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ABSTRACT

A copper catalyzed direct functionalization of dihydropyrans and glycals has been developed. This method affords a new and straightforward
access to C-2-CF2 dihydropyrans and glycosides in a single step starting from readily available startingmaterials. This new copper based catalytic
system, probably involving a Cu(III) species as supported by experiments, allows the formation of the valuable fluorinated glycosides in good
yields.

Molecules containing a fluorine atom represent a re-
markable class of compounds; the unique properties of the
fluorine atompush it to the forefront of agrochemicals and
drugs discovery. Its electronegativity, its small size, and the
high energy of the C�F bond afford it the impressive
ability to change the physical and biological properties of
molecules.1,2 On the other hand, fluorine is well recognized
as a metabolically stable analog and/or surrogate of the
hydrogen atom.2 As a result, more than 20% of pharma-
ceuticals and 30% of agrochemicals bear at least one
fluorine atom.1 Thus, many synthetic efforts have been

recently devoted to achieving the introduction of fluorine
or fluorinated building blocks in an efficient manner3 and
particularly by means of C�H bond functionalization.4

Quite recently, the introduction of fluorine and a CF3

moiety onto aromatic and aliphatic backbones has at-
tracted much attention, offering a wide range of elegant
and efficient processes.5 Surprisingly, the catalyzed direct
introduction of a functionalized fluorinated moiety has
been less explored, and such processes have remained
scarce despite the high level of functionalization of the
resulting products.6 Among these fluorinatedmoieties, the
CF2CO2Et moiety is extremely appealing due to the huge
possibility of postfunctionalization. However, the intro-
duction of the difluoroacetyl moiety onto an alkene or
aromaticmoietyusually focuses on (1) a radical additionof
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a halogenated or selenium based reagent on electron-rich
olefins or electron-rich arenes;7a�c (2) the copper-bronze
mediated reductive coupling of aryl or vinyl iodidewith the
copper species derived from the corresponding bromo,
iodo, or trimethylsilyl difluoroacetate;7d�e (3) a copper
mediated cross-coupling reaction of boronic acid with
iododifluoroacetate in the presence of a stoichiometric
amount of copper metal;7f or (4) a nickel catalyzed cross-
coupling of vinyl zirconium species with bromodifluoroa-
cetyl compounds.7gTo thebestof ourknowledgenocatalytic
approach to the direct introduction of BrCF2CO2Et by
means of C�H bond functionalization has been reported
to date. Thus, as our group is always interested in the
preparation of fluorinated carbohydrates analogues, we
report herein a catalytic radical free introduction of the
CF2CO2Et moiety onto the C-2 position of dihydropyrans
and glycals derivatives by means of direct copper catalyzed
C�H functionalization (Scheme 1).

At the outset of the project, dihydropyran (DHP) was
used as the model substrate to optimize the reaction
conditions. Surprisingly, initial attempts using Pd catalysts
led to the exclusive formation of the β-adduct 2a albeit in
low yield. Encouraged by these exciting results, we decided
to improve this transformation. After extensive investiga-
tions, the corresponding adduct 2a was obtained in 19%
yield using Pd(PPh3)4 as a catalyst (Table 1, entry 1). The
complete β-selectivity of the reaction contrasts with the

typicalHeck selectivity, which provides predominantly the
R-product.8 Thus, we hypothesized that the reactionmight
go through a different pathway: an electrophilic metala-
tion. We next thought a more electrophilic metal, such
as copper, might improve this chemical transformation,
through a Cu(III) species, as a d8 metal intermediate of the
reaction.9

Pleasingly, the use of Cu(OTf)2 affords a significant
enhancement of the yield from 19% to 39% under milder
conditions (entry 2). Moreover, a lower temperature and
lower reaction time were required to ensure a full conver-
sion along with a better isolated yield. The addition of a
ligand (1,10-phenanthroline 3) was beneficial, and the yield
was improved to 47% (entry 3).10 Noteworthy, control
experiments revealed that the reaction did not occur in the
absence of base11 or copper catalyst (entries 4 and 5). The

