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We present here our results of the electrophilic cyclization reaction of (Z)-selenoenynes with different
electrophiles such as I2, ICl, PhSeBr, and PhSeCl. The cyclization reaction proceeded cleanly under mild
reaction conditions, and 3-substituted selenophenes were formed in moderate to excellent yields. We
observed that the nature of solvent and structure of (Z)-selenoenyne were important to the cyclization
reaction. In addition, the obtained 3-iodoselenophenes were readily transformed to more complex products
using a metal-halogen exchange reaction with n-BuLi and trapping the intermediate formed with
aldehydes, furnishing the desired secondary alcohols in good yields. Conversely, using the palladium or
copper catalyzed cross-coupling reactions with terminal alkynes or alkyl alcohols, we were able to convert
3-iodoselenophene to Sonogashira or Ullmann type products, respectively, in good yields.

Introduction

Chalcogenide compounds have found such wide utility
because their effects on an extraordinary number of very
different reactions, including many carbon-carbon bond forma-
tions,1 under relatively mild reaction conditions. In addition,
they have become attractive synthetic targets because of their
chemo-, regio-, and stereoselective reactions,2 use in a wide
variety of functional groups, thus avoiding protection group
chemistry, and useful biological activities.3 The selenium group
can be introduced in an organic substrate via both nucleophile

and electrophile reagents. After being introduced in an organic
substrate, the organoselenium group can easily be removed by
selenoxide syn elimination4 and [2,3] sigmatropic rearrange-
ment.5 Conversely, the carbon-selenium bond can also be

(1) (a) Zeni, G.; Ludtke, D. S.; Panatieri, R. B.; Braga, A. L. Chem.
ReV. 2006, 106, 1032. (b) Zeni, G.; Braga, A. L.; Stefani, H. A. Acc. Chem.
Res. 2003, 36, 731.

(2) (a) In Organoselenium Chemistry; Wirth, T., Ed.; Topics in Current
Chemistry 208; Springer-Verlag: Heidelberg, 2000. (b) Krief, A. In
ComprehensiVe Organometallic Chemistry II; Abel, E. V., Stone, F. G. A.,
Wilkinson, G., Eds.; Pergamon Press: New York, 1995; Vol. 11, Chapter
13. (c) Paulmier, C. In Selenium Reagents and Intermediates in Organic
Synthesis; Baldwin, J. E., Ed.; Organic Chemistry Series 4; Pergamon
Press: Oxford, 1986. (d) Petragnani, N. Tellurium in Organic Synthesis;
Academic Press: London, 1994.

(3) Nogueira, C. W.; Zeni, G.; Rocha, J. B. T. Chem. ReV. 2004, 104,
6255.

(4) (a) Huguet, J. L. AdV. Chem. Ser. 1967, 345. (b) Sharpless, K. B.;
Young, M. W.; Lauer, R. F. Tetrahedron Lett. 1973, 22, 1979.
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10.1021/jo070835t CCC: $37.00 © 2007 American Chemical Society
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replaced by a carbon-hydrogen,6 carbon-halogen,7 carbon-
lithium,8 or carbon-carbon bond.9

Among chalcogenides, the chalcogenophene derivatives play
an important role in organic synthesis because of their excellent
electrical properties and environmental stability. Chalco-
genophene oligomers are compounds of current interest because
many of them show photoenhanced biological activities,10 and
alpha-type of chalcogenophene oligomers such as 5,2′:5′,2′′-
terthiophene produce crystalline, electroconductive poly-
thiophenes in electrochemical polymerizations.11 Thus, a wide
variety of oligomers and related chalcogen compounds including
mixed thiophene-pyrrole oligomers have been synthesized
mainly with the expectation of obtaining excellent precursor
compounds for molecular devices and electroconductive poly-
mers. In addition, chalcogenophenes are widely studied agents
with a diverse array of biological effects. These include potent
antitumor and antiviral activity, as well as efficacy as a
maturation inducing agent.12

In the context of heterocycles, electrophilic cyclization of
unsaturated compounds has proved to be an efficient method
for one-step construction of a substituted heterocyclic unit.13

Important heterocycles such as indoles, 13a,b benzo[b]furans,13c,d

benzo[b]thiophenes,13e,f benzo[b]selenophenes,13g thiophenes,13h

furans,13i and pyrroles,13j among others,13k-v have been accessed
using this protocol. This reaction is believed to proceed through

an intramolecular, stepwise mechanism involving a cationic
intermediate.13b,g,r

Haloheterocycles, in particular halochalcogenophenes, are
important derivatives that provide an opportunity for further
functionalization.14 In particular, iodo- and bromoselenophenes
are useful as substrates in a variety of C-C,14a-b C-N,14c and
C-S14d bond forming reactions. However, to the best of our
knowledge, there is no protocol describing the preparation of
3-haloselenophenes, using selenoenynes as substrate, via elec-
trophilic cyclization. Our continuing interest in the synthesis
and applications of chalcogenophenes in organic synthesis14

prompted us to examine the electrophilic cyclization of (Z)-
selenoenynes 1 to obtain 3-substituted selenophenes 2 (Scheme
1). Studies defining the scope and limitations of this reaction
led us to a good understanding of this process.

Results and Discussion

The starting (Z)-1-(methylseleno)-1,4-diphenylbut-1-en-3-yne
1a was readily available by using the process of hydroselenation
of alkynes.15 Treatment of 1,3-diphenylbutadiyne with methane-
selenolate anion, generated from dimethyl diselenide and NaBH4
in ethanol, under reflux, gave the corresponding (Z)-selenoenyne
1a as the only isomer in 70% yield (Scheme 2).

Since our initial studies have focused on the development of
an optimum set of the electrophilic cyclization conditions, the
reaction of (Z)-selenoenyne 1a with iodine was chosen as a
model system for this process. We have found that the reaction
of (Z)-selenoenyne 1a with I2 in THF as the solvent at room
temperature yielded the desired product 2,5-diphenyl-3-iodo-
selenophene 2a in 89% yield, after 30 min (Scheme 3).

Regarding the influence of the solvent, better results were
achieved using CH2Cl2, which furnished the desired product

(5) (a) Reich, H. J. J. Org. Chem. 1975, 40, 2570. (b) Sharpless, K. B.;
Lauer, R. F. J. Am. Chem. Soc. 1972, 94, 7154.

(6) Sevrin, M.; Vanende, D.; Krief, A. Tetrahedron Lett. 1976, 30, 2643.
(7) Sevrin, M.; Dumont, W.; Hevesi, L. D.; Krief, A. Tetrahedron Lett.

1976, 30, 2647.
(8) (a) Seebach, D.; Peleties, N. Chem. Ber. 1972, 105, 511. (b) Seebach,

D.; Beck, A. K. Angew. Chem., Int. Ed. Engl. 1974, 13, 806. (c) Reich, H.
J.; Shah, S. K. J. Am. Chem. Soc. 1975, 97, 3250.

(9) Silveira, C. C.; Braga, A. L.; Vieira, A. S.; Zeni, G. J. Org. Chem.
2003, 68, 662.

(10) Chemistry and Biology of Naturally-occurring Acetylenes and
Related Compounds; Lam, J., Breteler, H., Arnason, T., Hansen, L., Eds.;
Elsevier: Amsterdam, 1988.

(11) (a) Nakayama, J.; Konishi, T. Heterocycles 1988, 27, 1731. (b)
Kuroda, M.; Nakayama, J.; Hoshino, M.; Furusho, N.; Kawata, T.; Ohba,
S. Tetrahedron 1993, 49, 3735.

(12) (a) Srivastava, P. C.; Robins, R. K. J. Med. Chem. 1983, 26, 445.
(b) Streeter, D. G.; Robins, R. K. Biochem. Biophys. Res. Commun. 1983,
115, 544. (c) Kirsi, J. J.; North, J.; McKernan, P. A.; Murray, B. K.;
Canonico, P. G.; Huggins, J. W.; Srivastava, P. C.; Robins, R. K. Antimicrob.
Agents Chemother. 1983, 24, 353. (d) Goldstein, B. M.; Leary, J. F.; Farley,
B. A.; Marquez, V. E.; Rowley, P. T. Blood 1991, 78, 593. (e) Jayaram, H.
N.; Dion, R. L.; Glazer, R. I.; Johns, D. G.; Robins, R. K.; Srivastava, P.
C.; Cooney, D. A. Biochem. Pharmacol. 1982, 31, 2371.

(13) (a) Barluenga, J.; Trincado, M.; Rubio, E.; Gonzalez, J. M. Angew.
Chem., Int. Ed. 2003, 42, 2406. (b) Yue, D.; Yao, T.; Larock, R. C. J. Org.
Chem. 2006, 71, 62. (c)Yue, D.; Yao, T.; Larock, R. C. J. Org. Chem.
2005, 70, 10292. (d) Arcadi, A.; Cacchi, S.; Fabrizi, G.; Marinelli, F.; Moro,
L. Synlett 1999, 1432. (e) Yue, D.; Larock, R. C. J. Org. Chem. 2002, 67,
1905. (f) Hessian, K. O.; Flynn, B. L. Org. Lett. 2003, 5, 4377. (g)
Kesharwani, T.; Worlikar, S. A.; Larock, R. C. J. Org. Chem. 2006, 71,
2307. (h) Flynn, B. L.; Flynn, G. P.; Hamel, E.; Jung, M. K. Bioorg. Med.
Chem. Lett. 2001, 11, 2341. (i) Sniady, A.; Wheeler, K. A.; Dembinski, R.
Org. Lett. 2005, 7, 1769. (j) Knight, D. W.; Redfern, A. L.; Gilmore, J. J.
Chem. Soc., Perkin Trans. 1 2002, 622. (k) Huang, Q.; Hunter, J. A.; Larock,
R. C. J. Org. Chem. 2002, 67, 3437. (l) Yao, T.; Larock, R. C. J. Org.
Chem. 2003, 68, 5936. (m) Yue, D.; Della Ca, N.; Larock, R. C. Org. Lett.
2004, 6, 1581. (n) Yao, T.; Larock, R. C. J. Org. Chem. 2005, 70, 1432.
(o) Yao, T.; Campo, M. A.; Larock, R. C. J. Org. Chem. 2005, 70, 3511.
(p) Zhou, C.; Dubrovsky, A. V.; Larock, R. C. J. Org. Chem. 2006, 71,
1626. (q) Waldo, J. P.; Larock, R. C. Org. Lett. 2005, 7, 5203. (r) Arcadi,
A.; Cacchi, S.; Giuseppe, S. D.; Fabrizi, G.; Marinelli, F. Org. Lett. 2002,
4, 2409. (s) Dabdoub, M. J.; Dabdoub, V. B.; Pereira, M. A. J. Org. Chem.
1996, 61, 9503. (t) Bellina, F.; Biagetti, M.; Carpita, A.; Rossi, R.
Tetrahedron 2001, 57, 2857. (u) Peng, A.; Ding, Y. J. Am. Chem. Soc.
2003, 125, 15006. (v) Djuardi, E.; McNelis, E. Tetrahedron Lett. 1999, 40,
7193.

(14) (a) Barros, O. S. R.; Favero, A.; Nogueira, C. W.; Menezes, P. H.;
Zeni, G. Tetrahedron Lett. 2006, 47, 2179. (b) Prediger, P.; Moro, A. V.;
Nogueira, C. W.; Savegnago, L.; Rocha, J. B. T.; Zeni, G. J. Org. Chem.
2006, 71, 3786. (c) Barros, O. S. R.; Nogueira, C. W.; Stangherlin, E. C.;
Menezes, P. H.; Zeni, G. J. Org. Chem. 2006, 71, 1552. (d) Zeni, G.
Tetrahedron Lett. 2005, 46, 2647. (e) Panatieri, R. B.; Reis, J. S.; Borges,
L. P.; Nogueira, C. W.; Zeni, G. Synlett 2006, 18, 3161.

