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Abstract: Radical alkylations of activated alkyl iodides and bro-
mides were achieved using vinyl triflates in the presence of hexa-
dimethyltin, whereas those of unactivated C–H bonds using vinyl
triflates proceeded cleanly under tin-free conditions. 
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Alkylation is one of the most important and fundamental
organic reactions for the formation of carbon–carbon
bonds and is routinely performed with metal enolates and
alkylating agents.1 Despite extensive studies of radical re-
actions during last three decades, radical-mediated alkyla-
tions of carbonyl compounds have not been well studied,
mainly due to inefficiency of intermolecular radical reac-
tions. To solve this problem, one of the most attractive ap-
proaches is to develop highly efficient radical acceptors.2

The radical acceptors should possess both an activating
group and an eliminating group to generate a carbonyl
group, and such compounds include: stannyl enolates,3 O-
benzyl enols,4 and O-tert-alkyl enols.5 In this regard, we
reported two approaches to achieve radical alkylations of
carbonyl compounds using ketene N,O-acetals
(Scheme 1, equation 1)6 and tert-butyl ketene enol ethers
as acceptors (Scheme 1, equation 2).7 

Scheme 1

As part of our continued interest in radical alkylations, we
have studied the feasibility of using vinyl sulfonates as
radical acceptors. Although vinyl sulfonates are very use-
ful functional groups for the formation of carbon–carbon
bonds via cross-coupling reactions,8 their synthetic use-
fulness has not been well studied, probably due to the dif-
ficulties involved in their preparation. Vinyl sulfonates

are accessible by two methods involving: the sulfonyla-
tion of enolates with sulfonic anhydrides,9 and gold-cata-
lyzed addition of sulfonic acids to alkynes.10 In the radical
reaction of vinyl sulfonates, we have been interested in the
feasibility of b-cleavage of the oxygen–sulfonyl (O–
SO2R

2) bond (Scheme 2, equation 1), even though a sim-
ilar b-cleavage of the O–SO3

– bond was reported in anion-
ic transannular, self-terminating radical cyclizations
(Scheme 2, equation 2).11 The success of the present ap-
proach depends very much on the efficiency of the addi-
tion of an alkyl radical to the vinyl sulfonates and on the
b-cleavage of the O–SO2R bond.

Scheme 2 Alkylation of RI with vinyl sulfonate 3

The key feature in our initial approach is the b-elimination
of intermediate 1 to yield a carbonyl compound, along
with liberation of an ethanesulfonyl radical (equation 1
and Scheme 2).12 Second, thermal decomposition of the
ethanesulfonyl radical followed by iodine atom transfer
from an alkyl iodide to an ethyl radical would generate the
alkyl radical for the chain-propagation reaction. Another
important issue is the addition of the ethanesulfonyl radi-
cal to vinyl sulfonate 3, which should be slower than ther-
mal conversion of the ethanesulfonyl radical into the ethyl
radical. Finally, it is noteworthy that the present approach
can be performed under tin-free conditions. 
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We began our studies with vinyl sulfonate 3. When 3 was
treated with ethyl iodoacetate and AIBN in toluene for
two hours, a-ethanesulfonyl ketone 5 was isolated in 78%
yield, which indicates two important results (Scheme 3).
First, b-elimination of O–SO2Et occurred smoothly. Sec-
ond, the addition of the ethanesulfonyl radical to vinyl sul-
fonate 3 is much faster than thermal decomposition of the
ethanesulfonyl radical. To achieve radical alkylation of
vinyl sulfonates, the reaction was performed in the pres-
ence of hexamethylditin (1.2 equiv) under thermal and
photochemically initiated conditions. Treatment of 3 with
ethyl iodoacetate and AIBN in toluene at 80 °C for two
hours generated a mixture of the addition product 5 and
the desired product 6 that was isolated in a ratio of 4:3.
When the reaction was repeated under photochemically
initiated conditions (300 nm), a similar result was ob-
tained. Apparently, the addition of the ethanesulfonyl rad-
ical to the vinyl sulfonate competed with quenching of the
ethanesulfonyl radical with hexamethylditin.

