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Investigation of sp’~sp Coupling for Electron-Enriched Aryl Dihalides under
Oxygen-Free Sonogashira Coupling Reaction Conditions Using a Two-
Chamber Reaction System

Xue-Yi Chen,” Charles Barnes,”™ Jerry R. Dias,” and T. C. Sandreczki*"*

Organic sp*sp alternated m-conjugated systems are of in-
terest due to their wide potential in applications such as
field effect transistors (FET), light-emitting diodes (LEDs),
nonlinear optical (NLO) materials, electrically conductive
materials, and/or magnetic materials."! The Sonogashira cou-
pling reaction® is well recognized as “the most popular pro-
cedure for alkynylation of aryl or alkenyl halides”.”! The
characteristic of an aryl halide substrate is one of the crucial
factors that governs the Sonogashira coupling reaction.?
Aryl halides with electron-withdrawing groups are known to
be much more reactive than their electron-enriched counter-
parts due to the lower electron density of their C—X bond."!
Alkynylations of aryl dihalides are highly demanding with
respect to the purity and cleanness of the reaction system
when the goal is to achieve a high percentage of disubstitu-
tion product instead of the reaction being halted at the
mono-substitution step. This has been further demonstrated
by our synthesis of 1,3-bis{(6-methoxynaphthalen-2-yl)ethy-
nyl}azulene. Consequently Sonogashira coupling reactions
have seldom been applied to electron-enriched aryl diha-
lides, and no systematic study has been conducted to date.
Particularly, alkynylation of 1,5-bis(alkoxy)-2,4-diiodoben-
zene has remained nearly unexploited. In our research, the
initial aim in applying Sonogashira coupling reactions to al-
kynylations of electron-enriched aryldihalides was to devel-
op a group of conjugated polymer systems having electro-
magnetic and/or optical properties as well as acceptable sol-
ubilities. However during our initial syntheses, significant
challenges were encountered. Our syntheses of precursors,
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such as bisalkoxydiethynylbenzene and 1,3-diethynylazulene,
and model compounds such as 1,3-bis(phenylethynyl)azu-
lene, 1,3-bis(azulen-1-ylethynyl)benzene, and 1,4-bis(azulen-
1-ylethynyl)benzene, were found to be complicated by com-
peting homo-coupling reactions that occurred under the typ-
ical conditions of the Sonogashira reaction. Furthermore,
homo-coupling is not acceptable for related reactions used
to form ABAB types of polymers. Therefore we have pro-
ceeded to develop a reaction system that creates a signifi-
cant change in the Sonogashira reaction conditions, and
which is especially suitable for reactions with 1,5-bis-
(alkoxy)-2,4-diiodobenzene, azulene, and other electron-en-
riched aryl dihalides.

When exposed to oxygen, terminal acetylenes undergo a
homo-coupling reaction in the presence of a copper(I)
halide catalyst, which is known as the Glaser reaction.!* Re-
agent-grade argon or nitrogen is typically used to provide
the inert atmospheric conditions necessary to minimize the
occurrence of the Glaser reaction. These inert gases normal-
ly contain only trace amounts of oxygen and are thus satis-
factory for oxygen-sensitive reactions that occur at moderate
rates. However, Sonogashira reactions with electron-en-
riched aryl halides as substrates are sluggish, so that a con-
tinuous flow of protection gas for prolonged periods can
carry substantial amounts of oxygen to the reaction species.
As a result, terminal acetylene can be consumed by oxygen
to give a mono-substituted product as the major product in-
stead of the desired disubstituted product. For example, in
our syntheses of 1,3-bis{(6-methoxynaphthalen-2-yl)ethyn-
yl}azulene, 1-iodo-3-{(6-methoxynaphthalen-2-yl)ethynyl}azu-
lene was found unexpectedly to be the major product in
55% yield when 2-ethynyl-6-methoxynaphthalene and 1,3-
diiodoazulene were allowed to react in a 2.1:1 ratio under
conventional Sonogashira reaction conditions using ultra-
pure nitrogen as the protection gas (for details see Figure S8
in the Supporting Information).