(15) Dabdoub, M. J.; Baroni, A. C. M.; Lenardão, E. J.; Gianeti, T. R.;
Hurtado, G. R. Tetrahedron 2001, 57, 4271.
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2a in 90% yield, after a very short reaction time (Table 1, entry
2). When THF, Et2O, MeOH, hexane, and MeCN were used as
solvent, good yields were also obtained; however these reactions
proceeded more slowly.

We believe that the mechanism of theses cyclization reactions
involve the following: (i) coordination of the carbon-carbon
triple bond to the I2 to generate an iodonium intermediate a,
(ii) anti attack of the selenium atom on the activated iodonium
intermediate to produce the salt b, and (iii) facile removal of
the alkyl group by the iodide anion present in the reaction
mixture to generate the 3-iodoselenophene product and one
molecule of RI (Scheme 4). Only selenophene derivatives have

TABLE 1. Study of the Solvent Effect on Selenoenyne Cyclization
Reactionsa

entry solvent
time
(min)

yield 2ab

(%)

1 THF 30 89
2 CH2Cl2 5 90
3 Et2O 30 85
4 MeOH 45 79
5 MeCN 30 87
6 hexane 60 82

a Reactions performed in the presence of 1a (0.50 mmol), I2 (0.55 mmol).
b Yields of 2a are given for isolated products.

TABLE 2. Influence of the Group Bonded to a Selenium Atoma

entry
(Z)-selenoenyne

(1a-f)
time
(min)

yield 2ab

(%)

1 1a (R ) Me) 5 90 (89)
2 1b (R ) Et) 5 90 (89)
3 1c (R ) n-Bu) 5 93 (90)c

4 1d (R ) t-Bu) 30 88 (88)
5 1e (R ) Bn) 10 88 (87)
6 1f (R ) Ph) 48 hd -

a Reactions performed in the presence of (Z)-selenoenyne (0.50 mmol),
I2, or ICl (0.55 mmol) in CH2Cl2 (10 mL). b Yields in parentheses
correspond to reactions performed with ICl as eletrophile. c Reaction
performed at 5 mmol scale gave the same result. d (Z)-Selenoenyne 1f was
recovered in 96% yield.

SCHEME 4

TABLE 3. Scope and Generality of the Electrophilic Cyclization of
(Z)-Selenoenynesa

a Reactions performed in the presence of (Z)-selenoenyne (0.50 mmol),
E+ (0.55 mmol) in CH2Cl2 (10 mL).
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been obtained from this process. No other cyclized product has
ever been observed to arise by this process.

Since the accomplishment of this reaction probably is
dependent on the nature of the group directly linked to the
selenium atom, we decided to explore this influence using
different aryl and alkyl groups, and the results are shown in
Table 2. Inspection of Table 2 shows that the cyclization
reactions of (Z)-selenoenynes containing different groups bonded
at selenium atom, using I2 or ICl, as an electrophile source, in
CH2Cl2, at room temperature, afforded 2,5-diphenyl-3-iodose-
lenophene 2a in good yields.

A closer inspection of these results revealed that methyl, ethyl,
and n-butyl groups bonded at selenium atom resulted in the
formation of products in high yields after very short reaction
times (Table 1, entries 1-3). The selenoenynes having a tert-
butyl or benzyl groups also gave the product 2a in good yield,
however with higher reaction times (Table 1, entries 4-5).
Nonetheless, performing the reaction with selenoenyne 1f, which
has a phenyl group bonded at the selenium atom, the desired
product was not observed, even under a long reaction time
(Table 1, entry 6). These results demonstrated that the efficiency
of the selenophene formation could significantly depend on the
steric effects and that this cyclization reaction occurs only with
selenoenynes having a Se-Csp3 bond.

Thus, the careful analysis of the optimized reactions revealed
that the optimum condition for this electrophilic cyclization
reaction was the combination of 1.0 equiv of (Z)-selenoenyne,
1.1 equiv of electrophile source, and CH2Cl2 as the solvent, at
room temperature. To demonstrate the efficiency of this reaction,
we explored the generality of our method extending the
conditions to other selenoenynes, and these results are sum-
marized in Table 3.

Inspection of Table 3 shows that, in general, all of the
reactions proceeded smoothly with good yields. Most impor-
tantly, the cyclization turned out to be general with respect to
a diverse array of functionality and electrophile sources.
Satisfactorily, all electrophile sources tested were effective. Our
experiments also showed that the reaction with selenoenynes
having aryl, aryl substituted, alkyl, and propargyl groups gave
the selenophene derivatives in good yields, although the yield
was lower for the selenoenynes with a hydroxyl function at the
propargyl position (Table 3, entries 11, 12, 17, and 18). Finally,
it is worth mentioning that, through our methodology, it was
possible to prepare highly functionalized selenophenes, using
as substrate not only symmetrical (Table 3, entries 1-12) but
also unsymmetrical selenoenynes (Table 3, entries 15-22).

The selenophenes obtained by electrophilic cyclization appear
highly promising as intermediates for the preparation of more

highly substituted selenophenes. To further prove the utility of
our methodology, we have carried out the halogen-lithium
exchange reaction of our product 2a with n-butyllithium. Metal-
halogen exchange reactions have great importance in synthetic
organic chemistry, particularly with respect to the formation of
new C-C bonds.16 In addition, the development of the synthetic
methodology to prepare 3-substituted heterocycle derivatives
has attracted much attention. Previously, Gronowitz showed that
3-lithiothiophene derivatives can be prepared by metal-halogen
exchange of 3-bromothiophenes with n-butyllithium.17 The
reaction of 3-lithiothiophene reagents with electrophiles has been
widely used; however the utility of these reactions is limited
owing to the lack of regiospecificity, as well as decomposition
of the thiophene ring at room temperature.18 Analogous to the
well-known metal-halogen exchange reactions, which lead to
a lithium intermediate, we extended this finding to obtain an
intermediate 2,5-diphenyl-3-lithioselenophene 3. Nonetheless,
performing the reaction of 2a, in THF, with addition of 1 equiv
of n-BuLi at -78 °C gave unsatisfactory results, and a mixture
of (Z)- and (E)-selenoenynes 1c and 1c′ in 71% yield in a
proportion of 4:1 respectively was obtained instead of the desired
product 4a (Scheme 5).

Based on the disappointing results above we initiated our
investigations exploring the best experimental conditions for
this halogen-metal exchange reaction (Table 4). At first, the
reaction was carried out using different amounts of n-butyl-
lithium from 1 to 0.8 equiv, in THF (Table 1, entries 1-3).
Unfortunately, this condition was not effective giving again only
a mixture of (Z)- and (E)-selenoenynes 1c and 1c′. However, it
was gratifying to discover that simply changing the solvent from
THF to hexane had a dramatic effect, giving the 2,5-diphe-
nylselenophene 4a in 85% yield (Table 4, entry 4). Using hexane
as a solvent we also observed that the yield of compound 4a
was greatly enhanced by decreasing the amount of lithium
reagent from 1.0 to 0.8 equiv (Table 4, entries 4-6). We also

(16) (a) Bailey, W. F.; Patricia, J. J. J. Organomet. Chem. 1988, 352, 1.
(b) Knochel, P.; Dohle, W.; Gommerman, N.; Kneisel, F. F.; Kopp, F.;
Korn, T.; Sapountzis, I.; Vu, V. A. Angew. Chem., Int. Ed. 2003, 42, 4302.
(c) Parham, W. E.; Bradsher, C. K. Acc. Chem. Res. 1982, 15, 300. (d)
Rogers, H. R.; Houk, J. J. Am. Chem. Soc. 1982, 104, 522. (e) Rieke, R.
D.; Lee, J.; Velarde-Ortiz, R.; Guijarro, A.; Wurst, J. R. J. Org. Chem.
2000, 65, 5428. (f) Slocum, D. W.; Carroll, A.; Dietzel, P.; Eilerman, S.;
Culver, J. P.; McClure, B.; Brown, S.; Holman, R. W. Tetrahedron Lett.
2006, 47, 865. (g) Oshima, K.; Inoue, A.; Kitagawa, K.; Shinokubo, H. J.
Org. Chem. 2001, 66, 4333.

(17) (a) Gronowitz, S.; Hakansson, R. ArkiV. Kemi. 1959, 17, 73. (b)
Gronowitz, S. In Organic Sulphur Chemistry-Structure, Mechanism, and
Synthesis; Sterling, C. J. M., Ed.; Butterworths: London, 1975; p 203.

(18) (a) Ritter, S. K.; Noftle, R. E. Chem. Mater. 1992, 4, 872. (b)
Frohlich, H.; Kalt, W. J. Org. Chem. 1990, 55, 2993. (c) Gronowitz, S.
AdV. Heterocycl. Chem. 1963, 1, 75.
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found that the reaction is highly affected by the temperature,
and unsatisfactory results were obtained in the reactions when
the temperature was increased from -78 °C to room temperature
(Table 4, entries 7 and 8).

Thus, careful analysis of the optimized reactions revealed that
the general synthetic procedure for the reaction is as follows:
n-butyllithium (0.2 mmol) is added to a solution of 2,5-diphenyl-
3-iodoselenophene 2a (0.25 mmol) and hexane (2 mL), at
-78 °C. The resulting solution is stirred for 10 min at -78 °C
and allowed to stir at room temperature. After that, water is
added and the product is then isolated. In further experiments,
we examined the scope of this procedure trapping the intermedi-
ate 2,5-diphenyl-3-lithioselenophene 3 with several aldehydes,
and these results are shown in Table 5.

Our first investigations focused on the influence of aryl or
alkyl groups in the reactivity of aldehyde. Satisfactorily, all
aldehydes were found to be effective, although moderated yields
were observed for aliphatic aldehydes. Next, aromatic aldehydes
having different substituents were tested. As shown in Table 5,
bulky aromatic aldehydes afforded the alcohols 4 in good yield
(Table 5, entries 3, 5, and 7). Our experiments showed that the
reaction with aromatic aldehyde having neutral (entry 1),
electron-donating (entries 2-5), or electron-withdrawing (entries
6 and 7) substituents also gave the desired alcohols 4 in good
yields.

We believe that this approach to selenophenes should prove
quite useful in synthesis, particularly when one considers that
there are many ways to transform the resulting halogen and
selenium functionalities into other substituents. For instance,
the resulting selenophene iodides should be particularly useful
intermediates in many transition metal catalyzed processes, such
as Sonogashira,19 Suzuki,20 Stille,21 Heck,22 and Ullmann23

cross-couplings. In view of this, the potential of 3-iodosele-
nophene derivatives as precursors for increasing molecular
complexity via palladium and copper catalyzed reactions has

(19) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975,
16, 4467.

(20) Suzuki, A. Pure Appl. Chem. 1985, 57, 1749.
(21) Scott, W. J.; Peña, M. R.; Sward, K.; Stoessel, S. J.; Stille, J. K. J.

Org. Chem. 1985, 50, 2302.
(22) Dieck, H. A.; Heck, R. F. J. Organomet. Chem. 1975, 93, 259.
(23) (a) Ullmann, F. Ber. Dtsch. Chem. Ges. 1903, 36, 2382. (b) Altman,

R. A.; Buchwald, S. L. Org. Lett. 2006, 8, 2779. (c) Antilla, J. C.; Baskin,
J. M.; Barder, T. E.; Buchwald, S. L. J. Org. Chem. 2004, 69, 5578. (d)
Antilla, J. C.; Klapars, A.; Buchwald, S. L. J. Am. Chem. Soc. 2002, 124,
11684. (e) Klapars, A.; Antilla, J. C.; Huang, X.; Buchwald, S. L. J. Am.
Chem. Soc. 2001, 123, 7727.

TABLE 4. Optimization of Halogen-Metal Exchange Reactiona

entry
n-BuLi
(equiv) solvent T (°C) 4a (%) 1c-1c′ (%)

1 1.0 THF -78 - 71
2 0.9 THF -78 - 70
3 0.8 THF -78 - 71
4 1.0 hexane -78 85 -

5 0.9 hexane -78 88 -

6 0.8 hexane -78 97 -

7 0.8 hexane 0 35 54
8 0.8 hexane rt 17 68

a Reaction performed at 0.25 mmol scale.

