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Conjugated 1-bromo or 1-iodo-1,3-dienes bearing a sulfide substituent
have been synthesized via 1,2-sulfur migration from propargylic
thioethers upon activation with NIS or NBS. The reaction generally
proceeds with high control over the regio- and diastereoselectivity.
Highly substituted thiophenes and selenophenes are easily obtained
from the generated dienes.

Conjugated dienes are relevant structural motifs due to their
applications in material science and organic synthesis,’ their
prevalence in natural products,” and broad versatility as building
blocks in a plethora of reactions,** enabling the rapid construction
of molecular complexity. These features have caused a continuous
interest in synthesizing 1,3-dienes.> Recently, stereoselective stra-
tegies for preparing highly substituted 1,3-dienes have attracted
much attention.® Starting from alkynes, several reports have
succeeded in producing conjugated dienes using palladium
catalysts,” or bimetallic catalytic systems.® Migration of propargylic
esters to the alkyne position followed by elimination afforded
functionalized 1,3-dienes using Au- or Cu-catalysts (Scheme 1, eqn
(1)),° or by combining both metals with hypervalent iodonium
salts.’ Also, a modular strategy for constructing 1-halo-1,3-dienes
from alkynes has been described in two steps employing a copper
catalyst and organolithiums (Scheme 1, eqn (2))."* Activated 1,3-
dienes bearing heteroatomic substituents are highly relevant
building blocks and, thus, a common target in synthesis."*>
Although less explored than their oxygenated or nitrogenated
counterparts, sulfide-substituted conjugated dienes'*'* have been
acquiring interest partly due to their diverse synthetic applications
like in both Diels-Alder® and inverse electron-demand Diels-
Alder"” reactions after oxidation to sulfones.

In recent years, notable efforts in providing efficient routes
of syntheses of these dienes have succeeded in accessing 3-
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substituted-(1,3-dien-2-yl)sulfanes via alkyne hydrothiolation fol-
lowed by dehydration processes.'®> Also, Ananikov, in collabora-
tion with Konig, described an elegant photocatalyzed process to
synthesize precursors of activated 1,3-dienes that, upon treat-
ment with a suitable base, release a challenging trisubstituted
sulfur-activated conjugated diene (Scheme 1, eqn (3)), which
could be engaged in further transformations,"®
the isolation and purification of reactive dienes.

On the other hand, sulfur migration involving alkenylation
processes has experienced continuous growth,'” arising as a
powerful strategy for accessing more complex compounds like
heterocycles and alkenyl sulfides. In this sense, we have recently
reported the synthesis of indenes through an alkyne iodothiola-
tion of propargylic thioethers via 1,3-sulfur shift (Scheme 1, eqn
(4))."® Inspired by these findings, we envisioned that iodonium-
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Scheme 1 Background, previous work and proposed tetrahydrocarbazo-
lone synthesis from 4-(indol-2-yl)-4-oxobutanals.
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induced sulfur migration of propargyl thioethers could provide
access to tetrasubstituted alkenes with high control on the
diastereoselectivity.’® A base could favor elimination reactions
over the sulfonium intermediate 2, enabling of highly substi-
tuted conjugated dienes bearing easily tunable halide and
sulfur-based substituents (Scheme 1d).

Initially, we subjected the readily available model thioether*°
1a to reaction with I, in the presence of an external base like
K,COj; (Table 1), observing the formation of conjugated diene 3a
derived from alkyne activation followed by 1,2-sulfur migration
only in minor amounts (entries 1 and 2). In the absence of the
base starting material was recovered (entry 3). Considering the
tendency of the I,/carbonate system to afford diiodinated pro-
ducts with similar starting materials,”* we tested NIS with the
carbonate (entry 4). To our delight, diene 3a was obtained in
high yields as a mixture of diastereoisomers (ca. 4:1), though
isomer E was formed preferentially. A lower base amount
achieved a high yield (entry 5). Similar results were provided
with catalytic amounts of DBU (entry 6). In the absence of a base
(entry 7), the reaction proceeded smoothly in 30 min without
observing thiochromene byproducts.*® This result suggests that
the succinimidate anion acts as a base in the elimination step.
Other solvents needed higher reaction times to achieve full
conversion (entries 8 and 9). Higher diastereoselectivity was
obtained by lowering the temperature (entries 10 and 11). The
transformation performed readily well without the base, afford-
ing almost exclusively the diene 3a as the isomer E after 2 h at
0 °C (entry 10). Isomerization of diene (E)-3a may occur upon
exposure to sunlight or catalytic amounts of acid, so the reac-
tions were performed in the dark to minimize it.

