reduced selectivity (entry 5).

Having identified two discrete reducing agents that provide
complementary diastereomers of the productγ-butyrolac-
tones in synthetically useful selectivities, we sought to
examine the effects of backbone architecture (Table 2).
Unsaturation present in the cyclohexyl ring has little effect
on the selectivity or efficiency of the reaction. Super-Hydride
reduction of cyclohexenyl keto acid4 provides the corre-
sponding anti product in a 79:21 ratio, while silane reduction
favors the syn product as a 90:10 mixture (entry 1).
Tetrasubstituted olefin-containing keto acid5 and benzofused
oxoacid6 undergo smooth reduction under both conditions,
supplying each respective isomeric lactone in slightly
elevated selectivity (entries 2 and 3). Keto acids bearing
bicyclic [2.2.1] and [2.2.2] backbones also efficiently
participate in the reaction manifold. Upon reduction with the
silane system, saturated and unsaturated bicyclic keto acids
7-10 afford the expectedsyn-lactones in uniformly high
yield and selectivity. When keto acids7-10 are subjected
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Table 1. Reducing Agent Screen

entry conditions yield (%) 2:3a

1 DIBAL-H 64 25:75
THF, -78 °C

2 Et3SiH 54 20:80
TFA/CH2Cl2 (1:3), 0 °C

3 PhMe2SiH 90 7:93
TFA/CH2Cl2 (1:3), 0 °C

4 Et3BHLi 83 85:15
THF, -78-23 °C

5 s-Bu3BHLi 65 75:25
THF, -78-23 °C

a Diastereomeric ratios determined by1H NMR.

Scheme 1
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to lithium trialkylborohydride reduction, the product lactones
are isolated in good yields but the selectivity is eroded with
the exception of substrate7 (entries 4-7). Finally, submis-
sion of the acyclicδ-keto acid11 to silane reduction fails to
yield any reduced product, while Super-Hydride affords the
productδ-lactone in good yield slightly favoring the forma-
tion of the syn diastereomer (entry 8).

Next, we focused our attention on the effect the ketone
substituent may have on the course of the reaction (Table
3). Methyl keto acid12 provides the correspondinganti-
lactone when subjected to Super-Hydride in modest yield
and selectivity. Silane reduction of12 efficiently provides

the complementarysyn-lactone in>95:5 selectivity (entry
1). The branchediso-propyl oxo acid13 effciently affords
each respective lactone in excellent yield and high diaste-
reoselectivity (entry 3). Aromatic ketones also participate
in the reaction. Phenyl keto acid14 undergoes a highly
selective reduction under Super-Hydride conditions, supply-
ing theanti-lactone in superb yield.10c Unfortunately, when
keto acid14 is reduced with the PhMe2SiH/TFA system,
the product lactone is produced as a 1:1 mixture of
diastereomers. We attribute the low selectivity to an epimer-
ization event of the benzylic stereocenter under the acidic
reaction conditions that presumably proceeds via an SN1-
type ionization pathway.15

To this point, all of the reductions had been performed
on keto acid derivatives. Although we reasoned that the
carboxylic acid was acting as a directing or activating group
in light of the low selectivity and reactivity of acyclic keto
acids (vide infra), we could not rule out simple conforma-
tional effects being responsible for the observed results. To
delineate between these two possibilities, keto ester15 was
subjected to each of the respective reaction conditions (eq
1). Super-Hydride reduction of methyl ester15 provided an
85% yield of a 75:25 mixture of isomeric lactones favoring
syn-lactone3. Subjection of keto ester15 to standard reaction
conditions provides an 89:11 mixture of lactones favoring
syn3, but in dramatically reduced yield.

The acid functionality plays a fundamental role in the
silane reduction process as that of an activator at least.

Table 2. Substrate Scope

a Reaction conducted in the presence of 2.4 equiv of Et3BHLi in THF
from -78 °C to ambient temperature for 4 h.b Reaction conducted in the
presence of 1.2 equiv of PhMe2SiH in 3:1 CH2Cl2/TFA from 0°C to ambient
temperature for 14 h.c Isolated yield.d Diastereomeric ratios determined
by 1H NMR.

Table 3. Effect of Ketone Substituents

substrate yield (%)b anti:sync

Et3BHLia Me (12) 75 86:14
Et (1) 83 85:15

iPr (13) 85 95:5d

Ph (14) 83 >95:5
PhMe2SiH/TFAa Me (12) 82 5:>95

Et (1) 90 7:93
iPr (13) 78 8:92d

Ph (14) 91 50:50

a See Table 2.b Isolated yield.c Diastereomeric ratios determined by
NMR. d Diastereomeric ratio determined by GC.
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We have performed some initial calculations16 that suggest
that the acid functionality participates in a hydrogen bond
to the ketone in the minimized structure. We suggest that
activation of this ketone by TFA protonation proceeds via
this conformer allowing hydride to attack from the sterically
more accessible front face (A in Figure 1). Correspondingly,

the formation of the lithium carboxylate under the reaction
conditions plays a crucial role in the stereochemical course
of hydride delivery when using LiBHEt3, as evidenced by
the turnover in selectivity observed with ester substrates. A

calculation suggests that structure B in Figure 1 is the lowest
energy conformer, which, upon addition of hydride to the
sterically more accessible distal face relative to the carboxy-
late, would afford the observed major diastereomer. How-
ever, we caution that this conclusion should be considered
tenuous at best since the minimized structure is only about
0.7 kcal/mol more stable than a structure involving rotation
about the cyclohexyl/ketone carbonyl bond, which exposes
the other diastereoface to attack. This small difference in
energy may be responsible for the modest selectivities we
observe in many of these reactions.

In conclusion, we have identified a set of complementary
reducing conditions to afford either diastereomer of trisub-
stituted lactone starting from theγ-keto acids bearing cyclic
backbones. We observe increased selectivity with increasing
steric bulk on the ketone. We further note that the carboxylic
acid functionality is a key element of this reaction, controlling
facial selectivity in Et3BHLi reductions and affecting reactiv-
ity in silane reductions.
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