TABLE 5. Reactions of Intermediate
2,5-Diphenyl-3-lithioselenophene 3 with Aldehydesa

a Reactions are performed with 2a (0.25 mmol), aldehyde (0.30 mmol)
in hexane (2.5 mL).
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been briefly investigated (Scheme 6). For example, compound
2a which underwent Sonogashira cross-coupling with different
alkynes gave the corresponding 3-alkynylselenophenes 5a and
5b in 91% and 94% yields respectively. These reactions
constitute an interesting alternative route to preparing alkynyl
compounds functionalized in high yields. In addition, the
reactions of 2a with alcohols in dry toluene, using a catalytic
system of CuI/1,10-phenanthroline and Cs2CO3 as base, afforded
the resultant ethers 6a and 6b in good isolated yields.

Conclusion

In summary, we have demonstrated the electrophilic cycliza-
tion reaction of (Z)-selenoenynes with different electrophilic
sources under exceptionally mild conditions and established a
route to obtain 3-substituted selenophenes in good to excellent
yields. We observed that the reaction was sensitive to the nature
of solvent and the structure of (Z)-selenoenynes. The sele-
nophenes obtained by electrophilic cyclization appear highly
promising as intermediates for the preparation of more highly
substituted selenophenes. For instance, 3-iodoselenophene was
treated under metal-halogen exchange conditions with n-BuLi,
and trapping the intermediates with aldehydes provided the
corresponding secondary alcohols in good yields. Conversely,
using the palladium or copper catalyzed cross-coupling reactions
with terminal alkynes or alkyl alcohols we were able to convert
3-iodoselenophene to Sonogashira or Ullmann type products,
respectively, in good yields. We believe that this approach to
selenophene should prove quite useful in synthesis, particularly
when one considers that there are many ways to transform the
resulting halogen and selenium functionalities into other sub-
stituents.

Experimental Section

General Procedure for the Preparation of the (Z)-Sele-
noenynes 1a,b and 1d-f. To a solution of 1,4-diphenyl-1,3-
butadiyne (1.010 g; 5.0 mmol) and appropriate diorganoyldiselenide
(2.5 mmol) in 95% ethanol (50 mL) under a nitrogen atmosphere
was added NaBH4 (0.472 g; 12.5 mmol), at room temperature, under
vigorous stirring. Gas evolution was observed during addition. The
reaction mixture was stirred under reflux for 5 h and then allowed
to reach room temperature. Afterward, the mixture was diluted with
ethyl acetate (20 mL) and washed with brine (2 × 30 mL). The
organic phase was separated, dried over MgSO4, and concentrated
under vacuum. The residue was purified by flash chromatography
and eluted with hexane.

(Z)-1-(Methylseleno)-1,4-diphenylbut-1-en-3-yne (1a). Yield:
1.039 g (70%). 1H NMR (CDCl3, 200 MHz): δ 7.55-7.30 (m,

10H), 6.17 (s, 1H), 1.95 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ

148.58, 139.41, 131.37, 128.46, 128.45, 128.30, 128.29, 128.21,
123.44, 110.08, 96.98, 88.07, 7.05. MS (relative intensity) m/z: 297
(100), 203 (65), 173 (35), 96 (21), 77 (15), 47 (21). HRMS calcd
for C17H14Se: 298.0261. Found: 298.0266.

(Z)-1-(Ethylseleno)-1,4-diphenylbut-1-en-3-yne (1b). Yield:
1.104 g (71%). 1H NMR (CDCl3, 200 MHz): δ 7.54-7.30 (m,
10H), 6.22 (s, 1H), 2.59 (q, J ) 7.50 Hz, 2H), 1.26 (t, J ) 7.50
Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 147.63, 140.03, 131.37,
128.42, 128.38, 128.27, 128.17, 128.13, 123.49, 111.25, 96.85,
88.32, 20.49, 15.56. MS (relative intensity) m/z: 312 (100), 204
(75), 127 (62), 106 (39), 102 (45), 77 (16). HRMS calcd for C18H16-
Se: 312.0417. Found: 312.0422.

(Z)-1-(tert-Butylseleno)-1,4-diphenylbut-1-en-3-yne (1d). Yield:
1.084 g (64%). 1H NMR (CDCl3, 200 MHz): δ 7.67-7.62 (m,
2H), 7.54-7.49 (m, 2H), 7.39-7.31 (m, 6H), 6.56 (s, 1H), 1.36
(s, 9H). 13C NMR (CDCl3, 100 MHz): δ 145.02, 142.72, 131.54,
128.31, 128.30, 128.25, 128.20, 128.19, 123.63, 118.68, 95.85,
89.87, 46.48, 32.93. MS (relative intensity) m/z: 339 (100), 283
(65), 204 (54), 127 (25), 77 (23), 56 (13), 42 (18). HRMS calcd
for C20H20Se: 340.0730. Found: 340.0735.

(Z)-1-(Benzylseleno)-1,4-diphenylbut-1-en-3-yne (1e). Yield:
1.268 g (68%). 1H NMR (CDCl3, 200 MHz): δ 7.52-7.12 (m,
15H), 6.23 (s, 1H), 3.87 (s, 2H). 13C NMR (CDCl3, 100 MHz): δ

147.64, 140.05, 138.35, 131.40, 128.92, 128.55, 128.46, 128.33,
128.29, 128.27, 128.26, 126.77, 123.38, 111.61, 97.26, 88.29, 30.57.
MS (relative intensity) m/z: 374 (100), 283 (63), 204 (50), 127
(20), 91 (53), 77 (17). HRMS calcd for C23H18Se: 374.0573.
Found: 374.0577.

(Z)-1-(Phenylseleno)-1,4-diphenyl-but-1-en-3-yne15 (1f). Yield:
1.220 g (68%). 1H NMR (CDCl3, 400 MHz): δ 7.50-7.40 (m,
4H), 7.38-7.22 (m, 5H), 7.19 (m, 3H), 7.07 (m, 3H), 6.40 (s, 1H).
13C NMR (CDCl3, 100 MHz): δ 147.10, 139.40, 133.20, 133.00,
131.40, 129.90, 128.30, 128.20, 127.90, 126.90, 123.20, 112.60,
97.60, 88.30. MS (relative intensity) m/z: 359 (100), 282 (39), 203
(82), 156 (72), 126 (42), 101 (35), 77 (31). HRMS calcd for C22H16-
Se: 360.0417. Found: 360.0410.

General Procedure for the Preparation of the (Z)-Sele-
noenynes 1c and 1 g-m. To a suspension of elemental selenium
(0.395 g; 5 mmol) in dry THF (25 mL), under argon and with
magnetic stirring, was added n-butyllithium (2.0 mL of a 2.5 M
solution in hexane; 5 mmol). A yellow solution was formed. To
this solution was added the appropriate diyne (5 mmol) in
deoxygenated ethanol (25 mL). The mixture was then heated at
reflux for 24 h. After this time, the mixture was cooled to room
temperature and diluted with ethyl acetate (60 mL) and washed
with saturated aq NH4Cl (30 mL) and water (3 × 30 mL). The
organic phase was separated, dried over MgSO4, and concentrated
under vacuum. The residue was purified by flash chromatography
on silica gel using ethyl acetate/hexane as the eluent. (Z)-1-(n-
Butylseleno)-1,4-diphenyl-but-1-en-3-yne (1c).24 Yield: 1.135 g
(67%). 1H NMR (CDCl3, 400 MHz): δ 7.53-7.45 (m, 4H), 7.38-
7.30 (m, 6H), 6.21 (s, 1H), 2.58 (t, J ) 7.44 Hz, 2H), 1.53 (quint,
J ) 7.44 Hz, 2H), 1.28 (sex, J ) 7.44 Hz, 2H), 0.78 (t, J ) 7.44
Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 147.90, 140.09, 131.39,
128.43, 128.37, 128.28, 128.21, 128.16, 123.56, 111.15, 96.77,
88.39, 32.47, 26.55, 22.72, 13.47. MS (relative intensity) m/z: 339
(100), 283 (65), 204 (54), 127 (25), 77 (23), 56 (13), 42 (18). HRMS
calcd for C20H20Se: 340.0730. Found: 340.0735.

(Z)-1-(n-Butylseleno)-1,4-bis-(p-methylphenyl)-but-1-en-3-
yne (1g). Yield: 1.266 g (69%). 1H NMR (CDCl3, 400 MHz): δ

7.42-7.36 (m, 4H), 7.17-7.12 (m, 4H), 6.19 (s, 1H), 2.60 (t, J )

7.44 Hz, 2H), 2.36-2.35 (m, 6H), 1.54 (quint, J ) 7.44 Hz, 2H),
1.29 (sex, J ) 7.44 Hz, 2H), 0.79 (t, J ) 7.44 Hz, 3H). 13C NMR
(CDCl3, 100 MHz): δ 147.30, 138.37, 138.22, 137.26, 131.24,
129.05, 129.04, 128.08, 120.52, 110.72, 96.78, 87.94, 32.41, 26.55,

(24) Zeni, G.; Stracke, M. P.; Nogueira, C. W.; Braga, A. L.; Menezes,
P. H.; Stefani, H. A. Org. Lett. 2004, 6, 1135.
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22.73, 21.50, 21.19, 13.48. MS (relative intensity) m/z: 368 (100),
311 (44), 232 (37), 141 (63), 136 (29), 91 (78), 57 (22), 43 (19).
HRMS calcd for C22H24Se: 368.1043. Found: 368.1047.

(Z)-5-(n-Butylseleno)-dodec-5-en-7-yne (1h). Yield: 0.956 g
(64%). 1H NMR (CDCl3, 400 MHz): δ 5.76-5.74 (m, 1H), 2.81
(t, J ) 7.44 Hz, 2H), 2.39-2.30 (m, 4H), 1.70-1.29 (m, 12H),
0.94-0.89 (m, 9H). 13C NMR (CDCl3, 100 MHz): δ 146.41,
108.66, 96.29, 78.41, 37.45, 32.58, 31.21, 30.84, 24.04, 24.03,
23.03, 22.00, 21.96, 19.40, 13.84, 13.57. MS (relative intensity)
m/z: 299 (100), 242 (15), 163 (75), 136 (25), 106 (45), 56 (19).
HRMS calcd for C16H28Se: 300.1356. Found: 300.1361.

(Z)-9-(n-Butylseleno)-icos-9-en-11-yne (1i). Yield: 1.274 g
(62%). 1H NMR (CDCl3, 400 MHz): δ 5.74 (s, 1H), 2.81 (t, J )

7.44 Hz, 2H), 2.38-2.29 (m, 4H), 1.70-1.28 (m, 28H), 0.94-
0.86 (m, 9H). 13C NMR (CDCl3, 100 MHz): δ 146.56, 108.50,
96.39, 78.43, 37.72, 32.56, 31.83, 29.37, 29.36, 29.21, 29.19, 29.13,
29.09, 28.94, 28.91, 28.78, 24.01, 23.05, 22.64, 22.63, 19.73, 14.08,
14.07, 13.59. MS (relative intensity) m/z: 411 (100), 354 (11), 275
(87), 261 (15), 247 (21), 233 (17), 219 (11), 136 (51), 112 (52), 56
(31), 42 (24). HRMS calcd for C24H44Se: 412.2608. Found:
412.2613.

(Z)-3-(n-Butylseleno)-2,7-dimethyl-oct-3-en-5-yne-2,7-diol (1j).
Yield: 1.060 g (70%). 1H NMR (CDCl3, 200 MHz): δ 6.35 (s,
1H), 3.04 (t, J ) 7.50 Hz, 2H), 2.53-2.45 (m, 2H), 1.74-1.33
(m, 16H), 0.92 (t, J ) 7.50 Hz, 3H). 13C NMR (CDCl3, 100
MHz): δ 154.42, 112.19, 100.72, 80.11, 74.54, 65.55, 32.34, 31.21,
28.98, 28.20, 22.96, 13.57. MS (relative intensity) m/z: 267 (100),
210 (23), 136 (78), 131 (56), 56 (21), 42 (23). HRMS calcd for
C14H24O2Se: 304.0942. Found: 304.0948.