Scheme 1. Previous Examples of Difluoroacetylation Reactions

Table 1. Optimization of the Reaction Conditions

entry metal base solvent

yield

(%)a

1b,c Pd(PPh3)4 Cs2CO3 DMF 19

2c Cu(OTf)2 Cs2CO3 DMF 39

3 Cu(OTf)2 Cs2CO3 DMF 47

4c Cu(OTf)2 � DMF NRd

5c � � DMF NRd

6 Cu(OTf)2 Et3N DMF 21f

7 Cu(OTf)2 K3PO4 DMF 4f

8 Cu(OTf)2 K2CO3 DMF 49

9e Cu(OTf)2 K2CO3 DMF 73

10e Cu(OTf)2 Cs2CO3 NMP 65

11e CuI K2CO3 DMF 70

12e [Cu(OTf)]2 3C6H6 K2CO3 DMF 62f

13e Cu(PF6) 3 (CH3CN)4 K2CO3 DMF 52f

a Isolated yield. bReaction was performed at 110 �C for 24 h.
cWithout 3. d Starting material was fully recovered. eReaction was
performed under an air atmosphere. fDetermined by 19F NMR using
R,R,R-trifluorotoluene as an internal standard. 3: 1,10-phenanthroline.
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nature of the base was crucial to achieve the transforma-
tion in good yield. Organic bases such as Et3N were less
efficient (entry 6), and a survey of inorganic bases high-
lighted K2CO3 as the most efficient base for this transfor-
mation (entry 8).10 Then, a solvent screening showed that
DMF and NMP were the most adequate solvents.10

Nicely, a simple change from an argon to an air atmo-
sphere led to the formation of 2a in 73% yield (entry 9),12

while the Cu(OTf)2/Cs2CO3/NMP system gave a slightly
lower yield (65%, entry 10). Another pertinent result is the
effectiveness of Cu(I) catalysts as depicted in entries
11�13. To our delight, both CuI and [Cu(OTf)]2 3C6H6 led
to the formation of 2a in fairly decent yield, 70% and 62%
respectively (entries 11 and 12), while CuPF6 3 (CH3CN)4
gave a moderate yield along with unidentified side products
(52%, entry 13). These last results clearly point out the
fact that Cu(I) species might be the real active catalyst13

involved in a Cu(I)/Cu(III) cycle. Next, functionalized dihy-
dropyran derivatives 1b and 1cwere engaged in the reaction,
and pleasingly both benzyl and pivaloyl protecting groups
were compatible affording the corresponding products 2b

and 2c in 72% and 60% isolated yield respectively using
Cu(PF6) 3 (CH3CN)4 as a catalyst instead of Cu(OTf)2
(Scheme 2).

On the basis of this new transformation mechanism,
mechanistic experimentswere carried out. First, in order to
rule out a radical pathway, the addition of radical inhibi-
tors or radical scavengers to the reaction mixture was
performed (Scheme 3, eq 1).
Interestingly, the addition of radical inhibitors or radical

scavengershadanegligible effect on theyieldof the reaction.
In the presence of 20 mol% of TEMPO, TBHT, benzoqui-
none, or diphenylethene, a slight drop in the reaction yield
was observed. Noteworthy, the reaction carried out with 1
equiv of TEMPO still proceeded smoothly although a
longer reaction time was required (66%, 36 h). Additional
evidence of the reaction mechanism was obtained with enol

ether 4. Under standard conditions an isomerization of the
double bond of the product was observed, supporting the
presence of an oxonium intermediate. Indeed, two sites of
deprotonation are available, and it occurred on the less
hindered position affording the trisubstituted enol ether 5 as
the sole product (Scheme3, eq 2).According to these results,
weproposed the followingmechanism.The in situgenerated
Cu(I) complex12 is involved in anoxidative addition into the
C�halogen bond of BrCF2CO2Et leading to the formation
of an highly electrophilic Cu(III) species.14a Then, the last
one reacts with DHP forming an oxonium species, which is
then released as an enol ether by the base. A final reductive
elimination delivers the desired product and regenerates the
copper catalyst (Scheme 3).14b

