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ABSTRACT

A general, transition-metal-free, highly stereoselective cross-coupling reaction between glycosyl bromides and various arylzinc reagents lead-
ing to β-arylated glycosides is reported. The stereoselectivity of the reaction is explained by invoking anchimeric assistance via a bicyclic
intermediate. Stereochemical probes confirm the participation of the 2-pivaloyloxy group. Finally, this new method was applied to a short and
efficient stereoselective synthesis of Dapagliflozin and Canagliflozin.

C-Glycosides are ubiquitous natural products of high
medicinal significance1 that therefore have received con-
siderable synthetic attention.2 In addition to naturally
occurringC-glycosides, synthetic versions have often been
used by medicinal chemists as stable analogs of natural
substances containing C�O and C�Nbonds. One class of
medicinally important aryl glycosides, active against dia-
betes, and currently in late-phase development, are the

SGLT-2 inhibitors,3 exemplified by Dapagliflozin (1) and
Canagliflozin (2), shown in Figure 1.
The traditional synthesis of aryl glycosides is based on the

reaction of protected aldonolactones with aryllithium or aryl
Grignard reagents, to yield lactols which need to be reduced
in a second step.4 Such reductions canbe, in some cases, quite
stereoselective.5 However, low reaction temperatures are
required inorder to avoid openingof the intermediate lactol.1

Figure 1. Structure of key SGLT-2 inhibitors.
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Due to the growing commercial and therapeutic impor-
tance of aryl glycosides, a synthetic approach that used the
direct coupling of anorganometallic species with a suitably
activated carbohydrate moiety, thereby avoiding the oxi-
dation/reduction sequence, would be highly desirable. In
this approach, the leaving group (X) on the carbohydrate
moiety 3, the metal (M) of the aryl nucleophile 4, the
protecting group PG, and solvent as well as (any) catalyst
would have to be selected with the utmost care in order to
render the approach high-yielding, general, and stereospe-
cific (Scheme 1).

An elegant solution was reported by Gagn�e, who de-
scribed a Ni-catalyzed coupling of organozinc reagents
with glycosyl bromides.6 The coupling product of type 5

(PG=Ac) is obtainedwith good stereoselectivity (β/R ratio
of 12:1 forR=H). The reactionwas shown to proceed via
a radical pathway, where “catalyst control” dictates the
β/R ratio at the anomeric center. The high Ni-loading
(10 mol %) and the high toxicity of nickel salts hampers
potential industrial applications of this coupling reaction.
Alternatively, an ionic pathway can be envisioned.7 This
“substrate-control” approach would proceed via an
anomeric oxonium ion 6, and the adjacent 2-carboxylate
would ensure a well-defined stereochemistry via anchimeric
participation (6). Nucleophilic substitution with an

organometallic reagent (Ar�M) would provide the
β-arylated products via inversion at the anomeric
center (Scheme 2).

Indeed, organozinc reagents behave as nucleophiles in a
number of substitution reactions (especially with allylic
halides),8 whereas examples of the addition of “harder”
organometallic reagents (Al and Mg-based) to glycosyl
halides are sparse, generally low yielding, and marred by
variable stereoselectivity and/or marginal generality.9

In this communication we describe a new approach to
β-aryl glycosides 5 (including drug candidates 1 and 2)
involving a transition-metal-free cross-coupling reaction
with organozinc reagents which proceeds with complete
β-selectivity and in good to excellent yields.
We chose the glycosyl bromide 3a as a stable and crys-

talline substrate. The pivaloyl protecting group10 would
readily participate in the formation of intermediate 6, but
would be resistant to the direct attack of organometallic
reagents. Thus, the glycosyl bromide 3a in THFwas treated
with commercial PhZnCl in THF. Consistent with Gagn�e’s
results, no reaction occurred at ambient temperature in the
absence of catalyst, and upon heating the only product
detected was the 4-Cl-butanol adduct (3c: R0 = t-Bu;
X = O(CH2)4Cl) from the opening of the THF ring and
O-glycosylation.11 In addition, chloride ion substitution at
the anomeric carbon was also observed, producing a sub-
stantial amount of unreactive 3d (R0 = t-Bu; X = Cl) as
determined by GC/MS analysis. This reaction was ob-
served with all ethereal solvents tested, such as diethyl
ether, 2-methyl-THF, di-isopropyl ether, methyl tert-butyl
ether, cyclopentyl methyl ether (CPME), and di-n-butyl
ether (DBE), but the rate of decomposition of 3a in these
ethereal solvents is slower than that for THF.
Capitalizing on the observation that solvents such as

CPME and DBE react with 3a more slowly than THF in
the presence of Zn(II) salts, we have found that a combina-
tion of toluene and either of these ethereal solvents affords
useful yields of the desired product with complete stereo-
control (>99:1). In a model reaction (Scheme 3) the
metalation reaction was carried out on iodotoluene (4a)
using n-BuLi or lithium tri-n-butyl magnesate in 2:1 toluene/
DBE followed by transmetalation with the ZnBr2�LiBr
complex in dibutyl ether. LiBr is essential as it allows

Scheme 1. “Direct” C-Glycosylation

Scheme 2. “Substrate-Controlled” C-Glycosylation
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dissolution of ZnBr2 inDBE.The solvent compositionwas
also crucial to the success of theLi/Zn-transmetalation and
the coupling reaction, with the toluene/DBE ratio set at 1:1
(v/v), as a compromise between solubility and reactivity.
The bromosugar 3awas added to the resulting suspension
of the arylzinc species, and the mixture was heated to
90�100 �C for 1�2 h (Scheme 3). To our delight, the
desired C-glycoside 7a was isolated as a single anomer (β)
in 78% yield.We have studied the scope of this new coupl-
ing reaction using the optimized conditions (Table 1). In all
examples involving 3a (entries 1�12), the β-isomer was
exclusively obtained, as determined by 1H NMR.