(Z)-2-(n-Butylseleno)-hex-2-en-4-yne-1,6-diol (1k).24 Yield: 0.852
g (69%). 1H NMR (CDCl3, 400 MHz): δ 6.16 (s, 1H), 4.44 (s,
2H), 4.30 (s, 2H), 2.92 (t, J ) 7.50 Hz, 2H), 2.75 (m, 2H), 1.67
(quint, J ) 7.50 Hz, 2H), 1.42 (sex, J ) 7.50 Hz, 2H), 0.93 (t, J
) 7.50 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 146.26, 109.08,
94.54, 82.81, 66.07, 51.51, 32.54, 24.36, 22.87, 13.51. MS (relative
intensity) m/z: 230 (40), 212(15), 191 (34), 112 (100), 94 (22), 76
(31). HRMS calcd for C10H16O2Se: 248.0365. Found: 248.0378.

(Z)-1-(n-Butylseleno)-1-phenyl-oct-1-en-3-yne (1l).24 Yield:
1.052 g (66%). 1H NMR (CDCl3, 400 MHz): δ 7.47-7.45 (m,
2H), 7.35-7.25 (m, 3H), 5.97 (s, 1H), 2.88 (t, J ) 7.44 Hz, 2H),
2.40 (t, J ) 7.44 Hz, 2H), 1.69 (quint, J ) 7.44 Hz, 2H), 1.54
(quint, J ) 7.44 Hz, 2H), 1.48-1.32 (m, 4H), 0.95-0.90 (m, 6H).
13C NMR (CDCl3, 100 MHz): δ 149.54, 131.20, 128.19, 127.87,
123.68, 107.90, 95.01, 87.56, 37.75, 32.54, 31.27, 24.39, 23.01,
22.02, 13.87, 13.59. MS (relative intensity) m/z: 319 (100), 213
(76), 184 (48), 127 (10), 102 (29), 77 (38), 57 (47), 43 (32). HRMS
calcd for C18H24Se: 320.1043. Found: 320.1048.

(Z)-3-(n-Butylseleno)-2-methyl-6-phenyl-hex-3-en-5-yn-2-ol
(1m).24 Yield: 1.011 g (63%). 1H NMR (CDCl3, 400 MHz): δ

7.48-7.45 (m, 2H), 7.34-7.32 (m, 3H), 6.55 (s, 1H), 3.12 (t, J )

7.60 Hz, 2H), 2.32 (s, 1H), 1.70 (quint, J ) 7.60 Hz, 2H), 1.51-
1.36 (m, 8H), 0.89 (t, J ) 7.60 Hz, 3H). 13C NMR (CDCl3, 100
MHz): δ 155.00, 131.27, 128.35, 128.34, 123.31, 112.49, 96.19,
87.57, 74.54, 32.42, 29.09, 28.55, 22.96, 13.55. MS (relative
intensity) m/z: 304 (21), 265 (44), 186 (100), 168 (75), 77 (11).
HRMS calcd for C17H22OSe: 322.0858. Found: 322.0877.

(Z)-1-(n-Butylseleno)-4-phenyl-but-1-en-3-yne (1n). Powdered
NaOH (0.220 g, 5.5 mmol) was added to a two-neck round
bottomed flask equipped with a reflux condenser, containing a
solution of 2-hydroxy-2-methyl-6-phenyl-3,5-hexadiyne (0.830 g;
5.0 mmol) in dry toluene (10 mL) under an argon atmosphere. The
mixture was slowly heated to reach reflux temperature; at this time
the reaction mixture became dark brown and was refluxed until all
the starting material was transformed. The solution of the 1-phenyl-
1,3-butadiyne obtained was cooled to room temperature, and then
a solution of dibutyldiselenide (0.680 g; 2.5 mmol) in 95% ethanol
(50 mL) was added. NaBH4 (0.472 g; 12.5 mmol) was added under
vigorous stirring (gas evolution was observed during this addition).
The reaction mixture was stirred under reflux for 4 h, allowed to

reach room temperature, diluted with ethyl acetate (60 mL), and
washed with brine (3 × 30 mL) and water (3 × 30 mL). After the
organic phase was dried over anhydrous MgSO4, the solvent was
removed under reduced pressure and the residue was purified by
flash chromatography on silica gel using hexane as the eluent.
Yield: 0.841 g (64%). 1H NMR (CDCl3, 400 MHz): δ 7.48-7.47
(m, 2H), 7.31-7.29 (m, 3H), 6.95 (d, J ) 9.76 Hz, 1H), 6.12 (d,
J ) 9.76 Hz, 1H), 2.83 (t, J ) 7.44 Hz, 2H), 1.74 (quint, J ) 7.44
Hz, 2H), 1.44 (sex, J ) 7.44 Hz, 2H), 0.93 (t, J ) 7.44 Hz, 3H).
13C NMR (CDCl3, 100 MHz): δ 136.90, 131.35, 128.23, 128.12,
123.34, 109.15, 96.77, 87.04, 33.07, 26.43, 22.73, 13.53. MS
(relative intensity) m/z: 263 (100), 206 (31), 127 (76), 136 (71),
77 (34), 56 (31), 42 (13). HRMS calcd for C14H16Se: 264.0417.
Found: 264.0422.

(Z)-1-(n-Butylseleno)-oct-1-en-3-yne (1o). The same procedure
as that for 1n was followed. Yield: 0.802 g (66%). 1H NMR
(CDCl3, 400 MHz): δ 6.74 (d, J ) 9.46 Hz, 1H), 5.90 (dt, J )

9.46, 2.17 Hz, 1H), 2.77 (t, J ) 7.44 Hz, 2H), 2.37 (td, J ) 2.17,
7.44 Hz, 2H), 1.72 (quint, J ) 7.44 Hz, 2H), 1.58-1.38 (m, 6H),
0.94-0.91 (m, 6H). 13C NMR (CDCl3, 100 MHz): δ 134.33,
109.89, 98.23, 78.14, 33.08, 30.76, 26.04, 22.74, 21.90, 19.37,
13.58, 13.52. MS (relative intensity) m/z: 243 (100), 186 (52), 136
(58), 107 (79), 56 (35), 42 (21). HRMS calcd for C12H20Se:
244.0730. Found: 244.0724.

General Procedure for the Iodocyclizations. To a solution of
0.50 mmol of the appropriate (Z)-selenoenyne in 3 mL of CH2Cl2
was added gradually 1.1 equiv of I2 or ICl dissolved in 7 mL of
CH2Cl2. The reaction mixture was allowed to stir at room
temperature for the time shown in Table 3. Excess I2 or ICl was
removed by washing with saturated aq Na2S2O3. The product was
then extracted by CH2Cl2 (3 × 10 mL). The combined organic
layers were dried over anhydrous MgSO4 and concentrated under
vacuum to yield the crude product, which was purified by flash
chromatography on silica gel using ethyl acetate/hexane as the
eluent.

2,5-Diphenyl-3-iodoselenophene (2a). Yield: 0.189 g (93%).
1H NMR (CDCl3, 200 MHz): δ 7.62-7.30 (m, 11H). 13C NMR
(CDCl3, 100 MHz): δ 151.27, 146.01, 136.33, 134.97, 134.59,
129.27, 129.01, 128.41, 128.34, 128.19, 126.00, 80.23. MS (relative
intensity) m/z: 409 (12), 283 (100), 206 (55), 129 (25), 126 (31),
77 (16). HRMS calcd for C16H11ISe: 409.9070. Found: 409.9074

2,5-Bis(p-methylphenyl)-3-iodoselenophene (2c). Yield: 0.205
g (94%). 1H NMR (CDCl3, 200 MHz): δ 7.51-7.39 (m, 5H),
7.25-7.16 (m, 4H), 2.39-2.36 (m, 6H). 13C NMR (CDCl3, 50
MHz): δ 151.07, 145.56, 138.29, 138.16, 133.97, 133.51, 132.30,
129.67, 129.55, 129.13, 125.87, 79.90, 21.32, 21.20. MS (relative
intensity) m/z: 437 (100), 311 (58), 220 (25), 126 (12), 129 (77),
91 (53). HRMS calcd for C18H15ISe: 437.9383. Found: 437.9388.

2,5-Bis(n-butyl)-3-iodoselenophene (2d). Yield: 0.166 g (90%).
1H NMR (CDCl3, 200 MHz): δ 6.77 (s, 1H), 2.83-2.70 (m, 4H),
1.69-1.29 (m, 8H), 0.98-0.89 (m, 6H). 13C NMR (CDCl3, 50
MHz): δ 151.36, 146.90, 79.63, 34.83, 34.18, 33.98, 32.15, 22.17,
22.07, 13.89, 13.79. MS (relative intensity) m/z: 369 (23), 243
(100), 228 (39), 214 (40), 200 (31), 186 (44), 129 (56), 126 (67),
57 (13), 43 (11). HRMS calcd for C12H19ISe: 369.9696. Found:
369.9701.

2,5-Bis(n-octyl)-3-iodoselenophene (2e). Yield: 0.212 g (88%).
1H NMR (CDCl3, 200 MHz): δ 6.77 (s, 1H), 2.81-2.69 (m, 4H),
1.66-1.53 (m, 4H), 1.43-1.41 (m, 20H), 0.91-0.85 (m, 6H). 13C
NMR (CDCl3, 50 MHz): δ 151.44, 146.96, 133.40, 79.61, 35.12,
32.49, 32.11, 31.85, 31.84, 29.33, 29.32, 29.18, 29.17, 29.05, 29.04,
29.01, 22.65, 22.64, 14.10, 14.09. MS (relative intensity) m/z: 481
(26), 355 (100), 340 (37), 326 (41), 312 (29), 298 (54), 284 (32),
270 (39), 259 (28), 256 (53), 229 (43), 126 (75), 96 (34), 57 (18),
43 (13). HRMS calcd for C20H35ISe: 482.0948. Found: 482.0953.

2,5-Bis[(R-hydroxy-r,r-dimethyl)methyl]-3-iodosele-
nophene (2f). Yield: 0.080 g (43%). 1H NMR (CDCl3, 200
MHz): δ 7.00 (s, 1H), 2.33 (s, 2H), 1.73 (s, 6H), 1.61 (s, 6H). 13C
NMR (CDCl3, 100 MHz): δ 159.59, 155.95, 134.53, 74.30, 72.44,
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71.90, 32.07, 29.68. MS (relative intensity) m/z: 373 (100), 356
(73), 338 (55), 211 (23), 157 (39), 126 (14), 45 (11). HRMS calcd
for C10H15IO2Se: 373.9282. Found: 373.9286.

2-(n-Butyl)-3-iodo-5-phenylselenophene (2g). Yield: 0.175 g
(90%). 1H NMR (CDCl3, 200 MHz): δ 7.56-7.51 (m, 2H), 7.43-
7.33 (m, 3H), 6.98 (s, 1H), 2.85 (t, J ) 7.06 Hz, 2H), 1.56 (quint,
J ) 7.06 Hz, 2H), 1.42 (sex, J ) 7.06 Hz, 2H), 0.95 (t, J ) 7.06,
3H). 13C NMR (CDCl3, 50 MHz): δ 154.32, 144.16, 136.74,
135.76, 129.30, 128.23, 127.97, 78.54, 34.20, 32.13, 22.11, 13.79.
MS (relative intensity) m/z: 389 (23), 263 (100), 206 (39), 129
(64), 77 (29), 57 (54), 43 (19). HRMS calcd for C14H15ISe:
389.9383. Found: 389.9387.

