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The need for dependable methods to introduce fluorine
atoms into organic molecules has grown tremendously
as the medicinal chemistry community searches for
unique biological activity through substitution of hydro-
gen atoms with fluorine.! For example, 2-deoxy-2,2-
difluorocytidine (gemcitabine, 1), a novel anticancer agent
which possesses a geminal difluoromethylene group, has
been synthesized through construction of an «,a-difluoro-
B-hydroxy ester, which provides the carbohydrate portion
of the nucleoside.? The geminal difluoromethylene moi-
ety may be obtained via several methods, which include
Reformatsky reaction of halodifluoroacetate esters,® gem-
difluoroallylation,* difluorovinyl anion additions,® in-
tramolecular trapping of gem-difluoroalkyl radicals,®
difluoroketene silyl acetal condensations,” and direct
fluorination.® In the original synthesis of gemcitabine
achieved by Hertel and co-workers, a Reformatsky reac-
tion utilizing ethyl bromodifluoroacetate and 2,3-O-
isopropylidene-p-glyceraldehyde provided the desired
difluororibonic ester as a mixture of diastereomers.?
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We set out to develop a general synthesis of o,o-
difluoro-g-hydroxy esters which does not rely upon
expensive halodifluoroacetate esters as the fluorine
source and which avoids formation of a stoichiometric
amount of zinc waste. An aldol condensation utilizing
the lithium enolate of ethyl difluoroacetate would meet
these criteria, and indeed Easdon has investigated the
synthesis of this enolate (eq 1).° Unfortunately, this
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species is not stable and results in formation of a 3-keto
ester via a self-condensation reaction. In an attempt to
form the difluoroketene silyl acetal from the enolate in
the presence of chlorotrimethylsilane, carbon silylation
was observed along with defluorination of the ester.
Given the known differences in electronic structure,
acidity, and reactivity of thiolesters versus esters,° we
decided to investigate the enolization of S-tert-butyl
difluoroethanethioate (2) and its subsequent reaction
with electrophiles. We also explored the formation and
reactivity of difluoroketene O,S-acetals.
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As a means to test the stability and reactivity of the
lithium enolate of 2, its reaction with benzaldehyde was
investigated. Accordingly, the desired a,o-difluoro-3-
hydroxy ester 3 was obtained in 70% isolated yield by
the addition of LDA (1.1 equiv) to a solution of 2 (0.1 M
in toluene) at —78 °C followed by addition of benzalde-
hyde (1.1 equiv) and warming to 25 °C (eq 2). The major
byproducts, as determined by *°F NMR spectroscopy of
the reaction mixture, were unreacted 2 (5%) and the self-
condensation product HF,CC(O)CF,C(O)S-t-Bu (10%).
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In order to explore the scope of this reaction, several
other electrophiles were screened to afford condensation
products 3—12 in moderate to good yield (Table 1).
Anisaldehyde, hexanal, isobutyraldehyde, and pivalal-
dehyde gave rise to the expected secondary alcohols 4—7,
while acetophenone vyielded tertiary alcohol 8. The
double addition product 9 was obtained from benzoyl
chloride, presumably through formation of an intermedi-
ate ketone upon chloride displacement. Additionally,
cyclohex-2-en-1-one reacted via 1,2-addition to form 10.

An intermediate suitable for the synthesis of gemcit-
abine was obtained by aldol condensation of 2 with 2,3-
O-(3-pentylidene)-p-glyceraldehyde (13), which afforded
compounds 11 and 12 as an 85/15 mixture of diastereo-
mers. The erythro isomer 11 is the major compound, as
predicted by the Felkin—Ahn model of asymmetric induc-
tion.'* The relative stereochemistry was assigned by
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Table 1. Reactions of the Lithium Enolate of 2 with
Various Electrophiles
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hydrolysis, cyclization, and benzoylation of 11 to give the
known gemcitabine intermediate, 2-deoxy-2,2-difluoro-
p-erythro-pentofuranos-1-ulose 3,5-dibenzoate (14).%?
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Difluoroketene silyl acetal additions to glyceraldehyde
derivatives have been reported to proceed with high
diastereoselectivities, in contrast to their Reformatsky
counterparts.’® Therefore we desired to synthesize a
difluoroketene O,S-acetal and investigate its reaction
with aldehyde 13. To this end, thiolester 2 was enolized
with LDA in the presence of TMSCI at —78 °C (eq 3).
Upon examination of the reaction mixture by °F NMR
spectroscopy, only one product was observed, which has
been assigned as acetal 15.* No evidence of carbon
silylation or Claisen reaction was detected, which is in
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contrast with the behavior observed by Easdon for
difluoroesters (vide supra).
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Acetal 15 reacted with aldehyde 13 in the presence of
BF3;-OEt; at low temperature to afford 11 and 12 in 74%
isolated yield (95/5, erythro/threo). The alcohols were
presumably formed as the TMS ethers and were desily-
lated on workup. The diastereoselectivity observed upon
condensation with 13 increased from 85/15 (lithium
enolate) to 95/5 (ketene silyl O,S-acetal); this trend
parallels that observed by Kobayashi for condensations
between 2,3-O-isopropylidene-p-glyceraldehyde and meth-
yl iododifluoroacetate: 65/35 (Reformatsky reaction); 90/
10 (ketene silyl acetal).’®* We ascribe the greater erythro
selectivity of the thiolester enolate and acetal to lower
reaction temperatures and the steric bulk of the S-tert-
butyl versus methyl ester.

In a search for alternate routes to difluoroketene silyl
0O,S-acetals, we investigated the reduction of S-phenyl
chlorodifluoroethanethioate (16) in the presence of
TMSCI. Ester 16 was reacted with zinc dust and TMSCI
in CH3;CN at 40 °C to yield a single product, which was
identified as difluoroketene silyl O,S-acetal (17) by °F
NMR spectroscopy and MS data (eq 4).*> Acetal 17 could
be isolated but is extremely hydrolytically sensitive and
decomposed over several days at room temperature.
Halodifluoro thiolester 16 proved to be a superior precur-
sor to difluoroketene silyl acetals, when compared with
halodifluoroesters, due to the absence of side reactions
and its ease of reduction. For example, compound 16
undergoes rapid zinc reduction in CH3;CN, while halodi-
fluoroesters require use of the less available and more
expensive bromo or iodo derivatives to afford reaction.?6
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In summary, we have reported a new synthesis of a,a-
difluoro-g-hydroxy esters which is operationally simple
and does not produce heavy metal waste. For instance,
the lithium enolate of 2 adds to aldehyde 13 with good
diastereoselectivity, which could be enhanced by use of
the difluoroketene silyl O,S-acetal 15 to provide an
intermediate in the synthesis of the anticancer agent
gemcitabine. Although alcohols 3—8 and 10 were pro-
duced as racemates, we note the possibility of enanti-
oselectivity utilizing the work of Mukaiyama and oth-
ers.’® We have also demonstrated the synthesis of
difluoroketene silyl O,S-acetal 17 through reduction of
a chlorodifluoroethanethioate ester.
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