Then, we investigated the scope of the reaction by applying
the optimized reaction conditions to a diverse range of thioethers

Table1 Optimization of the reaction conditions for the synthesis of diene

3a”
"I*" base,
S solvent, T, t S
MEW Bu

>

Me 1a Bu 3a |
Entry Solvent I'source Base T t(h) 3aYield (%) (E:2)
1 MeNO, I, K,CO; r.t. 6 16 (4:1)
2 CH,Cl, 1, K,CO; rt. 6 15 (>20:1)
3 CHCl, I, — rt. 24 —°
4 CH,Cl, NIS K,CO; rt. 24 92 (4.4:1)
57 CH,Cl, NIS K,CO; rt. 24  88(3:1)
6¢ CH,Cl, NIS DBU rt. 24  >95(2:1)
7 CH,Cl, NIS — rt. 05 79(2:1)
8 Toluene NIS — rt. 24 77(2:1)
9 THF NIS — rt. 24 56 (4:1)
10 CH,Cl, NIS — 0°C 2 >95 (90)° (20:1)
11 CH,Cl, NIS K,CO; 0°C 24 81 (7:1)

@ Reaction conditions: thioether 1a (0.1 mmol), I" source (0.15 mmol),
base (0.1 mmol), solvent (1 mL), temperature (7), and reaction time (¢).
% Yield determined by *H NMR us1ng CH,Br, as internal standard and
referred to startlng product 1a. © Unreacted starting material 1a was
recovered The base was employed in catalytic amounts (10 mol%).

¢ Yield after column chromatography referred to starting product 1a.
f No full conversion (86%) was observed.
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1 (Table 2). Initially, we varied the substituent at R" linked to the
S-atom that experiences the migration. Substrates bearing phenyl
or different p- or o-substituted aryl groups with halogens or
methoxy groups were easily transformed into corresponding
dienes (3b-f) in high yields. Also, elevated diastereoselectivities
(>20:1) were observed except for products 3¢ and 3f, which
required prolonged reaction times. When a naphthalene (1g) or
different alkyl groups (1h-k) were installed at the S-atom, the
dienes (E)-3g-k were formed with complete diastereoselectivity
and good yields even when other functional groups were present
in the alkyl chain (3j and 3k). Though, compound 3j was obtained
in lower yields probably due to partial oxidation of the S-atom
with the excess of NIS. Next, we investigated the behavior of
substituents at the propargylic positions R* and R®. Different
cyclic, linear, or branched alkyl groups were well-tolerated,
affording selectively dienes (E)-3l-o in high yields. Nevertheless,
diene 3p, in which the configuration of the tetrasubstituted
alkene is fixed, was obtained as a mixture 3:1 of two diastereoi-
somers where (3E,5E)-3p was the major compound. Thioethers
bearing unsubstituted alkynes (1r and 1q) were also successfully
employed. However, dienes bearing a methyl (3r) or a phenyl (3q)
group at R® position were highly reactive, resulting in lower yields
and diastereoselectivities due to rapid isomerization. Other alkyl
substituents at position R* afforded dienes 3s and 3t in high
yields. Notably, linear alkyl chains delivered diene 3t as a single

Table 2 NIS-promoted synthesis of 1-iodo-1,3-dienes 3%°

s—R! NIS R? S—R'
R3 (1.5 equiv)
—_——
AN CH,Cly, 0°C R3 VAR R
] RS 2-7h 3
E:Z >20:1
R
Me S Me S
)_\gin-Bu Mi > )/_\gfn-au Q
I
Bu |
3aR=H, 94%° (5.4 -
2 0o (G849 " 3e R=F, 72% 39 96%

