
10.1021/ol103097s r 2011 American Chemical Society
Published on Web 02/18/2011

ORGANIC
LETTERS

2011
Vol. 13, No. 6
1302–1305

Fluoroallylboration-Olefination for the
Synthesis of (Z )-4,4-Difluoropent-2-
enoates and 5,5-Difluoro-5,6-
dihydropyran-2-ones

P. Veeraraghavan Ramachandran,* Agnieszka Tafelska-Kaczmarek,
Kaumba Sakavuyi, and Anamitra Chatterjee

Herbert C. Brown Center for Borane Research, Department of Chemistry,
Purdue University, 560 Oval Drive, West Lafayette, Indiana 47907-2084, United States

chandran@purdue.edu

Received December 21, 2010

ABSTRACT

Horner-Wadsworth-Emmons (HWE) or Still-Gennari olefination of TBS-protected 3,3-difluoro-4-hydroxy-2-ones, derived from the difluoro-
allylboration of aldehydes, provides the Z-isomer of 4,4,-difluoropent-2-enoates. These, upon hydrolysis, followed by Yamaguchi cyclization,
afford 5,5-difluoro-4-methyl-5,6-dihydro-R-pyrones in high yields.

The success of partially fluorinated analogues of natural
and unnatural molecules in medicinal chemistry gave an
impetus to synthetic fluoro-organic chemistry.1 Often
this chemistry blazes a path different from that of the
nonfluorinated counterparts, making the synthesis of
appropriately substituted fluorine-containing molecules
a fascinating and challenging exercise.2 As part of our
projects on fluoroorganic synthesis via boranes,3 we had
recently reported the preparation of 3-(benzyloxy)-2,2-
difluoro-but-3-en-1-ols (1), R,R-difluoro-β-hydroxy ke-
tones (2), and the corresponding cis- and trans-1,3-diols
via fluoroallylboration of aldehydes.4 In continuation,
we envisaged further applications of 1 for the prepara-
tion of E- and Z-4,4-difluoropent-2-enoates and 4-hy-
droxy- and 4-methyl-5,5-difluoro-5,6-dihydro-2-pyranones
(Figure 1).

Sequential allylboration-ring-closingmetathesis (RCM)
is a demonstrated strategy for the preparation ofR-pyrones,5

including 6-fluoroalkyl analogues.6 R-Pyrones are impor-
tant constituents ofnatural products thathavebeen exploited
as end products7 or intermediates8 in synthetic and med-
icinal applications. The preparation of gem-difluorinated
pyranone derivatives was envisaged as depicted in Scheme
1, via fluoroallylboration.4
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3-(Benzyloxy)-2,2-difluoro-1-phenylbut-3-en-1-ol (1a),
obtained via the allylboration of benzaldehyde with diiso-
propyl 2-(benzyloxy)-3,3-difluoroallylboronate,4 was con-
verted to the corresponding acrylic ester. Attempted ring-
closure of this ester via metathesis, under a variety of
conditions using Grubb’s first and second generation
catalyst, was to no avail. A similar difficulty was reported
by Qing9 and Percy10 and their co-workers during the
preparation of 5,5-difluoro-5,6-dihydropyran-2-ones (R-
pyrones), although Qing succeeded in achieving the RCM
in the presence of Ti(O-i-Pr)4.

