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Chemical modifications of carbohydrates have been used
extensively to understand the origin of the specificity in the
recognition processes by sugar-binding proteins in aqueous
solution. A classical example is the work by Lemieux, wherein
chemoselective removal of hydroxyl groups from oligosac-
charides led to the concept of key polar interactions.[1] Along
the same lines, the replacement of the endocyclic oxygen
atom by a methylene group has provided hydrolytically stable
glycoside mimetics called carbasugars, whose biochemical
properties have been studied (Figure 1).[2–8] Such a replace-

ment has the inherent disadvantage to suppress any possible
hydrogen bond formation that involved this electronegative
atom. This drawback clearly appeared in the case of
carbalactoside, a close mimic of lactoside, which is no
longer recognised by a b-galactosidase.[9] A model has
shown that the endocyclic oxygen atom (O-5) of the d-
galactose moiety is involved in the interaction with hydrogen-
donating groups of the active site of the enzyme.[10] One way
to circumvent this problem and to enlarge the probing
spectrum of carbasugars is to replace the oxygen atom by
other hydrogen-bond acceptors. Ideally, to fully understand
the role of the endocyclic oxygen requires the two lone pairs
to be discriminated so that they can be probed to see which of
them, if any, is involved in hydrogen bonding in the active site
of the enzyme. Fluorine atoms are not as strong hydrogen-
bond acceptors as oxygen, but they still exhibit this prop-
erty,[11–13] and more interestingly they have been used as
reporter groups of the active site of enzymes through
19F NMR spectroscopy.[14] It is therefore foreseeable that

Figure 1. Glucopyranose and its carbocyclic congeners.
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replacement of the endocyclic CH2 group by a CF2 moiety in a
carbasugar would constitute a step further in the utilization of
this family of sugar mimetics by enhancing their ability to be
accepted by enzymes involving O-5 and allowing the study of
their complexation by NMR spectroscopy.

We recently reported a novel sugar-to-carbocycle rear-
rangement promoted by triisobutylaluminum (TIBAL)[15] or
Cl3TiOiPr.[16] The proposed key step in this transformation is
the opening of the ring to give a carbocationic intermediate.
Indeed, this reaction is favored when this putative carbenium
species can be stabilized by an electron-donating group
(EDG).[17] This is generally applicable to acyclic non-sugar-
derived enol ethers (Scheme 1).[18]

As an example, we recently synthesized a carbasugar with
furanyl as the EDG which was easily introduced at the
anomeric centre of d-glucose through a glycosylation process.
In this synthesis, the anomeric center of the carba congener is
derived from the C-5 carbon atom of d-glucose.[19] Given the

accessibility of ynopyranosides[20] and the recent results of
Harrity and co-workers[21] who showed that dicobalt hexa-
carbonyl clusters[22] could act as EDGs in a similar situation,
we anticipated that our TIBAL-mediated reductive rear-
rangement applied to the difluoroalkene 2 might provide a
convenient entry to our target molecule 1 (Scheme 2).

Synthesis of the ynopyranose 6, the precursor of com-
pound 2, is depicted in Scheme 3. The known[20] gem-
dibromoalkene 3 was first converted into alkyne 4 through
methylation of the acetylenic anion generated in situ. Ace-
tolysis,[23] followed by hydrolysis of the generated anomeric
acetate, and oxidation of the hemiacetal afforded the
corresponding lactone 5. Difluoromethylenation according
to Motherwell et al.[24] provided the desired gem-difluoroal-
kene precursor 6.

As anticipated and much to our delight, the key rear-
rangement was performed through a two-step one-pot
procedure that involved first, the complexation of the
alkyne 6 by dicobalt octacarbonyl,[25] followed by the reduc-
tive TIBAL-induced rearrangement of 2.[17] Decomplexation

with CAN (ceric ammonium nitrate)[26] of the
crude compound 7 afforded alcohol 8 in 75%
yield over three steps and only one purification
step by chromatography. The 5a-gem-difluoro-
carba-a-d-glucopyranose 1[27] was then easily
obtained by controlled reduction of the triple
bond, reductive ozonolysis, and debenzylation
(Scheme 4). As previously observed,[15] the
rearrangement occurs with retention of config-
uration. The reduction of the putative transient

Scheme 1. General rearrangement of EDG-substituted vinyl ethers. EDG=
electron-donating group, LA=Lewis acid, TIBAL= triisobutylaluminum.