2-Phenyl-3-iodo-5-(r-hydroxy-r,r-dimethyl)methyl-3-iodose-
lenophene (2h). Yield: 0.111 g (57%). 1H NMR (CDCl3, 200
MHz): δ 7.55-7.50 (m, 2H), 7.41-7.36 (m, 3H), 7.08 (s, 1H),
2.29 (s, 1H), 1.65 (s, 6H). 13C NMR (CDCl3, 50 MHz): δ 163.04,
145.42, 136.55, 132.93, 129.25, 128.33, 128.17, 78.54, 72.71. MS
(relative intensity) m/z: 391 (13), 374 (100), 332 (71), 265 (54),
205 (38), 129 (41), 77 (29), 58 (12), 43 (16). HRMS calcd for
C13H13IOSe: 391.9176. Found: 391.9179.

2-phenyl-3-iodoselenophene (2i). Yield: 0.136 g (82%). 1H
NMR (CDCl3, 400 MHz): δ 7.90 (d, J ) 5.74 Hz, 1H), 7.57-
7.54 (m, 2H), 7.43-7.35 (m, 4H). 13C NMR (CDCl3, 100 MHz):
δ 147.00, 139.19, 136.35, 131.99, 129.41, 128.35, 128.27, 79.68.
MS (relative intensity) m/z: 333 (21), 205 (100), 129 (72), 126
(47), 77 (21). HRMS calcd for C10H7ISe: 333.8757. Found:
333.8761.

2-(n-butyl)-3-iodoselenophene (2j). Yield: 0.127 g (81%). 1H
NMR (CDCl3, 400 MHz): δ 7.75 (d, J ) 5.74 Hz, 1H), 7.18 (d,
J ) 5.74 Hz, 1H), 2.95 (t, J ) 7.06 Hz, 2H), 1.81 (quint, J ) 7.06
Hz, 2H), 1.57 (sex, J ) 7.06 Hz, 2H), 1.08 (t, J ) 7.06, 3H). 13C
NMR (CDCl3, 100 MHz): δ 149.63, 137.21, 129.11, 80.85, 34.59,
32.09, 22.19, 13.87. MS (relative intensity) m/z: 185 (100), 128
(78), 115 (25), 56 (32), 42 (12). HRMS calcd for C8H11ISe:
313.9071. Found: 313.9076.

General Procedure for the PhSeBr and PhSeCl cyclizations.
To a solution of (Z)-selenoenyne 1c (0.169 g; 0.5 mmol) in 3 mL
of CH2Cl2 was added gradually 1.1 equiv of PhSeBr or PhSeCl
dissolved in 7 mL of CH2Cl2. The reaction mixture was allowed to
stir at room temperature for the time shown in Table 3. The reaction
mixture was washed with 40 mL of water and extracted with CH2-
Cl2 (3 × 10 mL). The combined organic layers were dried over
anhydrous MgSO4 and concentrated under vacuum to yield the
crude product, which was purified by flash chromatography on silica
gel using hexane as the eluent.

2,5-Diphenyl-3-(selenophenyl)-selenophene (2b). Yield: 0.175
g (80%). 1H NMR (CDCl3, 400 MHz): δ 7.56-7.54 (m, 2H),
7.49-7.47 (m, 2H), 7.40-7.19 (m, 12H). 13C NMR (CDCl3, 100
MHz): δ 149.44, 135.90, 135.52, 132.43, 131.03, 129.32, 129.24,
128.95, 128.33, 128.24, 128.13, 127.94, 127.86, 126.67, 126.05,
122.164. MS (relative intensity) m/z: 439 (100), 284 (46), 207 (58),
156 (75), 129 (37), 77 (21). HRMS calcd for C22H16Se2: 439.9582.
Found: 439.9585.

2,5-Diphenylselenophene (4a)14b by Reaction of 2a with
n-BuLi in Hexane. To a two-neck round-bottomed flask, under
argon, containing a solution of 2a (0.102 g; 0.25 mmol) in hexane
(2 mL) at - 78 °C was added n-BuLi (0.08 mL of a 2.5 M solution
in hexane, 0.20 mmol) in one portion. The reaction mixture was
stirred for 10 min and allowed to stir at room temperature. Then
water (2 mL) was added, and the reaction mixture was diluted with
hexane (20 mL) and washed with brine (3 × 20 mL). The organic
phase was dried over MgSO4, and the solvent was removed under
reduced pressure. The residue was purified by flash chromato-
graphy on silica gel using hexane as the eluent. Yield: 0.055 g
(97%). 1H NMR (CDCl3, 400 MHz): δ 7.59-7.57 (m, 4H), 7.46
(s, 2H), 7.40-7.36 (m, 4H), 7.31-7.26 (m, 2H). 13C NMR (CDCl3,
50 MHz): δ 149.83, 136.33, 128.92, 127.60, 126.21, 126.06. MS
(relative intensity) m/z: 283 (100), 205 (79), 128 (51), 115 (13),
77 (32). HRMS calcd for C16H12Se: 284.0104. Found: 284.0110.

General Procedure for the Reactions of Intermediate 2,5-
Diphenyl-3-lithioselenophene (3) with Aldehydes. To a two-neck
round-bottomed flask, under argon, containing a solution of 2a
(0.102 g; 0.25 mmol) in hexane (2 mL) at - 78 °C was added
n-BuLi (0.08 mL of a 2.5 M solution in hexane, 0.20 mmol) in
one portion. The reaction mixture was stirred for 10 min, and then
a solution of appropriated aldehyde (0.3 mmol) in hexane (1 mL)
at -78 °C was added. The reaction mixture was allowed to stir at
room temperature for 3 h. After this time, the mixture was diluted
with ethyl acetate (20 mL) and washed with saturated aq NH4Cl
(20 mL) and water (3 × 20 mL). The organic phase was separated,
dried over MgSO4, and concentrated under vacuum. The residue
was purified by flash chromatography on silica gel using ethyl
acetate/hexane as the eluent.

(2,5-Diphenyl-selenophen-3-yl)-phenyl-methanol (4b). Yield:
0.064 g (82%). 1H NMR (CDCl3, 400 MHz): δ 7.51-7.25 (m,
16H), 5.88 (s, 1H), 2.28 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ

149.47, 145.97, 143.28, 142.38, 136.02, 135.31, 129.49, 128.84,
128.66, 128.42, 128.03, 127.69, 127.36, 126.15, 126.07, 125.92,
70.64. MS (relative intensity) m/z: 371 (100), 294 (15), 281 (21),
205 (52), 128 (34), 115 (21), 91 (42), 77 (23). HRMS calcd for
C23H18OSe: 390.0523. Found: 390.0528.

(2,5-Diphenyl-selenophen-3-yl)-p-tolyl-methanol (4c). Yield:
0.069 g (86%). 1H NMR (CDCl3, 400 MHz): δ 7.51-7.46 (m,
5H), 7.41-7.21 (m, 8H), 7.14 (d, J ) 7.9 Hz, 2H), 5.84 (s, 1H),
2.33 (m, 4H). 13C NMR (CDCl3, 50 MHz): δ 149.35, 145.68,
142.56, 140.49, 136.99, 136.07, 135.36, 129.47, 129.10, 128.80,
128.60, 127.95, 127.63, 126.12, 126.05, 125.82, 70.55, 21.06. MS
(relative intensity) m/z: 385 (100), 281 (32), 205 (44), 128 (62),
115 (17), 104 (23), 91 (29), 77 (21). HRMS calcd for C24H20OSe:
404.0679. Found: 404.0682.

(2,5-Diphenyl-selenophen-3-yl)-o-tolyl-methanol (4d). Yield:
0.070 g (87%). 1H NMR (CDCl3, 200 MHz): δ 7.54-7.12 (m,
15H), 5.86 (s, 1H), 2.32 (m, 4H). 13C NMR (CDCl3, 100 MHz):
δ 143.07, 141.52, 141.13, 136.03, 135.45, 135.34, 134.41, 130.47,
130.31, 129.28, 128.81, 128.69, 127.64, 127.06, 126.39, 126.24,
126.04, 125.08, 70.68, 19.03. MS (relative intensity) m/z: 385 (100),
281 (39), 205 (41), 128 (77), 115 (19), 104 (29), 91 (32), 77 (35).
HRMS calcd for C24H20OSe: 404.0679. Found: 404.0684.

(2,5-Diphenyl-selenophen-3-yl)-(p-methoxy-phenyl)-metha-
nol (4e). Yield: 0.059 g (70%). 1H NMR (CDCl3, 200 MHz): δ

7.54-7.25 (m, 13H), 6.91-6.85 (m, 2H), 5.83 (s, 1H), 3.79 (s,
3H), 2.27 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ 158.85, 149.37,
145.56, 142.61, 136.05, 135.54, 135.33, 129.45, 128.84, 128.62,
127.96, 127.67, 127.50, 126.05, 125.96, 113.80, 70.38, 55.24. MS
(relative intensity) m/z: 401 (100), 370 (19), 281 (45), 205 (32),
128 (82), 120 (54), 77 (28). HRMS calcd for C24H20O2Se:
420.0628. Found: 420.0633.

(2,5-Diphenyl-selenophen-3-yl)-(o-methoxy-phenyl)-metha-
nol (4f). Yield: 0.057 g (68%). 1H NMR (CDCl3, 200 MHz): δ

7.60-7.23 (m, 13H), 6.98-6.86 (m, 2H), 6.09 (s, 1H), 3.77 (s,
3H), 3.19 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ 156.74, 148.85,
145.70, 140.94, 136.26, 135.73, 131.64, 129.37, 128.81, 128.73,
128.47, 128.43, 127.68, 127.53, 126.62, 126.04, 120.82, 110.56,
67.58, 55.29. MS (relative intensity) m/z: 401 (100), 370 (17), 281
(38), 205 (40), 128 (77), 120 (47), 77 (31). HRMS calcd for
C24H20O2Se: 420.0628. Found: 420.0631.

(2,5-Diphenyl-selenophen-3-yl)-(p-chlorophenyl)-methanol (4g).
Yield: 0.063 g (74%). 1H NMR (CDCl3, 200 MHz): δ 7.51-7.22
(m, 15H), 5.83 (s, 1H), 2.42 (s, 1H). 13C NMR (CDCl3, 100
MHz): δ 149.79, 146.16, 143.27, 141.95, 135.83, 135.11, 133.06,
129.40, 128.87, 128.72, 128.49, 128.14, 127.54, 127.24, 126.02,
125.55, 73.94. MS (relative intensity) m/z: 369 (100), 356 (21),
281 (35), 205 (49), 128 (72), 124 (38), 115 (23), 77 (39). HRMS
calcd for C23H17ClOSe: 424.0133. Found: 424.0140.

(2,5-Diphenyl-selenophen-3-yl)-(o-chlorophenyl)-methanol (4h).
Yield: 0.054 g (64%). 1H NMR (CDCl3, 200 MHz): δ 7.56-7.17
(m, 15H), 6.07 (s, 1H), 2.47 (s, 1H). 13C NMR (CDCl3, 100
MHz): δ 149.17, 147.30, 140.79, 140.02, 136.02, 135.46, 132.68,
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129.68, 129.29, 128.83, 128.72, 128.61, 127.98, 127.67, 127.43,
127.03, 126.04, 125.96, 68.39. MS (relative intensity) m/z: 369
(100), 356 (34), 281 (42), 205 (27), 128 (79), 124 (30), 115 (12),
77 (28). HRMS calcd for C23H17ClOSe: 424.0133. Found: 424.0139.

(2,5-Diphenyl-selenophen-3-yl)-cyclohexyl-methanol (4i). Yield:
0.053 g (67%). 1H NMR (CDCl3, 200 MHz): δ 7.59-7.55 (m,
3H), 7.46-7.25 (m, 8H), 4.34 (d, J ) 8.82 Hz, 1H), 2.15 (s, 1H),
1.86-0.63 (m, 11H). 13C NMR (CDCl3, 100 MHz): δ 149.39,
145.86, 142.56, 136.19, 135.58, 129.69, 128.89, 128.49, 127.76,
127.64, 126.05, 124.85, 73.77, 44.62, 29.66, 26.29, 25.87. MS
(relative intensity) m/z: 377 (100), 281 (72), 205 (61), 128 (64),
96 (45), 82 (23), 77 (34). HRMS calcd for C23H24OSe: 396.0992.
Found: 396.0998.