3b R=H, 72%

3¢ R=Cl, 63% E:Z (6:1)
3d R=OMe, 88%

Me S—R

3f R=Br, 73% £:Z (7:1)

( S@Me
[/\ \/>—n.au

I 31 n=1,77%
3m n=2, 89%
3n n=3, 85%

O

j R=Etn=1, 54%

n-Bu k R=Me n=2, 80%

i

3h R=Bn, 67%
3iR: (CHZ)MCH3 81%

30 82%

}_\gftBu

I 35, 78% (5:1)

Me

é:

H

=

3q R=Me, 43%

3p 85% 3r R=Ph, 51% E:Z (1:1)

EE:ZE (3:1)

M?

89%

@/OMe
Me S
)/—\g_\ 3v, 82% )_g_\ O

I OMe 3w 66%

Me

@NOZ

3u 73% E:Z (2:1)

3x 97%, E:Z (4:1)

@

Me Me

¢ Reaction condltlons 1 (0.5 mmol), NIS (O 75 mmol) CH,Cl, (5 mL),
0°C, 2-7 h. ? Yield of the isolated product. ¢ Conditions: 1a (15.5 mmol),
NIS (23 2 mmol), CH,Cl, (155 ml).
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isomer, whereas bulky groups at R* like #-Bu (3s) provided lower
diastereoselectivities.

Propargylic thioethers bearing arenes directly attached at
the alkyne produced the previously reported thiochromenes,
except for those substrates bearing strong electron-withdrawing
groups, like a p-nitro (3u), at the aromatic substituent placed at
R*. Nevertheless, lower selectivities were obtained for 3u due to
rapid isomerization in the reaction media. The reaction exhibited
good compatibility with functional groups present in the alkyl
chain, like, for example, methyl- or aryl ethers, that afforded the
corresponding dienes 3v and 3w, respectively. Similarly, bromine-
substituted alkyne 1x provided the diene 3x in almost quantita-
tive yield as a mixture enriched in the diastereoisomer E. The
reactions showed excellent performance at a multigram scale to
obtain 5.4 g (94%) of diene 3a with complete selectivity. By
contrast, S-aryl secondary propargyl thioethers (R* = R® = H) were
found to be unreactive under optimized conditions.>*

Next, we evaluated other monopositive halonium ion
sources. By using N-bromosuccinimide (NBS) instead of NIS,
alkyne activation of 1a followed by 1,2 sulfur migration also
occurred, affording the corresponding 1-bromo-1,3-diene 4a
(Table 3). By contrast, Selectfluor or N-chlorosuccinimide only
originated the C-S bond cleavage at the propargylic position.
The excess of NBS reagent was demonstrated to be detrimental
as further reactions of the generated dienes with the additional
amounts of halogenating agent were observed. So, the amount
of NBS was reduced to 1.1 equivalents to achieve optimal
results. Then, thioethers 1 substituted at the alkyne were tested
(Table 3), accessing to 1-bromo-1,3-dienes 4 in slightly lower
yields than the related iododienes. Remarkably, the reaction
with NBS proceeded smoothly at r.t., affording only one diaster-
eoisomer in almost all the cases except for bulky substituent at
R* (4s), with similar selectivity to that one observed with NIS to
obtain 3s. Bromodienes 4 exhibited higher stability, and no
isomerization was observed upon exposure to sunlight or acids.