Scheme 2. Synthetic strategies for carbasugars through TIBAL-promoted
rearrangements. Bn=benzyl.

Scheme 3. Synthesis of the gem-difluoro-exo-glucal 6. Reagents and
conditions: 1) a) nBuLi (2.1 equiv), THF, �78 8C, 2 h; b) MeI (6 equiv),
THF, �78 8C, 30 min; c) HMPT (4 equiv), �78 8C!RT, overnight, 75%
over three steps; 2) H2SO4 (1 equiv), Ac2O, 0 8C, 3 min, 75%;
3) MeONa (4 equiv), MeOH, 0 8C!RT, 2 h, 90%; 4) PCC (3 equiv), 4-
D molecular sieves (3 equiv), CH2Cl2, room temperature, 4 h, 74%;
5) a) HMPT (5 equiv), THF, �40 8C!RT; b) CBr2F2 (5 equiv), HMPT
(5 equiv), THF, RT!reflux, 1 h, 95%. THF= tetrahydrofuran,
HMPT=hexamethylphosphoric triamide, PCC=pyridinium chlorochro-
mate.

Scheme 4. Synthesis of the 5a-gem-difluorocarba-a-d-glucopyranose 1.
Reagents and conditions: 1) a) [Co2(CO)8] (1.5 equiv), CH2Cl2, room
temperature, 2 h; b) TIBAL (5 equiv), toluene, room temperature,
2.5 h; c) CAN (5 equiv), NEt3 (1 equiv), acetone, 30 min, 65% over
three steps; 2) a) Pd/CaCO3, H2, MeOH, room temperature, 4 h;
b) O3, CH2Cl2, �78 8C, 5 min; c) NaBH4, CH2Cl2, room temperature,
1 h, 76% over three steps; 3) Pd/C, H2, MeOH, room temperature,
1 h, 90%. CAN= ceric ammonium nitrate.
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ketone is stereoselective and is classically explained by the
attack of the hydride ion, which is attached to the isobutyl
group, on the less-hindered face of the molecule to provide
the axial hydroxyl group (Scheme 5).

The reduction step described proceeds under steric
control, whereas the electronic control admitted in such a
case, the Ahn–Eisenstein effect,[28] gives the opposite stereo-
selectivity. According to this model, the most stable transi-
tion-state structure has the axial C�F[29,30] bond in the
antiperiplanar position with respect to the forming H�C

bond. This model implies, as shown in
Figure 2, which depicts the late transition
state of the reduction step, a selective
attack of the hydride ion to form the
equatorial hydroxyl group.

Once again, a one-pot procedure was
developed: After reaction of the alkyne 6
with dicobalt octacarbonyl to give cluster
2, the rearrangement was, this time,
induced by Cl3TiOiPr[16] to yield cyclo-
hexanone 10. The Lewis acid was then

quenched with THF, and the ketone was reduced by means of
the super hydride. The triple bond in the crude product 11was
decomplexed, and the expected equatorial alcohol 12 was
obtained in 73% yield over five steps and only one
purification step by column chromatography. The 5a-gem-
difluorocarba-b-d-glucopyranose 14[31] was then obtained as
described above (Scheme 6).

The observed stereoselectivity of this reduction process is
in sharp contrast to the case in which the fluorine atoms are
absent from the molecule. Indeed, when the unsaturated
sugar 15[32] was submitted to the same reaction conditions,
only the axial alcohol 16[15] was obtained in 75% yield
(Scheme 7). This result supports the directing role of fluorine
in the reduction of the ketone.

In summary, we have synthesized, for the first time, two
gem-difluorinated carba analogues of a- and b-d-glucopyra-
noses by using a rearrangement strategy and by taking
advantage of the Anh–Eisenstein effect to obtain the b

analogue. They are attractive candidates for probing the role
of endocyclic oxygen atoms in carbohydrates in sugar–protein
interactions. This strategy is currently being extended to other
carbohydrates.
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