1-(2,5-Diphenyl-selenophen-3-yl)-heptan-1-ol (4j). Yield: 0.049
g (62%). 1H NMR (CDCl3, 200 MHz): δ 7.64-7.55 (m, 3H),
7.46-7.26 (m, 8H), 4.72 (t, J ) 7.48 Hz, 1H), 1.96-1.70 (m, 3H),
1.42-1.23(m, 8H), 0.91-0.82 (m, 3H). 13C NMR (CDCl3, 100
MHz): δ 149.55, 145.08, 143.67, 136.20, 135.51, 129.56, 128.89,
128.55, 127.81, 127.67, 126.06, 124.82, 69.16, 38.23, 31.71, 29.08,
25.94, 22.57, 14.03. MS (relative intensity) m/z: 379 (100), 364
(53), 350 (23), 336 (45), 322 (41), 281 (52), 205 (73), 128 (72), 98
(88), 77 (35). HRMS calcd for C23H26OSe: 398.1149. Found:
398.1151.

1-(2,5-Diphenyl-selenophen-3-yl)-decan-1-ol (4k). Yield: 0.062
g (71%). 1H NMR (CDCl3, 200 MHz): δ 7.63 (s, 1H), 7.58-7.54
(m, 2H), 7.45-7.24 (m, 8H), 4.74-4.67 (m, 1H), 2.01-1.69 (m,
3H), 1.40-1.20 (m, 14H), 0.87 (t, J ) 6.76 Hz, 3H). 13C NMR
(CDCl3, 100 MHz): δ 149.51, 145.03, 143.67, 136.17, 135.49,
129.54, 128.87, 128.53, 127.78, 127.64, 126.02, 124.82, 69.12,
38.19, 31.85, 29.49, 29.48, 29.39, 29.26, 25.95, 22.63, 14.08. MS
(relative intensity) m/z: 421 (100), 406 (29), 392 (32), 378 (39),
364 (41), 350 (36), 336 (26), 281 (63), 205 (77), 128 (65), 140
(86), 77 (31). HRMS calcd for C26H32OSe: 440.1618. Found:
440.1616.

General Procedure for the Palladium-Catalyzed Coupling
Reaction of 2a with Alkynes. To a Schlenck tube, under argon,
containing a solution of 2,5-diphenyl-3-iodoselenophene 2a (0.204
g; 0.50 mmol) in DMF (2.5 mL) was added to Pd(PPh3)2Cl2 (0.035
g, 0.05 mmol). The resulting solution was stirred for 5 min at room
temperature. After this time, appropriate alkyne (1.5 mmol)
dissolved in 1 mL of Et3N was then added dropwise, and the
reaction mixture was allowed to stir at room temperature for 12 h.
After this, the mixture was diluted with dichloromethane (20 mL)
and washed with brine (3 × 20 mL). The organic phase was
separated, dried over MgSO4, and concentrated under vacuum. The
residue was purified by flash chromatography on silica gel using
ethyl acetate/hexane as the eluent.

4-(2,5-Diphenyl-selenophen-3-yl)-2-methyl-but-3-yn-2-ol (5a).
Yield: 0.166 g (91%). 1H NMR (CDCl3, 400 MHz): δ 7.83-7.81
(m, 2H), 7.54-7.50 (m, 3H), 7.42-7.29 (m, 6H), 2.11 (s, 1H),
1.60 (s, 6H). 13C NMR (CDCl3, 100 MHz): δ 151.79, 147.42,
135.50, 135.41, 129.59, 128.95, 128.45, 128.12, 128.05, 127.97,
125.99, 119.94, 94.66, 79.44, 65.67, 31.20. MS (relative intensity)
m/z: 347 (100), 305 (77), 281 (61), 128 (50), 77 (21). HRMS calcd
for C21H18OSe: 366.0523. Found: 366.0529.

2,5-Diphenyl-3-(phenylethynyl)-selenophene (5b). Yield: 0.180
g (94%). 1H NMR (CDCl3, 400 MHz): δ 7.92-7.89 (m, 2H), 7.61

(s, 1H), 7.58-7.56 (m, 2H), 7.49-7.29 (m, 11H). 13C NMR (CDCl3,
100 MHz): δ 151.76, 147.47, 135.71, 135.50, 131.41, 129.61,
129.00, 128.59, 128.36, 128.16, 128.15, 128.14, 128.00, 126.08,
123.37, 120.57, 90.34, 86.86. MS (relative intensity) m/z: 383 (100),
306 (56), 282 (77), 204 (38), 128 (51), 101 (19), 77 (28). HRMS
calcd for C24H16Se: 384.0417. Found: 384.0411.

General Procedure for the Copper-Catalyzed Coupling Reac-
tion of 2a with Alcohols. To a Schlenck tube, under argon,
containing a mixture of CuI (0.0095 g; 0.05 mmol) in dry toluene
(1.5 mL) was added 1,10-phenanthroline (0.018 g, 0.1 mmol). The
resulting solution was stirred for 30 min at room temperature. After
this 2,5-diphenyl-3-iodoselenophene 2a (0.204 g; 0.50 mmol) was
added, and the resulting solution was stirred for additional 15 min
at room temperature. Afterward, Cs2CO3 (0.325 g; 1.0 mmol) and
appropriate alcohol (1.5 mmol) were added. The mixture was then
heated at 110 °C for 12 h. After this the solution was cooled to
room temperature, diluted with dichloromethane (20 mL), and
washed with saturated aq NH4Cl (3 × 20 mL). The organic phase
was separated, dried over MgSO4, and concentrated under vacuum.
The residue was purified by flash chromatography on silica gel
using ethyl acetate/hexane as the eluent.

2,5-Diphenyl-3-butoxy-selenophene (6a). Yield: 0.119 g (67%).
1H NMR (CDCl3, 400 MHz): δ 7.73-7.71 (m, 2H), 7.57-7.26
(m, 9H), 4.08 (t, J ) 7.44 Hz, 2H), 1.79 (quint, J ) 7.44 Hz, 2H),
1.49 (sex, J ) 7.44 Hz, 2H), 0.96 (t, J ) 7.44 Hz, 3H). 13C NMR
(CDCl3, 100 MHz): δ 153.69, 144.76, 136.04, 135.07, 128.89,
128.47, 127.78, 127.53, 126.36, 126.02, 125.42, 118.10, 71.69,
31.83, 19.24, 13.83. MS (relative intensity) m/z: 355 (100), 341
(39), 327 (27), 313 (25), 283 (60), 206 (52), 129 (28), 77 (11), 73
(9), 57 (16), 43 (17). HRMS calcd for C20H20OSe: 356.0679.
Found: 356.0682.

2,5-Diphenyl-3-octyloxy-selenophene (6b). Yield: 0.131 g
(64%). 1H NMR (CDCl3, 400 MHz): δ 7.73-7.71 (m, 2H), 7.55-
7.53 (m, 2H), 7.45 (s, 1H), 7.38-7.27 (m, 6H), 4.07 (t, J ) 7.44
Hz, 2H), 1.63-1.53 (m, 2H), 1.38-1.18 (m, 10H), 0.89-0.87 (m,
3H). 13C NMR (CDCl3, 100 MHz): δ 153.69, 144.74, 136.04,
135.07, 128.89, 128.46, 127.77, 127.55, 126.36, 126.01, 125.41,
118.11, 72.01, 31.76, 29.74, 29.26, 29.20, 26.00, 22.64, 14.09. MS
(relative intensity) m/z: 411 (100), 397 (19), 383 (21), 369 (23),
355 (29), 341 (18), 327 (16), 283 (52), 206 (33), 129 (61), 77 (30),
57 (21), 43 (12). HRMS calcd for C24H28OSe: 412.1305. Found:
412.1309.
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Synthesis of 3-Alkynylselenophene Derivatives by a Copper-Free Sonogashira
Cross-Cou pling R eac tion
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G ilson Z eni* [a]

K eyw ord s: Palladium / Cross-coupling / Selenium / Selenophene

3-Iodoselenophene derivatives undergo direct Sonogashira

cross-coupling reactions w ith several term inal alk y nes in the

presence of a cataly tic am ount of P d(P P h3)2C l2 in D M F w ith

E t3N as the b ase under cocataly st-free conditions. T his cross-

coupling reaction proceeded cleanly under m ild conditions

and w as perform ed w ith propargy lic alcohols and propar-

I ntrod u c tion

Palladium-cataly z ed carb on–carb on b ond formation, a

k ey stage in the sy nthesis of many currently interesting het-

erocy cle-containing compounds,[1 ] has prov ed to proceed

generally and effectiv ely . A s a conseq uence of the current

interest in the dev elopment of coupling sub strates that are

more economic and more easily accessib le and reactiv e,

ev en under mild conditions, there has b een significant pro-

gress in the optimiz ation of palladium-cataly z ed coupling

sy stems. T he palladium-cataly z ed cross-coupling reactions

of v iny l or ary l halides w ith terminal alk y nes is a pow erful

and v ersatile sy nthetic tool for the preparation of sub sti-

tuted acety lenes.[2] N umerous modifications to the original

protocol and the improv ement of many aspects of sp–sp2

carb on b ond formation hav e led to w idespread application

of this reaction in the sy nthesis of a v ariety of compounds,

including v arious heterocy clic compounds.[3] Carb on–car-

b on b ond formation is thus a useful method for the sy nthe-

sis of b uilding b lock s that can b e used in the preparation

of natural products.[4 ]

A mong heterocy cles, chalcogenophene deriv ativ es play

an important role in organic sy nthesis b ecause of their ex -

cellent electrical properties and env ironmental stab ilit y .

Chalcogenophene oligomers are compounds of current

interest b ecause many of them show photoenhanced b io-

logical activ it y ,[5 ] and α-t y pe chalcogenophene oligomers,

such as 5 ,2�:5 �,2��-terthiophene, produce cry stalline, electro-

[a] L ab orató rio de Síntese, R eativ idade, A v aliaç ã o F armacoló gica
e T ox icoló gica de O rganocalcogê nios, CCN E , U niv ersidade
F ederal de Santa M aria,
Santa M aria, R io G rande do Sul, 9 7 1 0 5 -9 0 0 , B raz il
F ax : + 5 5 -5 5 -3220 -8 9 9 8
E -mail: gz eni@ q uimica.ufsm.b r
Supporting information for this article is av ailab le on the
W W W under http://w w w .eurjoc.org or from the author.

Eur. J. Org. Chem. 2 0 0 8 , 37 7 –38 2 © 20 0 8 W iley -V CH V erlag G mb H & Co. K G aA , W einheim 37 7

gy lic ethers, as w ell as alk y l, viny l and ary l alk y nes to furnish

the corresponding 3-alk y ny lselenophenes in good-to-ex cel-

lent y ields.

(© W iley -V C H V erlag G m b H & C o. K G aA , 6 9 4 5 1 W einheim ,

G erm any , 20 0 8 )

conductiv e-doped poly thiophenes on electrochemical poly -

meriz ation.[6 ]

H alochalcogenophenes are an important class of com-

pounds that can undergo further functionaliz ation.[7 ] I n

particular, 2-iodo- and 2-b romoselenophenes are useful

sub strates for a v ariety of C–C, C–N and C–S b ond-form-

ing reactions. O ur continued interest in the sy ntheses[8 ] and

applications[7 ] of chalcogenophenes in organic sy nthesis

prompted us to ex amine and ex pand the scope of the Sono-

gashira reaction of 3-iodoselenophene deriv ativ es w ith dif-

ferent terminal alk y nes to ob tain 3-alk y ny lselenophenes 3a–

o (Scheme 1 ).

Scheme 1 . G eneral scheme for the cross-coupling of 3-iodoseleno-
phene deriv ativ es w ith terminal alk y nes.