Aryl iodides were best metalated with either n-BuLi or
lithium tri-n-butyl magnesate at various temperatures
(�78 �C to rt) whereas aryl bromides require the latter
reagent or s-BuLi at higher temperatures (�10 to 0 �C).12

Some aromatic derivatives can be lithiated directly (Table 1,
entries 8 and 11).
Interestingly, the stoichiometry of the zinc halide salt

had a significant effect on the yield and robustness of the
reaction, and the use of 0.55 equiv of the ZnBr2�LiBr
complex was found to be optimal.13

The reaction was found to be somewhat sensitive to
steric hindrance, and it proceeded best with para substi-
tuted aromatics (entries 1�5), whereas the presence of
ortho substituents (entries 5, 6) decreased the yields as the
reaction temperature had to be increased to 110 �C. Elec-
tron-rich aromatics (entries 3, 5, 8) reacted more rapidly
and in higher yields, but the reaction can be carried out in
useful yields even with electron-poor aryl moieties (entries
9, 10). Heterocycles such as furan (entry 11) and thiophene
(entries 12) can be also introduced as expected, but iodo-
pyridines (entries 13, 14) failed to afford any coupled
product.
Stereochemical studies were performed to distinguish

between possible reaction pathways (i.e., anchimeric
assistance via the intermediacy of 6 vs a direct SN2-type
displacement). Thus, the glucose derivative 3a reacts with
p-anisylzinc halide generated, as usual, from 4-iodoanisole
(4b) togive exclusively theβ-anomer ingoodyield,whereas
the mannose analog 8 afforded only the R-anomer 9,
showing the importance of the anchimeric participation

of the 2-pivaloyl group. Furthermore, direct evidence for
a mechanistic pathway via 6 comes from the isolation of
11 when the tetra-benzoyl derivative 3b was used as the
substrate. In this case the oxonium carbon of 6 is less
hindered and reacts directly with the arylzinc reagent. This
result indirectly validates our choice of the pivaloyl group
as a protecting group (Scheme 4).
With this methodology in hand, we turned our attention

to the synthesis of Canagliflozin 2 starting from the aryl
iodide derivative 12 (Scheme 5). The aryllithium reagent
13 was prepared in 1:1 toluene�DBE quantitatively
at�40 �C. Transmetalation to the reactive Ar2Zn species

Scheme 3. Model Reaction

Table 1. β-Aryl Glycosides (7a�m) Obtained by the Reaction of
Zinc Organometallics with Glycosyl Bromide 3a

aBase: Lithium tributyl magnesate. bBase: n-BuLi, deprotonation at
C-2. cBase: s-BuLi; deprotonation atC-2. dCoupling temperature 110 �C.
eCoupling temperature: 60 �C for 2 days. fArylzinc formed at �78 �C.

(12) Table 1 reports the most convenient metalation conditions for
each aryl derivative.

(13) Notably, use of more reactive nucleophiles, such as aryllithium,
aryl Grignard, or aryl magnesates, led to extensive addition onto the
ester protecting group even if the pivaloyl ester (as in 3a R= t-Bu) was
used.
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14 with ZnBr2 took place upon warming to ambient
temperature (to give back 12 in 96�98% yield by iodine
quench). Addition of the bromo-sugar 3a and heating to
90�100 �C produced the arylated glycoside 15 in 75%
yield14 which lead to Canagliflozin 2 by hydrolysis.

The synthesis of Dapagliflozin 1 was accomplished as
well, starting from the bromide 16 (Scheme 6). Magnesate
n-Hex(n-Bu)2MgLi was used as the metalating agent,15 to
achieve selective Br/Mg-exchange, followed by Mg/Zn-
exchange with ZnBr2 3LiCl and finally coupling with 3a

to give the tetrapivaloyl intermediate 17 in 75% isolated
yield. Smooth deprotection with MeONa in MeOH at rt
afforded 1 in 95% yield.

In conclusion, we have developed the first general,
stereoselective, transition-metal-free approach to C-aryl
glycosides by the direct coupling of glycosyl bromides with
aryl and heteroaryl zinc reagents. The steric and electronic
effects on the aryl component were studied, and evidence
for an ionicmechanism involving anchimeric participation
was provided. We are currently extending this methodol-
ogy to other organozinc derivatives and carbohydrate sub-
strates, and these results will be reported in due course.

Supporting Information Available. Experimental pro-
cedures and full spectroscopic data for all new com-
pounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

Scheme 5. Synthesis of Canagliflozin (2)

Scheme 6. Synthesis of Dapagliflozin 1

Scheme 4. Mechanistic Experiments with Specific Probes
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