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Vinyl sulfides react rapidly and efficiently with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to form o,/5-unsaturated thiocarbenium ions
through oxidative carbon—hydrogen bond cleavage. These electrophiles couple with appended z-nucleophiles to yield sulfur-containing
heterocycles through carbon—carbon bond formation. Several nucleophiles are compatible with the procedure, and the reactions generally

proceed through readily predictable transition states.

Organic sulfides display a remarkable range of proper-
ties in comparison to their oxygen-containing analogs.
They are more nucleophilic, less basic, and less polar,
and they can be oxidized to form sulfoxides and sulfones
that provide additional opportunities for structural diver-
sification. Moreover sulfides can be converted to sub-
strates for [2,3]-sigmatropic rearrangements' that have
proven to be useful in complex molecule synthesis. Sulfur’s
versatility has been exploited significantly in drug discov-
ery efforts, as evidenced by the fact that several of the 200
top-selling pharmaceutical agents in 2010” contain sulfur
and, in many cases, the sulfur atom is contained in a ring.
Thus developing new methods for the stereoselective
synthesis of sulfur-containing heterocycles is clearly a
worthy objective.

Thiocarbenium ions are attractive intermediates for
the synthesis of sulfur-containing compounds.® The vast
majority of cyclization reactions that proceed through
thiocarbenium ions provide exo-products in which the
sulfur is not contained in a ring. Designing reactions of
thiocarbenium ions in which the nucleophilic addition
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proceeds through an endo-pathway would provide a pre-
parative method for sulfur-containing heterocycles. This
strategy is rarely employed for thia-Prins-type reactions in
which ring formation occurs through carbon—carbon
bond formation.* The limited number of reported exam-
ples of this type of transformation® and the potential for
preparing sulfur analogs of biologically active tetrahydro-
pyran natural products® led us to explore the synthesis of
tetrahydrothiopyrans’ through intramolecular additions
of m-nucleophiles into oxidatively generated thiocarbe-
nium jons.®

Our approach was designed to mirror our route to the
formation of oxygen-containing heterocycles,” whereby
allylic or benzylic ethers react with 2,3-dichloro-5,
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6-dicyano-1,4-benzoquinone (DDQ) to yield oxocarbenium
ions that react with enol acetate nucleophiles (Scheme 1).'°
Sulfur is a larger and less electronegative atom than
oxygen, making the relative stabilities of intermediate
thiocarbenium and oxocarbenium ions difficult to predict,
though comparative studies have shown that the energetic
difference between these species is small.'' Additionally the
longer bonds between carbon and sulfur indicate that the
strong preference for the E-geometry of oxocarbenium
ions'? could be eroded for thiocarbenium ions, leading to
lower stereocontrol.

Scheme 1. Heterocycle Synthesis through Oxidative Carbon—
Hydrogen Bond Cleavage
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We demonstrated the viability of allylic sulfide sub-
strates in these reactions (Scheme 2) through the DDQ-
mediated conversion of 1 to 2. This transformation led to
the formation of variable amounts of enone 3 as a result of
the oxidation of 2. The addition of LiClOy to the reaction
mixture reduced the formation of 3 to 4%, presumably due
to the stabilization of the radical anion that forms from the
initial electron transfer. Secondary sulfide 4 reacted with
DDAQ to yield 5 as a satisfactory 10:1 ratio of diasterco-
mers, confirming that the FE-thiocarbenium ion is the
dominant reactive species. The product of overoxidation
(6) was also formed in this transformation in 4% yield.
Benzyl sulfide 7 was converted to tetrahydrothiopyrone 8
with excellent stereocontrol. No overoxidation was ob-
served in this reaction. We postulate that the benzylic
carbon—hydrogen bond in the product does not overlap
the p-orbitals of the aromatic ring, thereby slowing pro-
duct oxidation.