11

An alternative route to fluorinated R-pyrones was de-
signed via an olefination-cyclization protocol (Scheme 2).12

Wittig reactions13 of fluorocarbonyls are reported to be
faster14,15and therehavebeenreportsof reversalof selectivity
in the olefination of R-fluorinated alkyl aryl ketones
compared to the nonfluorinated ketones.16 We examined

the Wittig, Still-Gennari, and Horner-Wadsworth-
Emmons (HWE) olefinations of 4-(tert-butyldimethyl-
silyloxy)-3,3-difluoro-4-phenylbutan-2-one (3a) derived
from 1a. The difficulties and anomalies due to the presence
of the difluoromethylene group and the successful pre-
paration of a series of 6-substituted 5,5-difluoro-4-methyl-
5,6-dihydropyran-2-ones are described herein.
The Wittig reaction of R,R-difluoro-β-hydroxy ketone

2a, prepared by the debenzylation of the β-hydroxy enol
benzyl ether 1a with sodium in liquid ammonia4 and
(carbethoxymethylene)triphenylphosphorane in refluxing
toluene, yielded 29% of the olefinic ester (5a0) in a 10:1
isomeric ratio in favor of the Z-isomer (vide infra). This is
contrary to the formation of the E-isomer for the Wittig
reaction of R-difluorocarbonyls reported by Kakinuma
and co-workers,16,17 whereas Tanaka and co-workers re-
ported a 1:1 mixture of E- and Z-olefinic esters for the
Wittig, Still-Gennari, and HWE reaction of R-difluoro
cyclic ketones.15 With the hope that the TBS-protected
ketone might provide improved yields for the reaction, 2a
was converted to the corresponding silyl ether 3a, followed
by theWittig reaction in refluxing toluene. A single isomer
of the olefin (19F NMR) was isolated in 35% yield,18

identified as the Z-isomer (vide infra) of ethyl 5-(tert-
butyldimethylsilyloxy)-4,4-difluoro-3-methyl-5-phenyl-
pent-2-enoate (4a0).
To establish the stereochemistry of the above olefin and

to prepare the corresponding R-pyrones, Z-stereospecific
Still-Gennari olefination of 3a was examined.19 Thus, 3a
was treatedwithbis(2,2,2-trifluoroethyl)(methoxycarbonyl-
methyl)phosphonate and potassium bis(trimethylsilyl)-
amide in the presence of 18-crown-6 in THF at -40 �C.
The reactionwas completewithin 18h (TLC) and the usual
workup provided a much improved, 86% yield of the
desired protected δ-hydroxy olefinic ester 4a (Scheme 3).
The 19F NMR spectrum revealed the clean formation of a
single stereoisomer. The Z-stereochemistry, similar to the
results that have been reported for R-difluoro ketones,16

was confirmed by the cyclization of this product to the
R-pyrone 6a (vide infra).
Having achieved the targetedTBS-protectedolefinic ester,

we turned our attention to the deprotection-cyclization to

Scheme 2. Retrosynthetic Analysis for the Preparation of Di-
fluoro-R-pyrones via Olefination-Cyclization

Figure 1. Fluoro-organic targets via difluoroallylboration.

Scheme 1. Retrosynthetic Analysis for the Preparation of Di-
fluoro-R-pyrones via Ring-Closing Metathesis
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prepare the difluorinated pyrone. The standard deprotec-
tion of the TBS ether with TBAF resulted in poor yields of
the hydroxy ester 5a.Hydrolysiswith a catalytic amount of
p-TSA and cyclization20 in refluxing toluene did not go to
completion even after 2 days.
Deprotection of the TBS ether was then examined with

HF-pyridine in THF, which yielded the δ-hydroxy ester
5a in 80% yield (Scheme 4). Sodium hydroxide-mediated
hydrolysis provided the crude δ-hydroxy acid, in quanti-
tative yield, which was subjected to cyclization under
Yamaguchi conditions21 to achieve the targeted R-pyrone
6a in 69% yield.
The successful synthesis of the difluoro-R-pyrone from