Scheme 3

Scheme 4

To obviate the problems involved in the direct addition
process, we searched for possible ways to induce facile
decomposition of alkylsulfonyl radicals to alkyl radicals.
It is well known that the highly reactive trifluoromethane-

sulfonyl radical undergoes decomposition spontaneously
at room temperature to generate a trifluoromethyl radical
along with liberation of sulfur dioxide.13 Fuchs reported
the radical-mediated alkynylations, alkenylations, and al-
lylations of unactivated C–H bonds using the correspond-
ing trifluoromethyl sulfone (triflone; Scheme 4).13

Radical-mediated alkylations of alkyl iodides and bro-
mides were carried out using two vinyl triflates, 7 and 9.
The reaction of benzyl iodoacetate with vinyl triflate 7
and hexamethylditin (0.5 equiv) in benzene under irradia-
tion at 300 nm for five hours afforded a-alkylated product
8 in 75% yield (Scheme 5, equation 1). When the reaction
was repeated with vinyl triflate 9 under similar conditions,
the desired a-keto ester 10 was isolated in 66% yield
along with recovery of the starting material (27%;
Scheme 5, equation 2). Additional experimental results
are summarized in Table 1. Using vinyl triflate 7, a-iodo
esters and ketones worked well, yielding the correspond-
ing 1,4-dicarbonyl compounds (entries 2–4). Iodomethyl-
phenylsulfone and diethyl bromomalonate both smoothly
underwent alkylations in good yields (entries 1 and 5). In
the case of vinyl triflate 9, the reaction did not go to com-
pletion after five hours, and gave lower yields in most cas-
es. Apparently, 9 is a more electron-deficient radical
acceptor than 7, so the rate of addition of an electrophilic
alkyl radical to 9 is reduced. Furthermore, the present
method reaches a limit with nucleophilic radicals. For in-
stance, when 4-phenoxybutyl iodide was treated with 9
and hexamethylditin under irradiation at 300 nm for five
hours, the reaction did not proceed well, yielding the de-
sired product (19%) and the reduction product (42%)
along with recovered starting material (27%; Scheme 6).
The low efficiency of the nucleophilic alkyl radical reac-
tion was not expected and the reason is not clear at
present.

We next studied the feasibility of radical alkylations of
unactivated C–H bonds using vinyl triflates 7 and 9. Rad-
ical-mediated chlorocarbonylation14 and acylation of un-
activated C–H bonds,15 along with Fuchs approach,13
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were reported previously. Furthermore, dimethylzinc-
mediated radical reactions involving C–H bond cleavage
have been recently investigated by Tomioka.16 Our inves-
tigations were based on Fuchs approach (Scheme 7),13

and required that the reaction proceeds via hydrogen atom
abstraction from C–H bonds by the highly electrophilic
trifluoromethyl radical to generate 13. Addition of radical
13 to vinyl triflate 11 followed by elimination of the ad-
duct radical 14, would provide carbonyl compound 15
along with liberation of a trifluoromethanesulfonyl radi-
cal. Fragmentation of the trifluoromethanesulfonyl radi-
cal to the trifluoromethyl radical and sulfur dioxide
propagates the chain. This approach is attractive because
it not only avoids the use of highly toxic organotin com-
pounds, but also introduces a b-carbonyl group to the un-
activated C–H bonds in a single step. Reaction of 9 in
refluxing tetrahydrofuran in the presence of AIBN initia-
tor for nine hours gave the desired a-keto ester in 65%
yield (Scheme 8). Table 2 summarizes some experimental
results using vinyl triflates 7 and 9 and illustrates the effi-
ciency and scope of the present method. The method was
quite general and worked well with cyclic and acyclic
ethers (entries 1 and 2), cyclic and acyclic alkanes (entries
3–5), and tetrahydrothiophene (entry 6). The yields
ranged from 54 to 78%. Similar results were also obtained
with vinyl triflate 7 (entries 7–9).17,18

Scheme 7 Radical alkylation of unactivated C–H bonds

Scheme 8

In conclusion, we have observed the b-cleavage of oxy-
gen–sulfonyl bonds together with the formation of the car-
bonyl group. The reaction was applied to achieve the
radical alkylation of alkyl iodides and bromides bearing
a-electron-withdrawing groups and, using vinyl triflate
acceptors, to unactivated C–H bonds. 
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Table 2 Radical Alkylation of Carbonyl Compounds Using Vinyl 
Triflates 7 and 9a 

Entry Substrate Product Yield (%)b

1 63

2 73

3 76

4 78

Table 1 Radical Alkylation of Carbonyl Compounds using Vinyl 
Triflates 7and 9a

Entry Substrate Products Yield (%)b

1 69

61 (19)

2 72

70

3 68

64 (31)

4 71

54 (29)

5c 67

58 (23)

a Reagents and conditions: (Me3Sn)2 (0.5 equiv), benzene, 300 nm, 
5 h.
b Yield of isolated product. The numbers in the parenthesis indicate 
the yield of recovered starting material.
c E = CO2Et
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a The reaction was carried out using AIBN as initiator at reflux for 9 h.
b Yield of isolated product.
c A 3:2 mixture of the two compounds was obtained.

Table 2 Radical Alkylation of Carbonyl Compounds Using Vinyl 
Triflates 7 and 9a  (continued)

Entry Substrate Product Yield (%)b
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