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Abstract The synthesis of 6-substituted 3-fluoro-5,6-dihydropyran-2-
ones under mild conditions is described. The key step of the synthesis
involves a Julia–Kocienski olefination.
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6-Substituted α,β-unsaturated δ-lactones are pharma-
cologically important molecules that are used as antimalar-
ial,2 anticancer,3 antitumor antibiotic,4 and antifungal
agents.5 The activity of this class of naturally occurring lac-
tones is due to the presence of the electrophilic α,β-unsatu-
rated lactone moiety [e.g. (+)-boronolide and (–)-goniothal-
amin (Figure 1)],6 but the ability to build in structural mod-
ifications is important.7 Moreover, these lactone natural
products can include complex polyketide8 or polyacetoxyl-
ated9 side chains in their structural features. This has en-
couraged the synthesis of analogues rather than synthesis
of the conventional, more complex, naturally occurring
molecules.10

Figure 1  Active site of natural α,β-unsaturated δ-lactones

Incorporation of fluorine into organic molecules en-
hances their biological properties,11 such as their metabolic
stability, basicity, and binding affinity (with less toxicity),12

through changes in the chemical, physical, and biological

properties of the molecule.13 Because it is similar in size to
hydrogen and has strong electron-withdrawing properties,
fluorine enhances the Michael-acceptor capabilities of con-
jugated double bonds of α-fluoro α,β-unsaturated carbonyl
compounds.9

Introduction of fluorine can be achieved either by a
building-block approach or by direct introduction.14 Regio-
and stereoselective fluorination is of topical interest in ar-
eas such as agrochemicals15 and pharmaceuticals.16 The
Witting reaction, Horner–Wordsworth–Emmons reaction,
the Julia reaction, and other reactions have been employed
for this purpose.17 The Julia–Kocienski olefination is a con-
venient method for the introduction of a fluorovinyl unit.18

In line with our previous reports on the syntheses of vari-
ous lactones,19 we describe here the first synthesis of 6-
substituted 3-fluoro-5,6-dihydropyran-2-one analogues by
using a Julia–Kocienski olefination as a key step under mild
conditions.

Several hetaryl sulfones have been used in the Julia–
Kocienski olefination reaction. In particular, benzothiazole
sulfones (BT-sulfones) have been widely used.20,21 There-
fore, BT-sulfone 321a was considered for our synthetic plan,
and our retrosynthetic approach to the synthesis of lactone
1 is outlined in Scheme 1. Lactone 1 might be synthesized
by the lactonization of 2, which in turn might be synthe-
sized by the condensation reaction of BT-sulfone 3 with a β-
hydroxy aldehyde 4. Aldehyde 4 should be readily accessible
by oxidative cleavage of a homoallylic alcohol 5.

In a preliminary study, homoallylic alcohol 5a, prepared
from benzaldehyde by a Reformatsky reaction, was treated
with RuCl3·NaIO4 at room temperature in the presence of
TBAI to yield aldehyde 4a (Scheme 2).22 Conversion of the
alkene into an aldehyde in presence of the unprotected al-
cohol group occurred within 60 minutes (checked by TLC),
and was confirmed by NMR spectroscopy of the condensa-
tion product. Because of the instability of β-hydroxy alde-
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hyde 4a, the crude product was used directly in a condensa-
tion reaction with BT-sulfone 3. Initially, the condensation
was tested with DBU in CH2Cl2 at room temperature, but
only trace amounts of the product were isolated (Table 1,
entry 1). Changing the base with CH2Cl2 or THF as solvent
(entries 2 and 3) only improved the yield to 23% with mod-
erate stereoselectivity (E/Z = 1:1.5 or 1:1.2, respectively)
and without any recovery of starting material. At this junc-
ture, we realized it was necessary to develop either the oxi-
dation conditions or the condensation reaction. A change in
the phase-transfer catalyst to TBAB gave a similar result, as
it slowed the oxidation process with residual starting mate-
rial being isolated. Changing the reaction temperature had
little effect on the yield or selectivity. To confirm the de-
composition of β-hydroxy aldehyde 4a under the reaction
conditions (Conditions A), we examined other reported
procedures.22 We were pleased to find that OsO4·NaIO4 in
the presence of 2,6-lutidine (Conditions B) provided an ex-
cellent oxidizing combination.23 Several solvent systems,
[1,4-dioxane–H2O, t-BuOH–H2O, and MeCN–H2O (1:1)]
were screened, but 1,4-dioxane–H2O was found to be opti-
mal. In terms of the yield and convenient separation, Cs2CO3
in CH2Cl2 at room temperature for the condensation with 3
(entry 4) was superior to Cs2CO3 in THF at room tempera-
ture (entry 3). The BT-sulfone remained unreacted when
K2CO3 was used as the base (entry 5). Although stereoselec-
tivity was low with the optimized conditions, the yield in-
creased slightly when the reaction was performed under a
nitrogen atmosphere (entry 6). The use of LDA at –20 °C led
to a complex mixture (entry 7). The presence of additives or
changes in the base showed little effect in improving the
yield or selectivity (entries 8 and 9). Lactonization of 2a in
the presence of camphor-10-sulfonic acid (CSA) gave lac-
tone 1a in 33% overall yield (Scheme 2). We also attempted
the conversion with the TBDMS-protected homoallyl alco-
hol 5a under our optimized conditions, but obtained only a
24% overall yield of the desired lactone 1a.

