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ABSTRACT

â-C-galacto -Pyranosides with CHF and CF 2 substitutes for the glycosidic oxygen were prepared through a four-step sequence starting from
a central 1-thio-1,2- O-isopropylidene acetal alcohol and different r-fluoro- and r,r-difluoro acids. The key step in the synthesis is the
oxocarbenium cyclization of an intermediate enol ether-thioacetal to a C1-substituted glycal.

ExactC-glycosides2, analogues ofO-glycosides1 in which
the glycosidic oxygen is replaced by a methylene moiety,
have attracted attention as hydrolytically stable mimetics
of their parentO-glycosides (Figure 1).1 However, the

effectiveness ofC-glycosides asO-glycoside mimetics could
be compromised by electronic effects associated with replac-
ing an oxygen with a methylene.2 For example,C-glycosides

are likely to be less accurate mimetics in cases where the
glycosidic oxygen acts as a hydrogen bond acceptor. Recep-
tor binding could also be adversely affected by the greater
flexibility of C-glycosides with respect to the intersaccharide
bonds.3-5 Against this backdrop, we were interested in
C-glycosides such as3 and4 with one or two fluorines on
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Figure 1. O- vs C-glycosides.
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the pseudoanomeric substituent.6,7 Given the electronegativity
properties of fluorine, such structures may function as closer
mimetics of O-glycosides, compared to the unsubstituted
methylene analogues.6,8 In this context, the CF2 moiety has
been considered an electronic isostere of oxygen. However,
the generality of this tenet has been questioned, and it has
been suggested that the CHF group may be a closer isopolar
substitute for oxygen.9,10Fluorine substitution on the pseudo-
anomeric carbon substituent could also have a pronounced
influence on the conformational behavior about the intersac-
charide torsions.11 This situation is analogous to distortion
of the natural conformation of the sugar residue in nucleo-
sides by introduction of a 2-fluoro substituent.12 Thus,
C-glycosides with one or two fluorine substituents on the
pseudoanomeric carbon are potentially useful mechanistic
probes for interrogation of carbohydrate recognition. Herein
we describe the synthesis of such fluorinatedâ-C-galacto-
sides.

An obvious strategy forC-glycosides such as3 and4 is
the reaction of alcohol and keto derivatives with fluorinating
agents.13 Although several methodologies to synthesize these
precursors have been developed,1 the fluorination of such
highly substituted substrates can be problematic. A conver-
gent approach in which fluorine is introduced in simpler
precursors is potentially more general, and in this context,
we envisaged a variation of our previously reportedC-
glycoside synthesis.14 Accordingly, a fluorinatedC-glycoside
such as 10 may be obtained from the stereoselective
hydroboration-oxidation of the C1-substituted galactal9
(Scheme 1). The latter is expected from the thioacetal-enol

ether8, via an oxocarbenium ion cyclization. Precursors such
as8 could be assembled in a convergent fashion through an
esterification-methylenation sequence starting from the
1-thio-1,2-O-isopropylidene alcohol5 and different mono-
or difluoroacids6. Because the original methodology was
applied to systems which did not contain an electronegative
substituent in the eventual pseudoglycosidic position, there
was some concern that the presence of one or more fluorine
substituents in this location could have deleterious effects
at different stages in the synthetic sequence, in particular,
on the oxocarbenium ion cyclization (i.e.,8 f 9).15 A second
issue that had to be addressed was synthesis of more complex
examples of the fluorinated acid precursors6.

Acid precursors6, for several biologically interesting
C-glycolipids,16 C-disaccharides,17,18 and benzylicC-glyco-
sides19 were required (Table 1). The monofluoride acid
precursors were used as a mixture of enantiomeric or
diastereomeric fluorides, with the anticipation that the
corresponding epimeric fluoro-C-glycosides would be chro-
matographically separable. 2-Fluorohexanoic acid6a20 was
prepared from the mesylate derivative of the methyl ester
following a known procedure, andR-fluorophenylacetic acid
6e21 was commercially available. Initial attempts to prepare
carbohydrate-derived fluorides6cand6d following variations
of the procedure used for6a led to complex mixtures. In an
alternative approach,6cwas obtained by reaction of aldehyde
1122 with the sodium salt of triethyl 2-fluoro-2-phospho-
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noacetate,23,24 followed by hydrogenation and hydrolysis
steps (Scheme 2). This protocol was also used for6b but is
not applicable to fluoroacids such as6d, which contain a
3-alkoxy substituent. For6d, the fluorination of an allylsilane
precursor was explored.25 The known carbohydrate alkene