R esu lts and Disc u ssion

O ur initial studies focused on the dev elopment of opti-

mal reaction conditions. F or this purpose, 2,5 -dipheny l-3-

iodoselenophene ( 1 a) and 2-methy l-3-b uty n-2-ol ( 2 a) w ere

used as standard sub strates. Starting 3-iodoselenophene 1 a

w as prepared b y using an electrophilic cy cliz ation proto-

col.[8 ] T hus, a mix ture of 3-iodoselenophene 1 a ( 0 .5 mmol),

alk y ne 2 a ( 1 .5 mmol) and E t3N ( 1 mL ) in D M F (2.5 mL )

w as treated w ith a v ariety of palladium cataly sts ( T ab le 1 ) .
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Table 1. Influence of catalyst in the reaction of 1a and 2a.[a]

Entry Palladium salt [mol-% ] Y ield of 3a [% ]

1 PdCl2(PPh3)2 (10) 91
2 PdCl2(PhCN)2 (10) 14
3 PdCl2 (10) 26
4 Pd(OAc)2 (10) 25
5 Pd(acac)2 (10) 16
6 Pd(PPh3)4 (10) trace
7 Pd(dba)2 (10) 17
8 Pd(dppe)2 (10) trace
9 PdCl2(PPh3)2 (5) 57
10 PdCl2(PPh3)2 (1) 21

[a] Reaction time was 12 h.

We found that the cross-coupling reaction of 3-iodoselen-

ophene 1a with terminal alkyne 2a was best catalyzed by

PdCl2(PPh3)2 (Table 1, Entry 1). By using this catalyst

(10 mol-% ), corresponding 3-alkynylselenophene 3a was

obtained in high yield (91 % isolated product). Other

palladium complexes, such as PdCl2(PhCN)2, PdCl2,

Pd(OAc)2, Pd(acac)2, Pd(PPh3)4, Pd(dba)2 and Pd(dppe)2,

were less effective (Table 1, Entries 2–8). It is important to

note that when the amount of catalyst was reduced from

10 to 1 mol-% , a decrease in yield was observed (Table 1,

Entries 9 and 10).

We also observed that the nature of the base was critical

to the success of the coupling. When different bases such

as K2CO3, KOAc, K3PO4 and KOH were used instead of

Et3N, moderate yields of desired product 3a were obtained

(Table 2, Entries 2–5).

With regard to the influence of the solvent in this coup-

ling reaction, optimal results were achieved by using DMF

and DMSO (Table 2; Entries 1 and 13). By using CH2Cl2,

DME or H2O (Table 2, Entries 7, 11 and 14, respectively) as

the solvents moderate yields were obtained, whereas other

solvents such as THF, toluene and MeOH (Table 2, En-

tries 6, 8 and 9, respectively) furnished only small amounts

of desired product 3a. Only trace amounts of product 3a

were obtained with the use of pyrrolidine or 1,4-dioxane as

the solvent (Table 2, Entries 10 and 12, respectively).

Careful analysis of the results of these reactions revealed

the optimum conditions to include the use of PdCl2-

(PPh3)2 (10 mol-% ), 3-iodoselenophene 1a (0.5 mmol), ter-

minal alkyne 2a (1.5 mmol) and Et3N (1 mL) in DMF

(2.5 mL) at room temperature for 12 h. Under these reac-

tion conditions we were able to prepare 4-(2,5-diphenylsele-

nophen-3-yl)-2-methyl-but-3-yn-2-ol (3a) in 91 % yield. To

demonstrate the efficiency of this protocol and to explore

the generality of our method, we extended the reaction to

several terminal alkynes and other 3-iodoselenophenes

(Table 3).
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Table 2. Optimization of reaction conditions.[a]

Entry Base Solvent Y ield of 3a [% ][a]

1 Et3N DMF 91
2 K2CO3 DMF 65
3 KOAc DMF 62
4 K3PO4 DMF 46
5 KOH DMF 79
6 Et3N THF 39
7 Et3N CH2Cl2 52
8 Et3N toluene 28
9 Et3N MeOH 28
10 Et3N pyrrolidine trace
11 Et3N DME 60
12 Et3N 1,4-dioxane trace
13 Et3N DMSO 88
14 Et3N H2O 65

[a] Reaction time was 12 h.

The reaction worked well for a variety of propargylic

alcohols (Table 3). Both hindered and nonhindered propar-

gylic alcohols gave the desired products in excellent yields

(Table 3, Entries 1–5). Our experiments showed that the re-

action with propargylic ether gave the coupled product in

moderate yield (Table 3, Entry 6). Alkynes containing an

aryl or vinyl group were coupled in excellent yields (Table 3,

Entries 7 and 8). We found that steric effects have an influ-

ence on the coupling reaction, as alkyne 2j containing a

tert-butyl group gave a lower yield of product relative to

that obtained with n-pentane-substituted alkyne 2i (Table 3,

Entry 9 vs. 10).

In an attempt to broaden the scope of our synthetic pro-

cedure, the possibility of performing the reaction with other

3-iodoselenophenes containing a hydroxy, an aryl or an

alkyl group within the side chain was also investigated. As

illustrated in Table 3, the cross-coupling reaction of 1b–e

with alkynes, under the same reaction conditions, led to

corresponding coupling products 3k–o in high yields

(Table 3, Entries 11–15).

The 3-alkynylselenophenes obtained by this protocol ap-

pear highly promising as intermediates in the preparation

of more highly substituted selenophenes. To demonstrate

this, we carried out the synthesis of vinylic telluride 4 from

compound 3a. Many classes of organotellurium com-

pounds have been prepared and studied to date and vinylic

tellurides are certainly the most useful and promising of

these in organic synthesis.[9] Thus, 3-alkynylselenophene 3a

was treated with NaOH in toluene and heated under reflux

for 4 h. The terminal alkyne generated in situ was treated

with BuTeTeBu and NaBH4 in ethanol, and the reaction

mixture was stirred under reflux for 6 h to give correspond-

ing vinylic telluride 4 in 68 % yield (Scheme 2).
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Table 3. Cross-coupling reaction of 3-iodoselenophenes 1a–e and alkynes 2a–j.

[a] Yields of 3a–o are given for isolated products.

Eur. J. Org. Chem. 2008, 377–382 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 379
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Scheme 2. Synthesis of vinylic telluride 4.

Conclusions

We have explored the Sonogashira reaction of 3-iodose-

lenophenes with several terminal alkynes in the presence of

a catalytic amount of Pd(PPh3)2Cl2 with DMF as the sol-

vent and Et3N as the base under mild cocatalyst-free condi-

tions. We thus established a new route for the preparation

of 3-alkynylselenophene derivatives, which were produced

in excellent yields. The 3-alkynylselenophenes obtained ap-

pear to be highly promising as intermediates in the prepara-

tion of more highly substituted selenophenes. Studies of the

biological activity of these compounds are under study in

our lab.

E x perim ental Section

General P rocedure for Iodoselenophene– Alkyne Cross-Coupling Re-

actions: To a Schlenk tube, under an atmosphere of argon, contain-

ing the appropriate 3-iodoselenophene (0.50 mmol) in DMF

(2.5 mL) was added Pd(PPh3)2Cl2 (0.035g, 0.05 mmol). The re-

sulting solution was stirred for 5 min at room temperature. After

this time, the appropriate terminal alkyne (1.5 mmol) dissolved in

Et3N (1 mL) was added dropwise, and the reaction mixture was

allowed to stir at room temperature for 12 h. After this time, the

mixture was diluted with CH2Cl2 (20 mL) and washed with brine

(3�20 mL). The organic phase was separated, dried with MgSO4

and concentrated under vacuum. The residue was purified by flash

chromatography on silica gel (ethyl acetate/hexane, 1:8).

Diphenylselenophen-3-yl)-2-m ethyl-but-3-yn-ol (3a): Yield: 0.166 g

(91 %). 1H NMR (400 MHz, CDCl3): δ = 7.83–7.81 (m, 2 H), 7.54–

7.50 (m, 3 H), 7.42–7.29 (m, 6 H), 2.11 (s, 1 H), 1.60 (s, 6 H) ppm.
13C NMR (100 MHz, CDCl3): δ = 151.7, 147.4, 135.5, 135.4, 129.5,

128.9, 128.4, 128.1, 128.0, 127.9, 125.9, 119.9, 94.6, 79.4, 65.6,

31.2 ppm. MS: m/z (%) = 347 (100), 305 (77), 281 (61), 128 (50),

77 (21). HRMS: calcd. for C21H18OSe 366.0523; found 366.0529.

1-(2,5 -Diphenylselenophen-3-yl)-3-m ethylpent-1-yn-3-ol (3b): Yield:

0.183 g (97%). 1H NMR (200 MHz, CDCl3): δ = 7.83–7.78 (m, 2

H), 7.56–7.50 (m, 3 H), 7.44–7.29 (m, 6 H), 2.07 (s, 1 H), 1.76 (q,

J = 7.5 Hz, 2 H), 1.54 (s, 3 H), 1.05 (t, J = 7.5 Hz, 3 H) ppm. 13C

NMR (100 MHz, CDCl3): δ = 151.7, 147.4, 135.5, 135.4, 129.7,

128.9, 128.4, 128.1, 128.0, 127.9, 126.0, 120.0, 93.7, 80.5, 69.2, 36.4,

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 377–382380

29.1, 9.0ppm. MS: m/z (%) = 361 (100), 332 (53), 317 (22), 281

(71), 206 (44), 129 (56), 77 (35). HRMS: calcd. for C22H20OSe

380.0679; found 380.0683.

1-(2,5 -Diphenylselenophen-3-ylethynyl)cyclohex anol (3c): Yield:

0.174 g (86%). 1H NMR (200 MHz, CDCl3): δ = 7.84–7.79 (m, 2

H), 7.56–7.51 (m, 3 H), 7.43–7.29 (m, 6 H), 2.12 (s, 1 H), 1.72–1.52

(m, 8 H), 1.36–1.17 (m, 2 H) ppm. 13C NMR (50 MHz, CDCl3): δ

= 151.6, 147.4, 135.5, 135.4, 129.8, 128.9, 128.4, 128.1, 128.0, 127.9,

126.0, 120.2, 93.8, 81.3, 69.3, 39.9, 25.2, 23.3 ppm. MS: m/z (%) =

387 (100), 305 (32), 281 (65), 206 (47), 129 (63), 77 (41). HRMS:

calcd. for C24H22OSe 406.0836; found 406.0831.

1-(2,5 -Diphenylselenophen-3-yl)pent-1-yn-3-ol (3d): Yield: 0.166 g

(91%). 1H NMR (200 MHz, CDCl3): δ = 7.83–7.78 (m, 2 H), 7.55–

7.50 (m, 3 H), 7.44–7.29 (m, 6 H), 4.54–4.49 (m, 1 H), 2.00 (s, 1

H), 1.87–1.73 (m, 2 H), 1.04 (t, J = 7.4 Hz, 3 H) ppm. 13C NMR

(50 MHz, CDCl3): δ = 151.9, 147.5, 135.5, 135.4, 129.7, 128.9,

128.5, 128.1, 128.0, 127.9, 126.0, 119.9, 90.9, 82.0, 64.3, 30.8,

9.4 ppm. MS: m/z (%) = 347 (100), 318 (21), 281 (69), 206 (52),

129 (73), 77 (35). HRMS: calcd. for C211H8OSe 366.0523; found

366.0528.

3-(2,5 -Diphenylselenophen-3-yl)prop-2-yn-1-ol (3e): Yield: 0.128 g

(74%). 1H NMR (200 MHz, CDCl3): δ = 7.82–7.77 (m, 2 H), 7.55–

7.29 (m, 9 H), 4.46 (s, 2 H), 1.78 (s, 1 H) ppm. 13C NMR

(100 MHz, CDCl3): δ = 152.2, 147.6, 135.4, 135.3, 129.7, 128.9,

128.6, 128.2, 128.0, 127.9, 125.9, 119.8, 88.2, 82.7, 51.6 ppm. MS:

m/z (%) = 319 (100), 281 (55), 206 (47), 129 (63), 77 (40). HRMS:

calcd. for C191H4OSe 338.0210; found 338.0207.

