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ABSTRACT

2-Fluoropyridinyl-6-oxy- precursors derived from phenyl vinyl sulfide react with radicals generated from xanthates via an addition�elimination
process to furnish the corresponding vinyl sulfides in good yields. This convergent method is operationally simple and enables a straightforward
synthesis of the difficult to access tetrasubstituted vinyl sulfides. Vinyl sulfides were used as more robust enol ether surrogates in highly
stereoselective reactions with N-acylium cations leading to nitrogen-containing polycyclic structures.

Vinyl sulfides are versatile building blocks that have
beenwidely used asmore robust surrogates for enol ethers1

in reactions involving thionium ions,2 in cycloadditions,3

or in carbometalation processes.4 This structural motif has
also found applications inmaterial science5 and is featured
in some biologically active compounds.6 Not unexpect-
edly, vinyl sulfides have attracted continuing interest from
the synthetic community, and a variety of methods have
been reported for their preparation. The main approaches
include the free radical,7 base,8 or metal9 mediated hydro-
thiolation of alkynes, the cross-coupling10 of thiols with
functionalized vinylic reagents, and the reaction of unsa-
turated compounds with electrophilic sulfur reagents.11
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Paradoxically, despite the plethora of transformations avail-
able,12 only a handful of methods allow for the construc-
tion of tetrasubstituted vinyl sulfides.13 Furthermore, these
methods are generally limited in scope by the use of electro-
philic sulfur reagents and/or strong bases and nucleophiles.
Recently, we reported a mild and stereoselective synth-

esis of the least stable isomeric (Z)-alkenes relying on the
radical allylation of xanthates 3with phenyl vinyl sulfones
1 (Scheme 1, n = 2).14 In the course of this study we
observed in one experiment that the corresponding phenyl
vinyl sulfide 2a was also a competent substrate in this
transformation (Scheme 1, n = 0).

Recognizing that our radical allylation could provide
access to tetrasubstituted vinyl sulfides while at the same
time overcoming the regioselectivity and functional group
tolerance limitations encounteredwith establishedmethods,15

we decided to study the scope of the reaction. Our results
are reported herein.
We first examined the synthesis of trisubstituted vinyl

sulfides by reacting various fluoropyridyl ethers 2, derived
from aldehydes and phenyl vinyl sulfide, with electro- and
nucleophilic radicals (Figure 1).16

The reaction proved general, and in all cases, the tar-
geted trisubstituted vinyl sulfides 5 were obtained in good
yields, albeit with moderate stereoselectivities (Figure 1).

We believe that the preferential formation of the (Z)-
isomer is due to the relative smallness of the SPh substi-
tuent compared to standard alkyl groups.17 As suggested
by the remarkably high yielding formation of vinyl sulfides
5dand 5handbyour recent studyonpolar effects in radical
fragmentations,18 the elimination step is significantly faster
in the case of vinyl sulfides than in the case of vinyl
sulfones.19 This comparatively rapid elimination may also
account for themodest selectivities observed by preventing
the intermediate adduct radical from completely adopting
its most stable conformation prior to fragmentation.
The robustness of this radical allylation is further de-

monstrated by the gram scale synthesis of vinyl sulfides 5a
and 5f (Scheme 2). Indeed, the procedure routinely used on
the 0.5�1.0 mmol scale delivered 5a and 5f in nearly
identical yields when applied on the 5 and 8 mmol scale
respectively.
We were encouraged by these first results to further

expand this radical addition�elimination process to tetra-
substituted thio-enol ethers. Indeed, tetrasubstituted vinyl
sulfides could be assembled in good yield and moderate
(Z)-selectivity as shown by examples displayed in Table 2.
The formation of vinyl sulfides bearing acid sensitive func-
tions such as a masked unsaturated aldehyde 5l or ketal 5n
as well as the tolerance for insaturations (alkenes 5d, 5h,
and 5o, enone 5x, Figures 1 and 2) and base/nucleophile

Scheme 1. Experiments at the Origin of Our Study

Figure 1. Scope of the radical allylation for the synthesis of
trisubstituted vinyl sulfides. Reaction conditions: olefin 2
(2 equiv), xanthate 3 (1 equiv); lauroyl peroxide was added in
20 mol %/h portions (with respect to the xanthate). 5h was
obtained as a mixture of diastereo- and geometric isomers, but
theZ/E ratio could not be determined by 1HNMRanalysis. For
5j, lauroyl peroxide was added in 30 mol %/h portions.
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more, the reaction of analogs of the olefin used to prepare 5d and 5h,
bearing an electron-withdrawingCF3 or SOPh substituent instead of the
electron-donating SPh group, gave complex mixtures.
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sensitive groups such as enones, ketones, esters, phtali-
mides, or succinimides testify to the mildness of this
approach. Such functional groups would typically not be
compatible with previous literature methods.13 Vinyl sul-
fides 5p and 5w were prepared by combining our earlier
results with trifluoromethyl alkenes20 with the present
work. The synthesis of thio-enol ether 5w nicely highlights
the convergence of this route since the xanthate involved
was itself made by an intermolecular addition of the
S-(1-cyano-1-methyl)ethyl xanthate toN-vinylphthalimide
(Figure 2).21 Complex structures may also be efficiently
constructed in one step as shown by the formation of
cortisone derived adduct 5x in 68% isolated yield
(Figure 2). Finally, as mentioned earlier, the process is
easily scalable. Thus, tetrasubstituted vinyl sulfide 5m