In the case of a copper(I) halide catalyst as co-catalyst
with palladium, two methods to avoid unwanted homo-cou-
pling in moderately paced Sonogashira reactions have been
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proposed. The first calls for slowly adding the terminal al-
kynes, using a Pd” catalyst in the presence a phase-transfer
reagent.”] However for slow Sonogashira reactions, homo-
coupling is still not avoided by this method.[! The second
method calls for additionally mixing hydrogen gas with the
inert gas to act as a reducing reagent.”! However, in the
presence of a palladium catalyst, hydrogen adds to the
alkyne to form significant amounts of alkene and alkane
side products. For example, in one of our syntheses using
this method, a [previously unreported] 1,5-bisalkoxy-2,4-eth-
ylbenzene side product was isolated in 15% yield, (con-
firmed by its '"H NMR spectrum; see Figure S4 in the Sup-
porting Information), whereas the desired product 1,5-bisal-
koxy-2,4-ethynylbenzene was obtained only as part of a
complicated mixture that also included 1,5-bisalkoxy 2-eth-
ylnyl-4-vinylbenzene, 1,5-bisalkoxy-2,4-divinylbenzene, and
other structurally similar components which were almost im-
possible to separate under conventional workup conditions.
Therefore Sonogashira coupling in a protecting atmosphere
containing reducing hydrogen gas is impractical for sp’-sp
coupling of electron-enriched aryl dihalides.

Because of the deficiencies of the above-mentioned two
methods, recent efforts have focused on the development of
copper-free Sonogoshira reactions that minimize the forma-
tion of diacetylene side products.”) However, as a relatively
new and only partially understood methodology, the mecha-
nism of copper-free Sonogashira coupling is still under
debate. For example, it has been reported that the formation
of the (WRC=CH)Pd’L, intermediate, along with the
strong tendency for the Pd’ complex to undergo ligand ex-
change in some cases, leads to the termination of the cata-
lytic cycle prior to total conversion of the reactants."] To
date there has not been any systematic study of the copper-
free Sonogashira reaction applied to electron-enriched aryl
halide substrates. Therefore there remains a significant
demand for an ultra-clean, high-yield Sonogashira reaction.

The reaction system and conditions that we have devel-
oped and discussed herein address this demand. By provid-
ing a long-term, scrupulously oxygen-free and water-free en-
vironment, our novel two-chamber reaction system
(Figure 1) renders nearly ideal reaction conditions for suc-
cessfully completing even the slowest Sonogashira reactions
with high yield. More specifically, since most Sonogashira
reactions do not generate gaseous side products, and only
moderate heat is released from the neutralization of HX
with Et;N, we have been able to use a totally sealed, two-
chamber reaction system (Figure 1) to exclude oxygen. This
system contains a solvent degas chamber D, a reaction
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Figure 1. The two-chamber reaction system.
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chamber E, a reactant-addition passage C, and a solvent-ad-
dition passage B having a ground-glass joint connection A.
Solid reactant is added to chamber E through passage C,
which is then sealed (dashed line). Solvent and liquid reac-
tants (trimethylsilylacetylene [TMSA], Et;N) are then
added through passage A to chamber D, after which cham-
ber D is cooled to liquid nitrogen temperature, and the reac-
tion system is connected to high vacuum (about 10~° Torr).
Solvent and liquid reactants are then subjected to three-to-
four freeze—thaw cycles to eliminate any dissolved oxygen,
following which passage B is sealed under vacuum. Finally,
solvent and liquid reactants are delivered to reaction cham-
ber E by vaper-phase solvent transfer.