1awas thenextended toa seriesof3-(benzyloxy)-2,2-difluoro-
but-3-en-1-ols (1b-g), after conversion to the correspond-
ing R,R-difluoro β-hydroxy ketones (2b-g). Thus, the

hydroxy ketones derived from benzaldehydes possessing
electron-donating groups22 at ortho-, para-, and meta-
positions and aliphatic aldehydes, such as hydrocinnamal-
dehyde and cyclohexanecarboxaldehyde were olefinated
to demonstrate the generality of the process for difluori-
nated R-pyrones.
The following benzyloxy alcohols 1 derived from the

corresponding aldehydes [shown in brackets] were con-
verted to the corresponding 5,5-difluoro-5,6-dihydropy-
ran-2-ones in 20-39% overall yields in six steps: 3-
(benzyloxy)-2,2-difluoro-1-(4-methoxyphenyl)-but-3-
en-1-ol (1b) [4-methoxybenzaldehyde], 3-(benzyloxy)-2,
2-difluoro-1-p-tolylbut-3-en-1-ol (1c) [p-tolualdehyde],
and [3-(benzyloxy)-2,2-difluoro-1-(3-methoxyphenyl)-but-
3-en-1-ol (1d) [3-methoxybenzaldehyde], as well as
3-(benzyloxy)-1-(2,6-dimethylphenyl)-2,2-difluorobut-3-
en-1-ol (1e) [2,6-dimethylbenzaldehyde], 5-(benzyloxy)-4,

Scheme 3. Preparation of Z-4,4-Difluoropent-2-enoate

Scheme 4. Preparation of δ,δ-Difluoro-R-pyrone
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phenylbutan-2-one (3a): 2,6-Lutidine (0.55mL, 4.65mmol) was added to
a solution of 3,3-difluoro-4-hydroxy-4-phenylbutan-2-one (2a) (0.31 g,
1.55 mmol) in CH2Cl2 (6 mL) at 0 �C, followed by dropwise addition of
TBDMSOTf (0.72 mL, 3.10 mmol), and the mixture was stirred at 0 �C
for 3 h, and at RT for 3 h. The reactionmixture was diluted with CH2Cl2
and washed with saturated aqueous NH4Cl (8 mL). The organic layer
was washed with brine, dried (anhyd. MgSO4), filtered, and concen-
trated. The residuewas purified by flash silica chromatography (hexane/
EtOAc = 95/5) to yield 3a as a colorless liquid (0.45 g, 94%). (b)
Preparation of Z-methyl 5-(tert-butyldimethylsilyloxy)-4,4-difluoro-
3-methyl-5-phenylpent-2-enoate (4a): To a solution of 18-crown-6
(0.85 g, 3.18 mmol) in THF (11 mL), at -78 �C, was added bis(2,2,2-
trifluoroethyl)(methoxycarbonylmethyl)phosphonate (0.36 mL,
1.59 mmol) and a solution of KN(TMS)2 (0.5 M in toluene, 4.12 mL,
2.06 mmol). The homogeneous mixture was stirred at that temperature
for 15 min, followed by the addition of a solution of 3a (0.50 g,
1.59 mmol) in THF (3 mL) and further stirring for 30 min and at
-40 �C for 18 h. The reaction was allowed to warm to RT and quenched
with sat. aqueous NH4Cl (10 mL). The organics were extracted with
Et2O (3 � 20 mL) and the combined Et2O layers were washed with sat.
aq. NaHCO3 solution, dried (anhyd. MgSO4), filtered, and concen-
trated. The residuewas purified by flash silica chromatography (hexane/
EtOAc = 95/5) to provide 4a as a colorless oil (0.51 g, 86%). (c)
Preparation of Z-methyl 4,4-difluoro-5-hydroxy-3-methyl-5-phenylpent-
2-enoate (5a): HF-pyridine complex (70%, 3.7 mL) was added to a
solution of 4a (0.14 g, 0.39 mmol) in THF (10 mL) at 0 �C, and the
solution was stirred at RT for 18 h. The reaction was cautiously
quenched with sat. aq. NaHCO3 solution (9 mL) and extracted with
EtOAc (3� 10mL). The combined extracts were washed with water and
brine, dried (anhyd. MgSO4), filtered, and concentrated. The residue
was purified by flash silica chromatography (hexane/Et2O = 1/1) to
provide 5a as a colorless oil (0.08 g, 80%). (d) Preparation of 5,5-difluoro-
4-methyl-6-phenyl-5,6-dihydro-2H-pyran-2-one (6a): A mixture of 5a
(58 mg, 0.23 mmol) and 2 M NaOH solution (0.34 mL) in THF
(1.9 mL) was stirred for 2 h at RT and the mixture was concentrated
to provide a light yellow solid. This was acidified with aq. 2 MHCl and
extracted with Et2O (3 � 5 mL). The organic layer was washed with
brine, dried (anhyd. MgSO4), filtered, and concentrated to obtain the
crude β-hydroxy acid as a light yellow oil (90 mg). 2,4,6-Trichloroben-
zoyl chloride (0.07 mL, 0.41 mmol) was added to a mixture of the above
β-hydroxy acid (90 mg, 0.37 mmol) and triethylamine (0.07 mL,
0.48 mmol) in THF (3.5 mL) and the mixture was stirred for 2 h at
RT. After removal of triethylamine hydrochloride, the filtrate was
diluted with toluene (25 mL) and added to a refluxing solution of
4-dimethylaminopyridine (0.18 g, 1.48 mmol) in toluene (35 mL) over
a period 1.5 h. The reactionmixture was refluxed for 15 h, cooled to RT,
then dilutedwithEt2O, washedwith 3%aq.HCl (2� 15mL), water, sat.
aq. NaHCO3 solution, and water, dried (anhyd. MgSO4), filtered and
concentrated. The residue was purified by flash silica chromatography
(hexane/Et2O = 1/1) to provide δ-lactone 6a as a white solid (35 mg,
69%), mp 112-113 �C.