could be obtained in 74% isolated yield on the gram scale
(8.0 mmol, 2.3 g isolated).
It is important to note that the radical addition�

elimination is in competition with the Claisen rearrange-
ment of the substrates.22 This sigmatopic rearrangement is
especially effective with 2-fluoropyridyl ethers derived
from tertiary allylic alcohols and occurs even in refluxing
ethyl acetate, as illustrated by the near-quantitative con-
version of 2b into 7 (Scheme 3).
Normally, the rearrangement of 2-allyloxypyridines re-

quiresmuchhigher temperatures and furnishesmixtures of
regioisomers.23 We were fortunate that, in our case, this
Claisen rearrangementwas not too fast so as to prevent the
radical process from taking place. In this respect, we found
that shortening the reaction time by adding the peroxide
in larger portions allows producing the desired tetrasub-
stituted thio-enol ethers in comparable yield to the less
substituted analogs (Figure 2 vs 1).

When the xanthate partner contains an R-carbonyl,
then, the addition�fragmentation of the corresponding
radical constitutes a formal synthesis of 1,4-dicarbonyls,24

since vinyl sulfides are known to undergo hydrolysis upon
treatment with various Lewis25 or Br€onsted26 acids.
Theproducts are in fact extremely useful as regioselectively

monoprotected 1,4-dicarbonyls. For example, Cohen27 used
γ-keto vinyl sulfides to prepare exo-cyclopentenes derivatives
and Hua exploited the cyclization of the thionium ions
derived therefrom in the total synthesis of (þ)-pentalene28

and (þ)-hirsutene.29

Figure 2. Scope of the radical allylation for the synthesis of
tetrasubstituted vinyl sulfides. Reaction conditions: olefin 2

(2 equiv), xanthate 3 (1 equiv), lauroyl peroxide was added in
20 mol %/h portions (with respect to the xanthate). For 5p, 5s,
5u, 5v, 5w, and 5x, lauroyl peroxide was added in 40 mol %/h
portions.

Scheme 2. Robustness of the Radical Allylation
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In contrast, and to the best of our knowledge, vinyl
sulfides have neverbeenused asπ-nucleophiles in reactions
with the well-known and strongly electrophilic N-acylium
cations.30 Since our technology allows the ready assembly
of the required substrates necessary for such transforma-
tions, we examined briefly this interesting synthetic exten-
sion. Thus, hemiaminals 8a�ewere prepared in good yield
by reduction with NaBH4 according to literature proce-
dures (Table 1).31

We first subjected succinimide derived hemiaminals 8a
and 8c to formic acid but only obtained complex mixtures.

However, hemiaminals 8b, 8d, and 8e respectively derived
from phthalimides 5f, 5p, and 5s smoothly underwent
cyclization to furnish tricyclic ketones 9 and/or vinyl
sulfides 10 (Table 2). These reactions proved efficient for
both tri- and tetrasubstituted vinyl sulfides, even those
bearing a bulky or an electron withdrawing CF3 group.
They also turned out to be highly stereoselective, as shown
by examples (cis)-9a, (cis)-10b, and (trans)-9b. Amusingly,
trifluoromethyl alkene (Z)-8d selectively gave vinyl sulfide
(cis)-10b32 while (E)-8d furnished ketone (trans)-9b arising
from hydrolysis of the corresponding (trans)-thio-enol
ether. In the case of hemiaminal 8e we also found that
prolonged exposure to formic acid provided ketone 9c

while a short treatment with formic acid in the presence
of 4 Å molecular sieves gave vinyl sulfide 10c as the major
product.
In conclusion, we have developed a flexible, mild, and

operationally simple synthesis of regio-defined tri- and
tetrasubstituted vinyl sulfides. The ability to rapidly bring
together various functional groups that could then be
made to react with the thio-enol ether is illustrated by
the assembly of polycyclic nitrogen heterocycles through
cyclization with in situ generated N-acycilium species.
Numerous other variations andmodifications can be readily
conceived and hopefully eventually implemented.
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Scheme 3. Claisen Rearrangement of Precursor 2b

Table 1. Chemoselective Reduction of Succinimide and
Phthalimide Containing Vinyl Sulfides

substrate R1 R2 substituent yield ZIEa

5d cyclohex-3-en H succinimide 8a: 95% 60:40

5fb dihydrocinnamyl H phthalimide 8b: 90% 95:5

5g cyclopropyl H succinimide 8c: 80% 65:35

5pc CF3 Me phthalimide 8d: 93% 80:20d

5s cycloheptyl phthalimide 8e: 96% �
a Z/E ratios of 5 and 8 were identical. b 5f was obtained in a Z/E =

95:5 ratio by recrystallization of the Z/E = 65:35 mixture originally
obtained. cThe reaction was run in a 3:1 mixture of MeOH/DCM. dThe
(Z) and (E) isomerswere separated by silica gel column chromatography.

Table 2. Cyclization of Vinyl Sulfides on N-Acylium Ionsa

substrate ZIE time yield 9 dr 9 yield 10 dr 10

8b 95:5 12 h (cis)-9a: 62% g95:5 10a: � �
(Z)-8d g95:5 2 days (cis)-9b: � � (cis)-10b: 61% 95:5
(E)-8d e95:5 2 days (trans)-9b:

70%
g95:5 (trans)-10b: � �

8e � 7 days 9c: 61% � 10c: � �
8eb � 10 min 9c: 20% � 10c: 48% �

aCompounds 8 were dissolved in pure formic acid and stirred in an
open to air flask. bReaction ran in DCM with 4 Å molecular sieves.
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