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ABSTRACT: A novel transition-metal-free, sulfur mediated
allylic C−H alkylation reaction through a one-pot procedure
involving an ene-like step between simple olefins and activated
sulfoxides to generate allylic sulfonium intermediates, and a
subsequent [2,3]-sigmatropic rearrangement step under basic
conditions to give allylic C−H alkylation products, has been
developed. This method is applicable to tri- and disubstituted
olefin substrates in both inter- and intramolecular fashions.

Recent advances in the field of transition-metal-catalyzed
inert C−H bond functionalization have greatly expanded

organic chemists’ imagination for devising new synthetic routes
toward complex molecular targets.1 In the meantime, the
unexplored potential of main group elements’ chemistry deserves
the community’s attention toward providing alternative
possibilities in methodology development.2 Herein, we report a
novel transition-metal-free, sulfur mediated allylic C−H
alkylation reaction of olefins, which should complement well
with the recently popularized transition-metal-catalyzed allylic
C−H functionalization methods,3,4 as well as the more
traditional Tsuji−Trost type allylation.5
The well-known allylic C−H oxidation with selenium dioxide

is generally thought to proceed through an initial ene reaction
between an olefin substrate and SeO2 to give an allylic selenic
acid, followed by a subsequent [2,3]-sigmatropic rearrangement
step to generate the corresponding selenium(II) intermediate,
which is hydrolyzed to an allylic alcohol product.6,7 Based on
these mechanistic understandings, Sharpless et al. invented the
imido selenium reagents, as well as related sulfur diimide
reagents, to accomplish the allylic C−H amination of olefins.8

On the other hand, although the call for “pursuing the obvious
extension of these unique bond forming processes with the goal of
inserting carbon into allylic carbon−hydrogen bonds” was explicitly
noted in Sharpless’ 1976 paper on imido selenium reagents (vide
supra),8a realization of such a scenario was exceedingly rare,
except for a single example reported by Moiseenkov et al.9

Currently, transition-metal-catalyzed oxidative coupling re-
actions represent the state-of-the-art for allylic C−H alkylation
methods. Notable advances in this field include the copper/
cobalt catalyst system reported by Li and Li in 2006,10 as well as
the palladium catalyst systems resembling Tsuji−Trost type
allylation independently and almost simultaneously reported by
the Shi group and White group in 2008.11 While a number of
important synthetic methods have been developed along this line
of research,12,13 including the first couple of examples for
catalytic enantioselective allylic C−H alkylation reported by the

Trost group and Gong group,12d,i most of these reactions still
require the use of carbon nucleophiles containing two electron-
withdrawing groups to couple with allylic C−H bonds from
monosubstituted terminal olefins.
Our working hypothesis of sulfur mediated allylic C−H

alkylation is shown in Scheme 1. We anticipate that a moderately

electron-rich olefin could react with a highly electrophilic
oxosulfonium reagent (A), generated by mixing a sulfoxide
reagent with triflic anhydride (Tf2O),

14 in an ene-like fashion
(electrophilic addition, followed by elimination). If there is a
regiochemistry issue, electrophilic addition should follow
Markovnikov’s rule (under electronic control). The elimination
of H+ by a triflate anion should then generate an allylic sulfonium
intermediate (B)15 and HOTf as a byproduct. The allylic
functionalized sulfonium intermediate (B) could then be
converted to the corresponding allyl-group-bearing sulfur ylide
(C) under basic conditions (KOtBu), which then undergoes a
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Scheme 1. Working Hypothesis of Sulfur Mediated Allylic C−
H Alkylation
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facile [2,3]-sigmatropic rearrangement to give the desired
product.16 The overall transformation would be a net allylic
C−H alkylation reaction.
Gratifyingly, as depicted in Table 1, under our optimized

reaction conditions (entry 1), this one-pot process can convert

trisubstituted olefin 1a and methyl phenyl sulfoxide (2a) to the
desired product 3aa in 60% yield. The influence of some reaction
parameters is noteworthy. If DBU (entry 2) or sodium
methoxide (entry 3), instead of potassium tert-butoxide, was
used as a base in step 2, much lower yields were observed. The
use of trifluoroacetic anhydride (entry 4) led to a very poor result,
while the use of trichloroacetic anhydride (entry 5) or acetic
anhydride (entry 6) only gave trace desired product, showcasing
the advantage of using triflic anhydride to generate highly
electrophilic oxosulfonium reagent (A). As discussed in Scheme
1, we expect the generation of one molecule of triflic acid in step
1. So it is very interesting to see that the use of 2-chloropyridine, a
relatively non-nucleophilic base,14h,17 as an acid scavenger is
compatible with our present chemistry (entry 7), which should
help the neutralization of the strong acid byproduct for avoiding
side reactions on certain acid-labile substrates.
Several cyclohexene and -heptene derived trisubstituted