To further illustrate the synthetic potential of the dienes, we
decided to test them as precursors in synthesizing valuable
heterocycles like 3-thiorganyl substituted thiophenes and

Table 3 NBS-promoted synthesis of 1-bromo-1,3-dienes 4

S/R1 NBS. R2 S—R!
R3 (1.1 equiv)
AN CH,Cl, 1t rod \
1 R4 1-16 h

@

af, 72%
u

e :
)/_gf" BU 42, 88% M" Bu 4d, 70%

Br

Me

n- Bu \ n-Bu 4n, 65%
7% mBU 4m, 52%

t-Bu
Br 4s,64% (E:Z = 3:1) Br Ph at, 81% Br 4x, 82%

“ Reaction COl’ldlthIlS 1 (0.4 mmol), NBS (0.44 mmol), CH,Cl, (4 mL),
rt, 1-16 h. ? Yield of the isolated product.
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selenophenes™ (Table 4). Conjugated iododienes 3 reacted with
elemental sulfur or selenium with a copper iodide catalyst and
a base, enabling a straightforward synthesis of highly substi-
tuted thiophenes and selenophenes.** A variety of trisubsti-
tuted thiophenes (5a, 5i, 50, and 5t) were obtained in high
yields by reaction with elemental sulfur at 90 °C in DMF.

The reaction with pentasubstituted dienes 3n and 3p was
demonstrated to be more challenging, although tetrasubsti-
tuted thiophenes 5n and 5p could also be synthesized in
slightly lower yields. Regarding the synthesis of selenophenes,
higher temperatures were required to accomplish an efficient
heterocyclization reaction using the more stable NMP. Under
these conditions, a selection of different representative seleno-
phenes bearing three (6a, 6d, and 6f) or four substituents (6m)
was afforded.

A plausible mechanism for the formation of conjugated
1-halo-1,3-dienes is depicted in Scheme 2. The interaction of
thioether 1 with NIS generates cyclic iodonium intermediate 7
Then, an anti-nucleophilic attack of the S-atom located at the
propargylic position produces a less studied methylenethiiranium
intermediate 2.>> The nature of R* substituent plays a crucial role
in favoring diene formation. In this sense, alkyl, hydrogen, halo-
gen, or electron-poor aromatics substituents prefer further evolu-
tion into sulfonium intermediate 2, whereas electron-rich arenes
could cause slippage of the iodonium ion, delivering alternative
competitive thiochromene formation. Finally, conjugated iodo-
diene 3 is released after deprotonation of the intermediate 2 by
the succinimidate anion derived from the NIS.

In conclusion, a route to synthesize highly substituted
conjugated dienes has been described by modulating the rich
and diverse reactivity of propargylic thioethers towards alkyno-
philic reagents like NIS or NBS. The transformation proceeds
under mild reaction conditions, enabling the formation of a
variety of 1-halo-2-thio-1,3-dienes in high yields and, in general,
with good control over the diastereoselectivity on the generated
tetrasubstituted alkene. The process was robust enough to be
performed under air and scalable. The high control over the

Table 4 Derivatization reactions of dienes 3%

RZ S=R'  cul (5 mol%) r!  Cul (5 mol%)

R SR
R? S—
Se, K,CO4 S, K,COy
R3I§\R4 “NMP, 135 °C st_\g—w DMF, 90°C * ga / \ R
3 1

Se
6
Me
5| 76%
5n, 56%
OMe

Z’Xn Bu 5a,78%

o 5t, 70%
nBU 5p 519 mBu So.81% TSS\L ’
Ph
Z/’&n Bu 6aR =Me, 71% / m
18U 6f, 48% -

Se 6d R = OMe, 52% Bu 6m, 45%

¢ Reaction conditions: 3 (0.2 mmol) Sg or Se (0.6 mmol), Cul (5 mol%)
K,CO; (0.4 mmol), DMF or NMP (2 mL), 90 or 135 °C, 2 to 12 h. ? ield
of the isolated product.
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Scheme 2 Mechanistic proposal.

regio- and diastereoselectivity observed could be reasoned by a
key intermediate formed after an anti nucleophilic S-attack to
the alkyne activated by the halonium source. The choice of
substrate and reaction conditions enable this 1,2-sulfur migra-
tion followed by succinimidate anion-assisted elimination
sequence to obtain conjugated dienes over other alternative
reactivity patterns of propargylic thioethers. The generated
halodienes demonstrated potential as valuable building blocks
for subsequent transformation, like synthesizing highly
substituted thiophenes and selenophenes upon reaction with
elemental sulfur or selenium under copper catalysis.
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