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First Lewis Acid Catalyzed Generation and Reaction of α-Organylsulfanyl and
α-Organylselanyl Carbenium Ions Using Ethyl α-Fluoroacetate Derivatives
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Lewis acid catalyzed generation and reactions of α-organyl-
sulfanyl and α-organylselanyl carbenium ions with nucleo-
philes proceeded in high yields using α-fluoro-α-organylsulf-
anyl- and α-fluoro-α-organylselanylacetate and 5 mol-%
scandium triflate.

Introduction

Carbenium ions stabilized by α-organylsulfanyl and α-
organylselanyl substituents are useful for the C–C and C–
heteroatom bond-forming reactions with intra- and inter-
molecular nucleophiles including cyclization reactions in
organic synthesis.

Usually, we use sulfoxides[1] (Pummerer reaction), α-
chloro-α-organylsulfanyl alkanes,[2] bis(organylsulfanyl)al-
kanes (S,S-acetals),[3,4] bis(organylselanyl)alkanes (Se,Se-
acetals),[5] α-bromo-α-organylselanyl alkanes[6], and selen-
oxides[7] as precursors for the organylsulfanyl and organyl-
selanyl carbenium ions; however, these starting materials
have some disadvantages. α-Chloro-α-organylsulfanyl al-
kanes can be obtained by the reactions of organylsulfanyl
alkanes with N-chlorosuccinimide, which is the most popu-
lar reagent for the chlorination of the α-position to the sul-
fur atom of organylsulfanyl alkanes; however, it is difficult
to completely remove the resultant succinimide, and further
purification is not possible because of the lability of the α-
chloro-α-organylsulfanyl alkanes. It is also difficult to pre-
pare α-bromo-α-organylselanyl alkanes, which are contami-
nated by the corresponding bis(organylselanyl)alkanes.[6]

The bis(organylselanyl)alkanes are highly reactive to moist-
ure. Furthermore, it is necessary to use a stoichiometric
amount of Lewis acid to generate and complete the reac-
tions of α-organylsulfanyl and α-organylselanyl carbenium
ions with the nucleophiles. Usually, tin(iv) chloride or tita-
nium(iv) chloride is used as the effective Lewis acid in the
stoichiometric reactions; however, the complexation be-
tween the bis(organylselanyl)alkanes or α-chloro-α-organyl-
selanyl alkanes slows down the reaction with nucleophiles
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or does not complete the reactions. Recently, we demon-
strated a preliminary investigation of the nucleophilic ad-
dition reaction of 2-fluoro-2-(phenylselanyl)acetaldehyde
diethyl acetal (1) (Scheme 1). The reaction of 1 with tri-
methylaluminum in 1,2-dichloroethane at 20 °C provided
the unprecedented product 2-(phenylselanyl)propanal di-
ethyl acetal (2a) exclusively. The reaction with phenyl(tri-
methylsilyloxy)ethylene gave the corresponding compound
2b. These experimental data show that the Lewis acid medi-
ated reactions of 2-fluoro-2-(phenylselanyl)acetaldehyde di-
ethyl acetal (1) with nucleophiles occur at the α-carbon of
the fluorine atom, not at the acetal carbon. The α-fluoro-α-
organylselanyl alkanes were found to be surprisingly more
reactive toward Lewis acids than the O,O-acetals. Although
the α-fluoro-α-organylsulfanyl and organylselanyl alkanes
are not common precursors of carbenium ions, they are ex-
pected to become novel precursors of organylsulfanyl and
organylselanyl carbenium ions. Furthermore, since the
Lewis acid catalyzed generation and reactions of the organ-
ylsulfanyl and organylselanyl carbenium ions have not been
reported, the α-fluoro-α-organylselanyl alkanes could uti-
lize the Lewis acid catalyzed reactions of carbenium ions
(Scheme 2). Here we report the first Lewis acid catalyzed
generation and nucleophilic addition reactions of α-organ-
ylsulfanyl and organylselanyl carbenium ions.

Scheme 1. Regioselective reactions of 2-fluoro-2-(phenylselanyl)-
acetaldehyde diethyl acetal with nucleophiles. a) Me3Al (2 equiv.),
ClCH2CH2Cl, 20 °C, 10 min. b) CH2=C(OTMS)Ph (3 equiv.),
Et3Al (1 equiv.), ClCH2CH2Cl, 83 °C, 20 min.
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Scheme 2. Lewis acid catalyzed generation and reactions of α-organylsulfanyl and α-organylselanyl carbenium ions with nucleophiles
(RY = PhSe, BuSe, PhS).