olefins were converted to the corresponding allylic C−H
alkylation products 3 in good yields (Scheme 2). Both methyl
phenyl sulfoxide (2a), and dimethyl sulfoxide (2b) can
functionalize olefins 1a−1d to give homoallylic sulfides (3aa to
3da, and 3ab to 3db) in 48% to 91% yields, which are otherwise
difficult to access from simple precursors. Sterically more
hindered substrate 1e can also be converted to product 3eb in
76% yield. For methylcyclohexene (1f), this reaction gave a 1:1
ratio mixture of two alkylation products 3fb and 3fb′ in 72%
combined yield, possibly due to the lack of regioselectivity in the
ene-like step, which could give two different allylic sulfonium
intermediates, and thus two isomers after rearrangement.
Disubstituted olefins 1g−1n can also be successfully function-

alized with this allylic C−H alkylation method (Scheme 3). With
α-methylstytene (1g), alkylation products 3ga and 3gb were
obtained in 61% and 72% yields, respectively. More electron-rich
methoxy substituted α-methylstytene substrate 1h gave only a
32% yield of 3hb, while electron-deficient nitro substituted
substrate 1i gave a 73% yield of 3ib. For alkenes with an exocyclic
methylene group, reactions with 2a gave products 3ja, 3ka, and

3la in 67%, 74%, and 59% yields; however, reactions with 2b can
only give corresponding products 3jb, 3kb, and 3lb in 75%, 22%,
and 21% yields under our standard conditions (as shown in Table
1, entry 1). Switching to the more neutral reaction conditions (as
shown in Table 1, entry 7) with 2-chloropyridine as an acid
scavenger was found to be advantageous in these cases, leading to
92%, 80%, and 54% yields of 3jb, 3kb, and 3lb. In addition to the
above-mentioned gem-disubstituted olefins, electronically less
polarized vic-disubstituted olefins were also competent substrates
for this transformation. Cyclohexene (1m) can be converted to
the desired product 3mb in 58% yield. Acyclic vic-disubstituted
olefins (Z)-oct-4-ene (Z-1n) and (E)-oct-4-ene (E-1n) both led
to a 1:1 ratio mixture of cis- and trans-allylic C−H alkylation
products 3nb and 3nb′ in similar yields. Unfortunately, the use of
1-decene (not shown in Scheme 3) as a substrate to react with 2b
under our best reaction conditions (Table 1, entries 1 and 7) just
gave less than a 20% yield of the desired product. Further
development is necessary to make this chemistry applicable for
allylic C−H alkylation of monosubstituted terminal olefins.
In addition, we found this allylic C−H alkylation protocol can

be realized in an intramolecular fashion (Scheme 4). For olefin 4
with a sulfoxide functional group, after sequential treatment of
triflic anhydride and potassium tert-butoxide, the desired
cyclization product 5 was obtained in 63% yield, most likely
through a five-membered ring sulfonium intermediate.18

For product derivatization (Scheme 5), we were able to reduce
the homoallylic sulfide 3aa to 6 with Raney nickel. We could also
oxidize 3aa to corresponding sulfoxide 7 (in 1:1.63 dr) or sulfone

Table 1. Influence of Reaction Parameters on the Sulfur
Mediated Allylic C−H Alkylation of Trisubstituted Olefin

entry variation from “standard” conditions yield (%)a

1 none 60
2 use DBU instead of KOtBu as base in step 2 11
3 use NaOMe/MeOH as base in step 2 22
4 use (CF3CO)2O instead of Tf2O in step 1 <5
5 use (CCl3CO)2O instead of Tf2O in step 1 trace
6 use (CH3CO)2O instead of Tf2O in step 1 trace
7 use 2-chloropyridine as additive in step 1b 55

aIsolated yield for a 0.5 mmol scale reaction. bInstead of warming up
to rt, step 1 was conducted at −80 °C for 4 h.

Scheme 2. Sulfur Mediated Intermolecular Allylic C−H
Alkylation of Trisubstituted Olefins
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8 with Oxone in good yields,19 which could potentially lead to
many other types of derivatives through elimination, reduction,
α-alkylation, or Julia olefination.
In conclusion, we have developed a novel sulfur mediated

allylic C−H alkylation reaction to form C(sp3)−C(sp3) bonds
from C−H bonds without the involvement of transition metal
catalysts. This method is applicable to trisubstituted olefins, gem-
disubstituted olefins, and vic-disubstituted olefins. The use of
readily available reagents under robust reaction conditions is an
attractive feature of this chemistry. The current scheme might
also give us some new opportunity for designing enantioselective
allylic C−H alkylation reactions. Exploration of the mechanism
and synthetic applications is currently underway.
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