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We present here our results of the efficient copper-catalyzed cyclizations of chalcogenoenynes and establish a route to obtain 3-substituted
chalcogenophenes in good to excellent yields. In addition, the obtained chalcogenophenes were readily transformed to more complex products
using the palladium-catalyzed cross-coupling reactions with boronic acids to give Suzuki-type products in good yields.

Chalcogenide compounds have found such wide utility
because their effects on an extraordinary number of very
different reactions, including many carbon—carbon bond
formations,* under relatively mild reaction conditions. In
addition, they have become attractive synthetic targets
because of their chemo-, regio-, and stereoselective reac-
tions? use in a wide variety of functional groups, thus
avoiding protection group chemistry, and useful biological
activities® The selenium group can be introduced in an
organic substrate via both nucleophile and electrophile
reagents. After being introduced in an organic substrate, the
organosel enium group can easily be removed by selenoxide
syn eimination* and [2,3] sigmatropic rearrangement.’
Conversely, the carbon—selenium bond can a so be replaced
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by acarbon—hydrogen,® carbon—halogen,” carbon—lithium,®
or carbon—carbon bond.®

Among chalcogenides, the chalcogenophene derivatives
play an important role in organic synthesis because of their
excellent electrical properties and environmental stability.
Chal cogenophene oligomers are compounds of current inter-
est because many of them show photoenhanced biological
activities,™ and a--type chal cogenophene oligomers, such as
5,2":5',2"-terthiophene, produce crystalline, electroconductive
polythiophenes on electrochemical polymerizations.** Thus,
awide variety of oligomers and related chalcogen compounds
including mixed thiophene—pyrrole oligomers have been
synthesized mainly with expectation of obtaining excellent
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precursor compounds for molecular devices and el ectrocon-
ductive polymers. In addition, chal cogenophenes are widely
studied agents with a diverse array of biological effects.
These include potent antitumor and antiviral activity, aswell
as efficacy as a maturation inducing agent.*?

In addition, grest progress has been madein carbon—hetero-
atom bond formation via the cross-coupling reaction of
heteroatom compounds with halides using a copper-catalyzed
system.™® These improvements are certainly a consequence
of the studies regarding the effects of several ligands, such
as diphatic diamines, 1,10-phenanthroline, amino acids and
their derivatives, and others. These important findings allow
the use of common organic solvents (dichloromethane,
chloroform, toluene, benzene, DMF, and DM SO) and weaker
bases (K,COs, Cs,CO3, and K3PO,), and they also allow the
use of not only aryl iodide but also aryl bromides and
chlorides. After that, these reactions became more attractive,
and nowadays they can be carried out at lower temperatures,
under milder conditions, and using a catalytic amount of the
copper salts. Besides, the transition-metal-catalyzed reactions
of organoselenium compounds have been growing, and
highly selective transformations of chalcogen compounds
have been developed by using palladium or copper cata
lysts.*

To our knowledge, the use of Cu-catalyzed cyclization of
enynes remains unexplored. In this paper, we present our
contribution to this field by developing a general and mild
protocol for the seleno- and tellurophene synthesis via
reaction of enynes with diorganoyl dichalcogenides, cata-
lyzed by Cul. Not only does this method give access to C-3-
substituted selenophenes, unavailable by existing one-pot
cyclization techniques, but it also holds a promise for a quick
assembly of tellurium heterocyclic compounds via a two-
component cyclization/coupling strategy (Scheme 1).

Scheme 1. Genera Scheme
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The starting (Z)-chalcogenoenyne 1 was readily available
by using the process of hydrochalcogenation of alkynes.™
Our initial studies on the cyclization have focused on the
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development of an optimum set of reaction conditions. In
this way, the optimization process was performed using
telluroenyne 1a and dipheny! diselenide. Thus, a mixture of
1a (0.25 mmol) and diphenyl diselenide (1.1 equiv), utilizing
DMSO (3 mL) as a solvent at 110 °C, was reacted with
different copper salts (10 mol %). The results showed that
the cyclization of 1a was best catalyzed by Cul. Using this
catalyst, the desired product 2a was obtained in 79% yield.
Other copper salts such as CuCl, CuCN, CuCl,, CuBry,
Cu(OAcC),, and Cu(OTf), were less effective. Remarkably,
diphenyl deselenide alone could not promote this reaction
in the absence of the copper catalyst, and 1a was recovered
guantitatively. In comparison, treatment of enyne 1a with a
catalytic amount of Cul in the absence of diphenyl deselenide
led to no detectable consumption of the starting material.
This observation suggested that a complex PhSe/Cul*® should
be required for the catalytic conversion of la to 2a.
Regarding the influence of the solvent in this cyclization,
optimal results were achieved using DM SO. Other solvents
(THF, DMF, MeCN, toluene, CH.Cl,, and dioxane) gave
the desired product 2a in unacceptable yields (less than 20%).