Scheme 2  Synthesis of ethyl (2Z)-2-fluoro-5-hydroxy-5-phenylpent-2-
enoate (IIa) and 3-fluoro-6-phenyl-5,6-dihydro-2H-pyran-2-one (1a)

To evaluate the generality of the reaction, a series of β-
hydroxy aldehydes containing either electron-rich or elec-
tron-deficient aryl rings 4a–h, were prepared and treated
with sulfone 3 under conditions B (Table 2).24,25 The ratio of
isomers was calculated by 1H NMR analysis of the crude re-
action mixture, which showed the alkene proton of the E-
isomer (m) at a lower field than the Z-isomer (dt). The
yields of the condensation products were moderate to good
for the range of β-hydroxy aldehydes 4a–h.

Scheme 1  Retrosynthetic analysis for the synthesis of 3-fluoro 6-sub-
stituted 5,6-dihydropyran-2-ones
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Table 1  Screening for the Synthesis of Dihydropyranone 2a

Entry Oxidation 
conditionsa

Base Solvent E/Zb (2a/IIa) Yieldc 
(%)

 1 A DBU CH2Cl2 – trace

 2 A Cs2CO3 CH2Cl2 1.5:1 20

 3 A Cs2CO3 THF 1.2:1 23

 4 B Cs2CO3 CH2Cl2 1.4:1 53

 5 B K2CO3 CH2Cl2 – NRd

 6 Be Cs2CO3 CH2Cl2 1.4:1 62

 7 Bf LDA THF complex mixture –

 8 Bg Cs2CO3 CH2Cl2 1.3:1 52

 9 Bg DBU CH2Cl2 1.4:1 48

10 B DBU toluene 1.1:1 –h

a Reaction conditions: A: NaIO4 (5 equiv), RuCl3 (1.0 mol%), TBAI (5.0 
mol%), 10 M EtOAc–H2O (1:5). B: NaIO4 (4 equiv), 2,6-lutidine (2.0 equiv), 
OsO4 (2.0 mol%), 10 M 1,4-dioxane–H2O (3:1).
b Ratio determined from the 1H NMR spectrum of the crude reaction mix-
ture.
c Isolated yield of the mixture of E- and Z-isomers.
d No reaction.
e Under N2.
f At –20 °C with 2.0 M LDA.
g Reaction in the presence of MgBr2.
h The product was not isolated.

Ph OHPh OH base, 
solvent

conditions

A or B

CHO
3

5a 4a

2a IIa+
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Table 2  Screening for Synthesis of Fluoro Esters 2a

The separation of the lactones 1a–h from Z-isomers IIa–h
by using CH2Cl2 as an eluent was next examined. Thus, a
mixture of an E-isomer 2a–h and a Z-isomer IIa–h collected
after the condensation was lactonized26 by treatment with
CSA, and the lactone 1a–h was collected in 24–44% overall
yield (Table 3). Characterization of the lactone was carried
out by HRMS, IR, and NMR analysis. The presence of fluo-
rine was confirmed from the 13C NMR spectra, which
showed a high coupling constant (1JCF = 257.0 Hz) for the vi-
nylic carbon attached to the fluorine atom.

Table 3  Synthesized 6-Substituted 3-Fluoro-5,6-Dihydropyran-2-ones 1

In conclusion, a new methodology has been developed
for constructing 6-substituted 3-fluoro-5,6-dihydropyran-
2-ones by using a Julia–Kocienski olefination as the key
step. Although the stereoselectivity is not high, the method
has the advantages of using mild conditions and of being
tolerant to various alcohol groups. Further studies are in
progress to extend this protocol to the construction of fluo-
rinated and non-fluorinated analogues of natural products.
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