Org. Lett., Vol. 13, No. 6, 2011 1305

4-difluoro-1-phenylhex-5-en-3-ol (1f) [hydrocinnamal-
dehyde], and 3-(benzyloxy)-1-cyclohexyl-2,2-difluorobut-
3-en-1-ol (1g) [cyclohexanecarboxaldehyde]. The results
are summarized in Table 1.
To expand the scope of the fluoroallylboration reaction,

theE-specificHorner-Wadsworth-Emmons (HWE) reac-
tion of 3awas carried out with triethyl phosphonoacetate.23

To our surprise, the reaction product 4a0, a single stereo-
isomer of the olefinic ester, was similar to 4a by 19FNMR,
revealing the formation of theZ-isomer (Scheme 5). Depro-
tection, hydrolysis, and cyclization afforded 6a in 40%
overall yield (three steps), confirming our observation,
which was further corroborated in the case of 3f as well.

This is contrary to the E-isomer reported for the HWE
reaction of 3-(tert-butyldimethylsilyloxy)-2,2-difluoro-4-
phenylbutanal byOtaka and co-workers.24Kakinumaalso
had reported opposite stereoisomers for Still-Gennari and
HWE reactions of R-difluoroalkyl aryl ketones.16 We are
further investigating this anomaly.
In summary, we have described the conversion of R,

R-difluoro-β-hydroxybutan-2-ones, prepared via difluoro-
allylboration of aldehydes, to Z-4,4-difluoropent-2-enoates
employing either Still-Gennari or Horner-Wadsworth-
Emmons olefinations in high (74-95%) yields. The
fluorinated Z-pentenoates were hydrolyzed to provide
the corresponding δ-hydroxy acids and cyclized to 5,
5-difluoro-2-pyranones under Yamaguchi’s lactoniza-
tion conditions.25 Explorations are underway to pre-
pare the E-isomer of 4.
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Table 1. Preparation of (Z)-4,4,-Difluoropent-2-enoates and 5,5-Difluoro-5,6-dihydropyran-2-ones

a Isolated yield after column chromatography.

Scheme 5. HWE Reaction of R-Difluoroketone