Since the accomplishment of this reaction probably is
dependent on the nature of the group directly linked to the
chalcogen atom, we decided to explore this influence using
different aryl and alkyl groups, and the results are shown in
Scheme 2. A closer inspection of these results revealed that

Scheme 2. Syntheis of Tellurophenes
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the reaction with telluroenynes having an akyl group bonded
at the tellurium atom gave the tellurophene derivatives in
good yields, athough the yield was lower for telluroenynes
with a methyl or ethyl group. Nonetheless, performing the
reaction with teluroenyne 1d, which has an aryl group bonded
at the tellurium atom, the desired product was not observed,
even under long reaction time. These results demonstrated
that the efficiency of the chal cogenophene formation could
significantly depend on the steric effects and that this
cyclization reaction occurs only with chal cogenenynes having
a'Y—Csp® bond.

Our investigation of the generality and scope of the
reaction is summarized in Table 1. Inspection of results
demonstrates that the reaction worked well for a variety of
diaryl diselenides. Both hindered (2g and 2h) and nonhindred
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Table 1. Telluroenynes Cyclization Catalized by Cul/ArYYAr?
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@ Reaction conditions: telluroenyne (0.5 mmol), diorganoyl dichalco-
genide (1.1 equiv), Cul (10 mol %) in DMSO (3 mL) at 110 °C for 10 h.
Yields of isolated products.

(2a) diaryl diselenides gave the desired tellurophene in good
yields. A closer inspection of the results revealed that the
reaction is not sensitive to electronic effects of the substit-
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uents in the aromatic ring. For example, diaryl diselenides
with a CF; substituent (2f) or with a Cl (2d) gave similar
yields than diaryl diselenides with a methyl group (2b). Itis
worth mentioning that, through our methodology, it was
possible to prepare highly functionalized selenophenes, using
as substrate not only diaryl diselenides (2a—2i) but also
diaryl ditelurides (2j,2k) and sulfide (2m). Notably, dialkyl
diselenide (2n) and dialkyl ditelluride (20) delivered the
desired tellurophenes in moderated yields.

In an attempt to broaden the scope of our methodology,
the possibility of performing the reaction with selenoenynes
instead of telluroenynes was also investigated. Thus, the
standard reaction condition applied to prepare the tel-
luroenynes was a so tested for selenoenynes (Table 2). The
reaction is tolerant of both electron-donating and electron-

Table 2. Selenoenynes Cyclization Catalized by Cul/ArYYAr?
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withdrawing groups on the aromatic ring, including sensitive
chlorine. Excellent yield was also obtained in cyclization of
the terminal selenoenynes which gave selenophene 3i with
no substituent at the 5 position.

We believe that this approach to chalcogenophenes should
prove quite useful in synthesis, particularly when one
considers that there are many ways to transform the resulting
functionalities into other substituents. For instance, the
resulting tellurophene 20 should be a particularly useful
intermediate in many transition-metal-catalyzed processes,
such as Sonogashira, Suzuki, Stille, Heck, and Ullmann
cross-couplings.® In view of this, the potential of tellurophene
derivatives as precursors for increasing molecular complexity
via palladium-catalyzed reactions has been briefly investi-
gated (Scheme 3). For example, compound 20 underwent

Scheme 3. Suzuki Cross-Coupling of Selenophenes
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palladium cross-coupling with boronic acids,*” and aryltri-
fluoroborates'® gave the corresponding 3-aryltellurophenes
5a and 5b in excellent yields.

Our working mechanism for the copper-catalyzed conver-
sion of chalcogenoenynes to chalcogenophene is based on
experimental data obtained: (1) in all cases, we isolated the
BuYAr as byproduct; (2) the reaction does not work with
Cu(0) catalyst; (3) no product was obtained when a sp?
carbon was bonded to the chal cogen atom; and (4) no product
was obtained in the absence of both copper salt and
dichalcogenides, then it could involve () Cul into the Y —Y
bond to give a Cu(lll)-tetracoordinated square-planar sele-
nolate,'® (b) alkyne coordination to the metal center to give
the cationic organo-Cu(lll) complex, (c) anti-attack of the
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chalcogen atom on the activated triple bond to produce the
chalcogen salt, (d) the Cu(l) anionic complex formations
[Cul(YAT)], and (e) nucleophilic attack of selenolate anion
on the alkyl group bonded to the chalcogen atom (Scheme
4).

Scheme 4. Proposed Reaction Mechanism
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In conclusion, we have described simple and efficient
copper-catalyzed cyclizations of chalcogenoenynes and
established a route to obtain 3-substituted chal cogenophene
in good to excellent yields. In addition, using the reactions
with boronic acid, we were able to convert chal cogenophenes
to Suzuki-type products in good yields. We believe that this
approach to chal cogenophenes should prove quite useful in
synthesis, particularly when one considers that there are many
ways to transform the resulting tellurium and selenium
functionalities into other substituents. A scale-up experiment
was carried out to show the practicability of the method to
provide chalcogenophenes having different substituents.
Preliminary mechanistic studies support the proposed mech-
anism, and the results of additional investigations that are
ongoing in our laboratory will be reported in due course.
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