Scheme 2. Allylic and Benzylic Sulfide Substrates
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The formation of overoxidized products and our desire
to expand the scope of nucleophilic groups led us to explore
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vinyl sulfide substrates. Mechanistic studies in our group
have revealed that oxidation rates are influenced by the
oxidation potential of the substrate and the stability of the
cation.'® Although allyl sulfides and isomeric vinyl sulfides
form the same thiocarbenium ion upon DDQ oxidation,
the lower oxidation potential of vinyl sulfides'* was ex-
pected to provide higher radical cation concentrations and
faster cation formation. This strategy has been shown to be
effective for acyliminium ion formation,'” whereby allylic
amides are unreactive toward DDQ while vinyl amides
react quickly. Vinyl sulfides are attractive substrates for
these processes because of their increasing accessibility
through a number of new metal mediated protocols for
their formation.'®

Vinyl sulfide 9 was prepared through a sequence in
which the key step was a palladium-mediated coupling
between a thiol and a vinyl iodide.!” Exposing 9'® to DDQ
provided 2 in 58% isolated yield within 10 min at 0 °C
through the same thiocarbenium ion that was formed
from allyl sulfide 1 (Scheme 3). Vinyl sulfide 10 also
proceeded through the oxidative cyclization reaction
smoothly, forming 5 with excellent diastercocontrol.
No overoxidation was observed. These results vali-
dated the strategy of employing vinyl sulfides rather
than allyl sulfides as substrates for oxidative thiocar-
benium ion formation.

Scheme 3. Cyclizations of Vinyl Sulfide Substrates
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Increasing the level of substitution in the products
can be achieved by employing substituted nucleophiles.
Controlling the stereochemical outcome of reactions with
highly substituted nucleophiles requires the preparation of
enolate surrogates with a high degree of geometrical con-
trol. The geometry of enol acetates and enolsilanes is
difficult to control, but enol carbamates can be prepared
with the appropriate level of control. The preparation
and cyclization of enol carbamate substrates is shown in
Scheme 4. The isomerization of allyl carbamate 11 with
LDA in the presence of HMPA' provided (Z)-enol
carbamate 12. The vinyl sulfide was formed through a
sequence of silyl ether cleavage, Mitsunobu displacement
with thioacetic acid,”® and coupling with (E)-1-iodo-1-
hexene using the recently reported conditions from Kao
and Lee?! to yield substrate 13. Although these conditions
were developed for thiols, we observed the useful result
whereby thioesters could be used in the coupling reactions
with equal efficiency to thiols, presumably due to in situ
thioester cleavage. Oxidation of 13 with DDQ resulted in
the smooth conversion to 14 with high stereocontrol.
Branched vinyl sulfide 15 was also an excellent participant
in the reaction, providing 16 in 82% yield as a 25:1:1
mixture of products, with the major product arising from
the expected chair transition state with an (£)-thiocarbe-
nium ion. The minor products can be attributed to a boat
transition state and a transition state with a (Z)-thiocar-
benium ion.

The (E)-carbamate was accessed by exposing alkynyl
carbamate 17 to Marek’s carbocupration/iodination
sequence®” to form 18. Cyclization substrate 19 was pre-
pared through a straightforward sequence. Oxidation of 19
with DDQ provided 2,3-cis-product 20 in 72% yield as a
single stereoisomer. These results demonstrated that com-
plementary stereocontrol can be accessed by the appro-
priate selection of enolate surrogate geometry.

Allylsilanes are also effective nucleophiles for this
reaction,”® as shown by the conversion of 21 to 23 in
Scheme 5. This process required that MeNO, be used as
the solvent>* since reactions in CH,Cl, led to the formation
of dienyl sulfide 24 from the deprotonation of thiocarbe-
nium ion 22. The more polar solvent allows for nucleo-
philic addition to be competitive with proton transfer,
presumably by stabilizing the silyl-substituted carboca-
tion intermediate that forms during the carbon—carbon
bond forming step. The trans-relationship between the two
alkenyl groups in the product can be attributed to the
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Scheme 4. Cyclization with Enol Carbamate Nucleophiles
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predominance of a chair transition state in which the
thiocarbenium ion has an (E)-geometry and the allylsilane
group occupies a pseudoequatorial orientation. The minor
diastereomer can be formed from the (Z)-thiocarbenium
ion, from the allylsilane group occupying a pseudoaxial
orientation, or from a competitive twist boat transition
state.