1222 was subjected to a cross metathesis with allyltrimeth-
ylsilane under an atmosphere of ethylene to give13.26

Treatment of the mixture of allylsilanes13 with Selectfluor
provided an approximately 1:1 mixture of diastereomeric
allylic fluorides, which was processed to6d via a standard
oxidative sequence. Known difluorides6f and 6h were
obtained by treatment of the ketoester precursors with
DAST.27 This procedure was not successful for the more
complex carbohydrate difluoride6g. Therefore, using a
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Table 1. Synthesis of FluoroC-Glycosides

* Note the change in priorities of the carbon substituents attached to fluorinated carbon in10d relative to10a-c.
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variation of a known strategy,28 15, a suitable precursor to
6g, was first prepared by the reaction of the Reformatsky-
like reagent from methyl bromodifluoroacetate and the
known aldehyde14.29 This led to a mixture of epimeric
alcohols, from which15 was separated and subjected to
epoxidation withmCPBA. Base-mediated cyclization of the
epoxide mixture provided an approximately 1:1 mixture of
the desired tetrahydropyran and the epimeric cyclization
product. The difluoroacid6g was obtained after silylation
of the primary alcohol, chromatographic separation, and
hydrolysis of the ester.

The four-step C-glycosidation sequencesesterification-
ester methylenation-oxocarbenium cyclization-hydrobo-
ration was successful in all cases except for fluoropheny-
lacetic acid 6c (Table 1). Esterification reactions were
performed under standard DCC conditions, except for the
reaction of difluoroacid6h, for which the Yamaguchi
protocol was more effective.30 Ester methylenation was
successfully performed using the Tebbe or Takai reagent,
except for the reaction of the fluorophenylacetate7e, which
yielded an intractable mixture.31,32 The key oxocarbenium

ion cyclizations were promoted with methyl triflate in the
presence of 2,6-di-tert-butyl-4-methylpyridine (DTBMP) and
freshly activated, powdered molecular sieves. Early experi-
ments suggested that these fluorinated glycal products were
more sensitive to base (than the analogues without fluorine),
and this required attention to the concentration of DTBMP
used. In the event, products9a-d and9g,h were obtained
in generally good yields. The hydroboration-oxidation on
the glycals was performed using borane-dimethyl sulfide
under standard conditions and afforded the desired mono-
and difluoro-C-glycosides10a-d and 10g,h, with no evi-
dence of the diastereomeric hydroboration products. For the
monofluoro compounds, an approximately 1:1 ratio of
chromatographically separable, (R) and (S) epimers were
obtained.

For assignment of the configuration at the fluorinated car-
bon (R)-10awas prepared by repeating theC-glycosidation
protocol on enantiomerically pure (R)-2-fluorohexanoic acid.
Epimeric fluorides (R)-10b/(S)-10b and (R)-10c/(S)-10c
were then tentatively assigned by NMR comparisons with
(R)-10a/(S)-10a(see Supporting Information).J/NOE NMR
data, molecular mechanics and molecular dynamics calcula-
tions were used to assign (R)-10dand (S)-10d.33

We also examined the H NMR of epimers (R)-10aand
(S)-10afor evidence of intramolecualr O-H-F hydrogen
bonding. Interestingly, for solutions in C6D6 that were
pretreated with alumina, the OH proton in (R)-10aappeared
as a doublet of doublets, whereas the corresponding signal
for (S)-10awas a doublet, suggesting that hydrogen bonding
was significant in the former but not in the latter. The
generality of these observations remains to be evaluated.

In summary, a convergent synthesis ofâ-C-galactosides
with one or two fluorine substituents on the pseudoanomeric
substituent has been developed. This method is especially
appropriate for analogues that contain highly substituted
aglycone segments as, for example, inC-disaccharides.
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Scheme 2. Synthesis of Fluorinated Acids
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