Finally, in order to highlight this new reactivity, we
turnedour attention to the functionalization ofmuchmore
complex and challenging substrates: carbohydrate deriva-
tives. Indeed, fluorinated carbohydrates are extremely
appealing,15 as the feature of the fluorine atom or fluori-
nated group to enhance the stability or to mimic the
glycosidic linkage might afford metabolically stable
carbohydrate-based drugs.14 Thus, the design and synth-
esis of in vivo stable glycomimetic compounds appear as a
real challenge toward the discovery of new biologically
active compounds. In addition, to the best of our knowledge
no catalytic C�H-bond functionalization of the glycosidic

Scheme 2. Scope of Dihydropyran Derivativesa

aCu(OTf)2 was used.

Scheme 3. Evidence of the Reaction Mechanism

(12) The use of an oxygen atmosphere supressed the reaction.
(13) The active Cu(I) can be generated through either the reduction
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moiety by a fluorinated building block has been reported
to date.16 This new site selective introduction of the
CF2CO2Et moiety applied to glycal derivatives could
provide a straightforward and practical access to the un-
studied C-2-CF2 glycomimetics.17 Initial attempts revealed
that further optimizations were required to ensure a full
conversion and decent yields as well. After optimizations,
we found that the use of Cu(PF6) 3 (CH3CN)4 instead of
Cu(OTf)2, an increase in the number of BrCF2CO2Et

equivalents from 4 to 8 equiv, and enhancement of the
reaction temperature to 110 �C furnish the corresponding
tri-O-Bn-D-glucal 2d in 62% yield (Scheme 4). The same
protocol was used for glucal derivatives 2e, 2f, and 2g

affording the CF2 glycosides in 50%, 65%, and 51% yield
respectively.18 Galactal derivatives reacted smoothly under
our optimized conditions furnishing the fluoroglycosides 2i,
2j, and 2k in moderate yield. The 6-deoxy-L-glucal deriva-
tives 1l, 1m, and 1n were submitted to the reaction condi-
tions. The benzyl protected glycomimetic 2l and the
pivaloyl-protected CF2 derivatives 2m were obtained in
51%and 50%yield respectively, while themethyl protected
fluorinated glycoside 2mwas isolated in 60%yield.We then
turned our attention to the arabinal derivatives; surprisingly
the methyl and benzyl protected glycals 2o and 2p gave
lower yields compared to the previous glycosides, 39% and
42% respectively.18b

In conclusion we report herein an unsual nonradical
addition of BrCF2CO2Et to dihydropyran and glycal
derivatives. This straightforward methodology based on
a copper catalyzed C�H bond functionalization process
afforded an easy access toC-2CF2-dihydropyrans andC-2
CF2-glycosides. Mechanistic studies support a plausible
Cu(I)/Cu(III) catalytic cycle involving a highly electrophi-
lic organometallic species. This new methodology was
successfully applied to a broad range of glycal derivatives
giving an easy access to a new class of fluorinated com-
pounds with potential applications as glycomimetics.
Further applications of this new intriguing reactivity is
currently underway in our laboratory.
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Scheme 4. Synthesis of Fluorinated Glycal Derivativesa

aReaction conditions: 1 (0.24 mmol), BrCF2CO2Et (8 equiv,
1.92 mmol), Cu(PF6) 3 (MeCN)4 (0.024 mmol), 3 (0.029 mmol), K2CO3

(0.48 mmol), DMF (1.2 mL), 110 �C. b 110 �C, 30 h. c The isolated
product contained some impurities. d CuI was used.

(17) For an example of introduction of a fluorinatedmoiety at the C2
position of the carbohydrate, see: Wegert, A.; Miethchen, R.; Hein, M.;
Reinke, H. Synthesis 2005, 1850 and references herein.

(18) (a) The PMB protected glucal 1e gave a lower yield, probably
due to a partial deprotection of the PMB ether. p-Anisaldehyde was
detected by 1H NMR of the crude product. (b) We suspect that the ring
conformation and particularly the C-4 center might affect the reactivity
and stability of the resulting product.
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