Scheme 5. Ring Closure by Allylsilane Addition

H
Gl
MeNO, §F Catr
H

- SiMe;"

~_ SiMe 68%
(W % DDQ, 2,6-Cl,Py MSLM%
—o0°Cc Erin =y _-CaHy
S/\/\C3H7 0°C, 5min + S
2 22 CHCl

_H* = SiMeg
oy

23 (dr=7.7:1)

Several additional allylsilane substrates were prepared
to probe the transition state of these reactions. The results
are shown in Table 1. Cyclizations of vinyl sulfides that
contain (Z)-allylsilane or trisubstituted allylsilane nucleo-
philes (entries 1 and 2) proceeded with much lower diaster-
eocontrol than the cyclization of 21. Incorporating a
branched alkyl group into the substrate led to the forma-
tion of four diasterecomeric products (entries 3—6), with the
(E)-allylsilane substrates again reacting with higher levels
of stereocontrol than the corresponding (Z)-allylsilane
substrates. Tetrahydrothiophenes are also accessible
through allylsilane additions to thiocarbenium ions, as
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Table 1. Stereocontrol in Allylsilane Addition Reactions”

entry substrate major product yield (%)° dr¢
SiMe;, H
S
1 Z (D 75% 1.91
e S Catty
25 23
H
= SiMe;
2 72% 2.01
& X -CaMg s P oMy

1.0:0.2:0.1:0.05¢

27
H
o~ SiMe; ~
gy g -G g 87 P CaHy
29
4
= SiMe, DN
4 mH /[\J/v\\ 79%  1.0:0.15:0.1:0.05¢
M ﬁsﬁ/ C3Hy

30 31
SiMe; H
B
5 > /E\/C\ 68%  1.0:0.8:0.2:0.2¢
"BuTST87 2 CaH
g g X Cahs PV TR 7
32 29
SiMe; H
N
6 > /[r;\ 79%  1.0:1.0:0.1:0.19
i B R
P A CH PR CaHr
r 8
33 31
Me3Si | H ==
7 J—CH, 77% 2011
NG

“Representative procedure: DDQ (1.05 equiv) was added to a
solution of the vinyl sulfide in MeNO, (~0.1 M) at 0 °C. The reaction
was stirred for 5 min and then purified by flash chromatography. ? Yield
refers to the mixture of isomeric products. “ Determined by NOESY
experiments and coupling constants in "H NMR spectra. ¢See text for
details.

shown in entry 7 where the (Z)-allylsilane substrate pro-
vides the product with good stercocontrol. The facility
of the unusual 5-endo cyclization can be attributed to
the longer carbon—sulfur bonds in comparison to carbon—
oxygen bonds. The origin of the striking differences be-
tween the selectivities of the (E)- and (Z)-allylsilanes is
illustrated in Scheme 6. The most abundant minor product
in the cyclization of substrates 28 and 30 is 36. This
compound most likely arises through transition state 37,
in which the alkyl group occupies a pseudoaxial orienta-
tion. This is reasonable based on the diminished energetic
penalty for axial substituents in sulfur-containing hetero-
cycles in comparison to oxygen-containing heterocycles.>>
The most abundant byproduct in the cyclizations of 32 and
33, however, is 38. This arises from cyclization through
(Z)-thiocarbenium ion 39. We note that the formation

of tetrahydrothiophene 35 proceeds cleanly through
(E)-thiocarbenium ion 40. While we do not currently
understand the origin of the effect, a comparison of 39,
40, and the disfavored intermediate 41 infers the potential
for an attractive interaction between the nucleophile and
the vinyl group of the thiocarbenium ion in 39 that would
not be present in 41.

Scheme 6. Origins of Minor Products with Allylsilane Nucleo-
philes
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We have demonstrated that stabilized thiocarbenium
ions can be prepared through the oxidation of unsaturated
sulfides with DDQ. The oxidations proceed most quickly
for vinyl sulfides due to their lower oxidation potentials.
The oxidatively generated electrophiles react with ap-
pended nucleophiles to form tetrahydrothiopyrans and
tetrahydrothiophenes. In most cases these transformations
proceed with good levels of stereocontrol through transi-
tion states that mirror those of the corresponding oxygen
analogs, although (Z)-allylsilanes react with poor stereo-
control for the formation of six-membered rings. Enol
carbamates were shown to be very effective nucleophiles
for the preparation of highly substituted heterocycles with
excellent stereocontrol.
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