Results and Discussion

In the initial phase of the work, we selected ethyl 2-
fluoro-2-(phenylselanyl)acetate (3), which is easily prepared
by the usual method using diphenyl diselenide,[8] sodium
borohydride, and ethyl chlorofluoroacetate in ethanol and
used it as a substrate for the catalytic reactions as shown
in Scheme 3. We first carried out the allylation of 3 with
allyltrimethylsilane in the presence of 5 mol-% of boron tri-
fluoride–diethyl ether at 20 °C. The allylated ester 4a was
obtained accompanied by the starting ester 3 (Table 1, entry
1). Some Lewis acid catalyzed allylation reactions were car-
ried out; however, satisfactory results were not obtained
(Table 1, entries 2–5). During the course of the investi-
gations, we found that the trifluoromethanesulfonic acid
lanthanoids were effective in Lewis acid catalyzed al-
lylation. Scandium triflate was found to be the best in all
respects (Table 1, entry 10).[9] Next, we performed the al-
lylations with 5 mol-% of scandium triflate in various sol-
vents. The reactions in the chlorinated solvents such as
dichloromethane and 1,2-dichloroethane gave satisfactory
results (Table 1, entries 10 and 11), while THF was found
to deactivate the Lewis acids (Table 1, entry 12). Next, we
investigated some nucleophiles using the phenylselanyl (3),
butylselanyl (5), and phenylsulfanyl (8) derivatives. The re-
sults are shown in Table 2. The ester 3 reacted with phenyl-
trimethylsilyloxyethene in the presence of 5 mol-% of scan-
dium triflate to give the adduct 4b (Table 2, entry 1). Com-
masetto et al. reported the Friedel–Crafts reactions of ethyl
α-bromo-α-(phenylselanyl)- and α,α-diorganylselanylacetate
with TiCl4;[6] however, 1.1 equiv. of TiCl4 was needed to
complete the reactions. The reaction of 1,2,3-trimethoxy-
benzene proceeded cleanly with 5 mol-% of scandium tri-
flate at 20 °C (Table 2, entry 2). The butylselanyl derivative
5 also reacted with almost the same nucleophiles; however,
the Friedel–Crafts reaction of 5 with 1,2,3-trimethoxyben-
zene provided ethyl 2,2-bis(2,3,4-trimethoxyphenyl)acetate
(7) in 20% yield accompanied by the normal adduct (Table
2, entry 7). This method provided the S,Se-heteroacetals 4d
and 6c (Table 2, entries 3 and 6). On the other hand, the
phenylsulfanyl derivative 8 gave better results in terms of
the yields of products 9a–g and the regioselectivities of the
Friedel–Crafts reactions (Table 2, entries 7–13).

Next, we performed the scandium-catalyzed allylation of
3-hydroxy-2-fluoro-2-(phenylsulfanyl)propionate 10 with al-
lyltrimethylsilane, as shown in Scheme 4. It required
0.3 equiv. of the Lewis acid to complete the reaction where
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Scheme 3. Scandium-catalyzed allylation of ethyl-2-fluoro-2-(phen-
ylselanyl)acetate. a) allyltrimethylsilane, Sc(OTf)3 (5 mol-%),
CH2Cl2.

Table 1. Lewis acid catalyzed allylation of ethyl-fluoro(phenylsel-
anyl)acetate 3.

the product is ethyl 2-(4�-chlorophenyltrimethylsilyloxyme-
thyl)-2-(phenylsulfanyl)pent-5-enoate (11). It was observed
that the reaction proceeded via the oxirane intermediate 12.
Therefore, we examined the allylations of each diastereomer
under the same conditions; however, each isomer gave one
diastereomer of 11. Therefore, the allylation and the O-tri-
methylsilylation reaction of 10 in the presence of 0.3 equiv.
of scandium triflate was found to be nonstereospecific in
the defluorination, epoxidation, and ring-opening pro-
cesses. In contrast, the reaction of 10 in the presence of
5 mol-% scandium triflate provided the O-trimethylsilylated
product 13, not 11. The proposed mechanism of the scan-
dium-catalyzed reactions with nucleophiles is depicted in
Scheme 5.

The proposed catalytic cycle comes from the observa-
tions of the experiments. Since scandium metal has a high
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Table 2. Scandium triflate catalyzed reactions of α-organylsulfanyl and α-organylselanyl carbenium ions with soft nucleophiles.

[a] Most reactions were carried out with 5 mol-% of scandium triflate in ClCH2CH2Cl. [b] o/p = 77:23. [c] Sc(OTf)3 (10 mol-%) was used.
[d] o/p = 84:16.

Scheme 4. Scandium triflate-catalyzed allylation of ethyl-3-hydroxy-2-fluoro-2-(phenylsulfanyl)propionate. a) allyltrimethylsilane
(3 equiv.), scandium triflate (0.3 equiv.), MeNO2, room temp., 10 min. b) Allyltrimethylsilane (3 equiv.), scandium triflate (0.05 equiv.),
MeNO2, room temp., 10 min.

affinity for the fluorine atom in chlorinated solvents, the
scandium-coordinated intermediate 14 undergoes C–F
bond cleavage to give the α-organylsulfanyl or α-organylsel-
anyl carbenium ion 15. The nucleophilic addition of allyltri-
methylsilane affords the product 16 and the trimethylsilyl
cation. The fluorine atom of the counter anion 17 attacks
the silyl cation to give the intermediate 18, which regener-
ates the scandium triflate accompanied by trimethylsilyl
fluoride. The products with the silylated soft nucleophiles
are mostly obtained in high yield and the reaction time is
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very short because the resultant trimethylsilyl fluoride acti-
vates the cleavage of the C–Si bond of the nucleophile.

Conclusion

In summary, we have uncovered the first Lewis acid cata-
lyzed generation and reactions of α-organylsulfanyl and α-
organylselanyl carbenium ions using ethyl-α-fluoro-α-or-
ganylsulfanyl- and organylselanylacetate. The catalytic reac-
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Scheme 5. Catalytic cycle of nucleophilic addition reaction of α-organylsulfanyl and α-organylselanyl carbenium ions.

tions are very clean and proceed under milder conditions
than previous stoichiometric methods. High regioselectivity
of the reactions between the α-fluoro-α-organylsulfanyl or
α-fluoro-α-organylselanyl moieties and Lewis acids was suc-
cessfully achieved; therefore, the new reaction can be ap-
plied to the synthesis of more complicated compounds.
Planned future work in this area includes scandium-cata-
lyzed intramolecular or intermolecular cyclization via α-or-
ganylsulfanyl or α-organylselanyl carbenium ions. These re-
sults will be reported elsewhere.
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