3-(3-E thox yprop-1-ynyl)-2,5 -diphenylselenophene (3f): Yield: 0.122 g

(67%). 1H NMR (200 MHz, CDCl3): δ = 7.83–7.78 (m, 2 H), 7.55–

7.50 (m, 3 H), 7.44–7.29 (m, 6 H), 4.34 (s, 2 H), 2.61 (q, J = 6.9 Hz,

2 H), 1.24 (t, J = 6.9 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3):

δ = 152.1, 147.5, 135.5, 135.4, 129.8, 128.9, 128.5, 128.1, 128.0,

127.9, 126.0, 120.0, 86.5, 83.1, 65.4, 58.6, 15.0 ppm. MS: m/z (%)

= 365 (100), 320 (73), 281 (41), 206 (61), 129 (55), 77 (47). HRMS:

calcd. for C211H8OSe 366.0523; found 366.0518.

2,5 -Diphenyl-3-phenylethynylselenophene (3g): Yield: 0.180 g (94%).
1H NMR (400 MHz, CDCl3): δ = 7.92–7.89 (m, 2 H), 7.61 (s, 1 H),

7.58–7.56 (m, 2 H), 7.49–7.29 (m, 11 H) ppm. 13C NMR (100 MHz,

CDCl3): δ = 151.8, 147.5, 135.7, 135.5, 131.4, 129.6, 129.0, 128.6,

128.4, 128.16, 128.15, 128.14, 128.0, 126.1, 123.4, 120.6, 90.3,

86.9 ppm. MS: m/z (%) = 383 (100), 306 (56), 282 (77), 204 (38),

128 (51), 101 (19), 77 (28). HRMS: calcd. for C241H6Se 384.0417;

found 384.0411.

3-Cyclohex -1-enylethynyl-2,5 -diphenylselenophene (3h): Yield:

0.180 g (93%). 1H NMR (200 MHz, CDCl3): δ = 7.88–7.83 (m, 2

H), 7.57–7.25 (m, 9 H), 6.19–6.14 (m, 1 H), 2.22–2.12 (m, 4 H),

1.68–1.59 (m, 4 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 150.5,

147.0, 135.8, 135.6, 135.1, 129.8, 128.9, 128.4, 128.0, 127.9, 127.8,

126.0, 121.0, 120.8, 92.4, 84.2, 28.9, 25.8, 22.3, 21.5 ppm. MS: m/z

(%) = 387 (100), 306 (65), 281 (56), 206 (42), 129 (39), 77 (62).

HRMS: calcd. for C24H20Se 388.0730; found 388.0734.

3-H ept-1-ynyl-2,5 -diphenylselenophene (3i): Yield: 0.182 g (97%).
1H NMR (200 MHz, CDCl3): δ = 7.87–7.83 (m, 2 H), 7.56–7.49

(m, 3 H), 7.41–7.28 (m, 6 H), 2.39 (t, J = 7.1 Hz, 2 H), 1.67–1.49

(m, 2 H), 1.46–1.28 (m, 4 H), 0.91 (t, J = 7.1 Hz, 3 H) ppm. 13C

NMR (100 MHz, CDCl3): δ = 150.3, 146.9, 135.8, 135.6, 130.2,

128.9, 128.4, 127.9, 127.8, 127.8, 126.0, 121.3, 91.7, 77.7, 31.1, 28.2,

22.2, 19.5, 14.0 ppm. MS: m/z (%) = 377 (100), 362 (73), 348 (33),

334 (30), 320 (26), 281 (56), 206 (58), 129 (61), 77 (53). HRMS:

calcd. for C23H22Se 378.0887; found 378.0882.
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3-(3,3-Dimethylbut-1-ynyl)-2,5-diphenylselenophene (3j): Yield:

0.127 g (70%). 1H NMR (200 MHz, CDCl3): δ = 7.89–7.85 (m, 2

H), 7.56–7.48 (m, 3 H), 7.44–7.27 (m, 6 H), 1.31 (s, 9 H) ppm. 13C

NMR (50 MHz, CDCl3): δ = 150.2, 146.8, 135.8, 135.6, 130.1,

128.9, 128.3, 127.9, 127.8, 127.7, 126.0, 121.2, 99.6, 76.5, 30.8,

28.2 ppm. MS: m/z (%) = 363 (100), 318 (63), 281 (68), 206 (42),

129 (58), 77 (39). HRMS: calcd. for C22H20Se 364.0730; found

364.0733.

4-(2,5-Dibutylselenophen-3-yl)-2-methylbut-3-yn-2-ol (3k): Yield:

0.134 g (83%). 1H NMR (200 MHz, CDCl3): δ = 6.76 (s, 1 H), 2.89

(t, J = 7.8 Hz, 2 H), 2.75 (t, J = 7.5 Hz, 2 H), 2.07 (s, 1 H), 1.70–

1.56 (m, 10 H), 1.49–1.28 (m, 4 H), 0.97–0.88 (m, 6 H) ppm. 13C

NMR (100 MHz, CDCl3): δ = 155.0, 148.5, 128.0, 119.6, 94.6, 78.5,

65.7, 34.3, 34.2, 32.1, 31.6, 31.1, 22.1, 22.0, 13.8, 13.7 ppm. MS:

m/z (%) = 307 (100), 278 (34), 242 (77), 211 (63), 183 (52), 155 (39),

129 (32). HRMS: calcd. for C17H26OSe 326.1149; found 326.1153.

2,5-Dibutyl-3-phenyletynylselenophene (3l): Yield: 0.161 g (94%).
1H NMR (200 MHz, CDCl3): δ = 7.55–7.45 (m, 2 H), 7.36–7.28

(m, 3 H), 6.88 (s, 1 H), 3.00 (t, J = 7.8 Hz, 2 H), 2.78 (t, J = 7.5 Hz,

2 H), 1.76–1.30 (m, 8 H), 0.99–0.89 (m, 6 H) ppm. 13C NMR

(100 MHz, CDCl3): δ = 155.2, 148.5, 131.3, 128.2, 128.1, 127.8,

123.8, 120.3, 90.1, 85.9, 34.5, 34.3, 32.2, 31.3, 22.2, 22.1, 13.8,

13.7 ppm. MS: m/z (%) = 343 (100), 266 (72), 242 (70), 211 (51),

183 (62), 155 (44), 129 (47). HRMS: calcd. for C20H24Se 344.1043;

found 344.1048.

4-(2,5-Di-p-methylphenylselenophen-3-yl)-2-methylbut-3-yn-2-ol

(3m): Yield: 0.184 g (94 %). 1H NMR (200 MHz, CDCl3): δ = 7.71

(d, J = 8.3 Hz, 2 H), 7.44–7.40 (m, 3 H), 7.22–7.15 (m, 4 H), 2.38–

2.36 (m, 6 H), 1.99 (s, 1 H), 1.60 (s, 6 H) ppm. 13C NMR

(100 MHz, CDCl3): δ = 151.5, 147.0, 138.1, 137.9, 132.8, 132.7,

129.6, 129.2, 129.0, 127.8, 125.9, 119.4, 94.5, 79.7, 65.7, 31.3, 21.3,

21.2 ppm. MS: m/z (%) = 375 (100), 345 (47), 309 (78), 128 (58),

91 (57). HRMS calcd. for C23H22OSe 394.0836; found 394.0840.

4-(2-B utyl-5-phenylselenophen-3-yl)-2-methylbut-3-yn-2-ol (3n):

Yield: 0.134 g (78%). 1H NMR (200 MHz, CDCl3): δ = 7.77–7.72

(m, 2 H), 7.40–7.25 (m, 3 H), 6.96 (s, 1 H), 2.81 (t, J = 7.5 Hz, 2

H), 2.02 (s, 1 H), 1.73–1.56 (m, 8 H), 1.41 (sext., J = 7.5 Hz, 2 H),

0.94 (t, J = 7.5 Hz, 3 H) ppm. 13C NMR (50 MHz, CDCl3): δ =

150.6, 150.4, 135.9, 130.7, 128.3, 127.9, 127.7, 118.4, 94.2, 79.8,

65.7, 34.2, 32.2, 31.2, 22.1, 13.8 ppm. MS: m/z (%) = 327 (100),

297 (52), 261 (56), 246 (33), 232 (21), 155 (45), 128 (42), 77 (34).

HRMS: calcd. for C19H22OSe 346.0836; found 346.0831.

4-[5-(1-Hydroxy-1-methylethyl)-2-phenylselenophen-3-yl]-2-meth-

ylbut-3-yn-2-ol (3o): Yield: 0.156 g (90 %). 1H NMR (200 MHz,

CDCl3): δ = 7.76–7.71 (m, 2 H), 7.40–7.25 (m, 3 H), 7.05 (s, 1 H),

2.61 (s, 1 H), 2.46 (s, 1 H), 1.62 (s, 6 H), 1.55 (s, 6 H) ppm. 13C

NMR (100 MHz, CDCl3): δ = 159.6, 151.1, 135.7, 128.3, 127.95,

127.94, 127.8, 118.4, 94.1, 79.6, 72.7, 65.6, 31.9, 31.2 ppm. MS: m/z

(%) = 311 (100), 281 (72), 245 (45), 206 (31), 128 (56), 77 (21).

HRMS: calcd. for C18H20O2Se 348.0629; found 348.0624.

3-(2-B utyltellanylvinyl)-2,5-diphenylselenophene (4): Powered

NaOH (0.044g; 1.1 mmol) was added to a two-neck round-bot-

tomed flask, equipped with a reflux condenser, containing a solu-

tion of alkynylselenophene 3a (0.365g, 1.0 mmol) in dry toluene

(2 mL) under an argon atmosphere. The mixture was slowly heated

to reflux. The reaction mixture became dark brown and was heated

at reflux for 4 h. The resulting solution was cooled to room tem-

perature and a solution of dibutylditelluride (0.185g; 0.5 mmol) in

95 % EtOH (10 mL) was added. NaBH4 (0.092g; 2.5 mmol) was

added with vigorous stirring and gas evolution was observed during

addition. The reaction mixture was stirred at reflux for 6 h, allowed
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to reach room temperature, diluted with EtOAc (60 mL) and

washed with brine (3�30 mL) and water (3�30 mL). The organic

phase was dried with anhydrous MgSO4, the solvent was removed

under reduced pressure and the residue was purified by flash

chromatography on silica gel (hexane). Yield: 0.335 g (68%). 1H

NMR (400 MHz, CDCl3): δ = 7.80 (s, 1 H), 7.59–7.57 (m, 2 H),

7.48–7.23 (m, 9 H), 6.91 (d, J = 10.8 Hz, 1 H), 2.76 (t, J = 7.4 Hz,

2 H), 1.83 (quint., J = 7.4 Hz, 2 H), 1.42 (sext., J = 7.4 Hz, 2 H),

0.94 (t, J = 7.4 Hz, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ =

148.1, 138.6, 136.1, 132.9, 129.6, 129.4, 128.9, 128.5, 127.7, 127.6,

126.1, 125.3, 124.2, 105.1, 34.0, 24.9, 13.4, 8.4 ppm. MS: m/z (%)

= 495 (100), 438 (25), 311 (86), 282 (70), 210 (62), 204 (38), 184

(75), 128 (51), 77 (25). HRMS: calcd. for C22H22SeTe 495.9949;

found 495.9954.

Supporting Information (see footnote on the first page of this arti-

cle) Spectroscopic data for 3a–o and 4.
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Baixar livros de Literatura
Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matemática
Baixar livros de Medicina
Baixar livros de Medicina Veterinária
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC
Baixar livros Multidisciplinar
Baixar livros de Música
Baixar livros de Psicologia
Baixar livros de Química
Baixar livros de Saúde Coletiva
Baixar livros de Serviço Social
Baixar livros de Sociologia
Baixar livros de Teologia
Baixar livros de Trabalho
Baixar livros de Turismo
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