The mechanism for catalytic oxidation of terminal acetyl-
ene is still undetermined; however, there is no question that
oxygen is involved as an oxidizing reagent.’) Reaction yields
are high for both azulene diiodide!"” and dialkoxybenzene
diiodides (Table 1). For example, 1,3-ditrimethylsilylethynyl-
azulene and 1,3-diphenylethylnylazulene are obtained with
yields of 99 and 96 %, respectively, which are much higher
than literature values (80-90 % ).''*"! It has also been repor-
ted®™ that a lower mole percentage of catalyst results in
lower yields and longer reaction times and that under
normal reaction conditions the catalyst can decompose to
form a black-colored complex, either dissolved in solution
or precipitated out. In our reaction system, just a small
amount of catalyst can lead to completion of the reaction in
good yield, since no catalyst is consumed by the oxidation
during the reaction cycle. Thus a distinctive feature of our
system is that after complete reaction the solution retains a
light color due only to reaction product and residual catalyst
complex, with triethylamine hydroiodide crystallized
(Figure 2) on the bottom of chamber E.

The completion of reactions was conveniently monitored
by observing the formation of triethylamine hydroiodide
crystals during the reaction process. When no more crystal
growth was visible at the bottom of Chamber E, the reaction
solution was carefully moved to a new glass surface; the ap-
proximate completion of the reaction was indicated when
there were no more crystals depositing onto the new glass
surface. Approximate reaction times could be determined
with a precision of 8 h. The above monitoring method was
checked in one case by comparison with a more precise
method by sampling the reaction mixture in two-hour inter-
vals followed by TLC analyses (see the Supporting Informa-
tion for details). The reaction time in this case was deter-
mined with a precision of 2 h.

Our reaction system is well suited not only for syntheses
using iodoazulenes but also for those using dibromoazu-
lene." The syntheses of 1-ethynylazulene and 1,3-diethynyl-
azulene from corresponding iodoazulenes have been report-
ed previously in 80-90% yield,'**d as have the syntheses
of 2-ethynyl- and 6-ethynylazulene from 2-bromo- and 6-
bromoazulene, respectively.'*!"l However, it is well known
that it is difficult to obtain 1,3-diethynylazulene and its de-
rivatives from 1,3-dibromoazulene, since the bromo group is
a relatively poor leaving group, and the 1 and 3 positions
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Table 1. Synthesis of bis(dodecyloxy)diethynylbenzene derivatives and
1,3-bis(ethynyl)azulene derivatives from the corresponding diiodides.
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| + la-f Cul 0.4 mol% R—— 7N\ — &
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[a] N/A =not available; reaction time: 8 days.

are the highest-electron-density positions of azulene. For ex-
ample, synthesis attempts have been made using the Suzuki
coupling reaction, for which only 8-35% yields were repor-
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Figure 2. The reaction chamber E after reaction completion with product
of 2b (left) and 3¢ (right). Crystals formed at the bottom are triethyl-
amine hydroiodide.

ted.!'*¥ In contrast, in our sealed-reaction system, our first
attempt at the Sonogashira reaction using 1,3-dibromoazu-
lene as reactant resulted in a much higher yield of 65-70 %
(Table 2).

Table 2. Synthesis of 1,3-bis(ethynyl)azulene derivatives from 1,3-dibro-
moazulene.

BroA B [P(PPhs),C1,] 4 mol%
/L r+ la-c Cul 4 Mol%
{ -
\\7> TEA, THF, 1t
Entry Terminal alkyne This work Literature
yield [%] yield [%]
la TMSA 65 25~37MM 1
1b —— Ph 71 N/AL
7
1c 70 N/A (new)
MeO

[a] N/A =not available; reaction time: 30 days.

Generally when the Glaser (homo-coupling) side reaction
is reduced to less than 2%, the workup of the Sonogashira
reaction products is greatly simplified. Since most of the de-
sired products do not dissolve in methanol, and the solubili-
ties of impurities such as Et;NHI and Et;N are very high in
methanol, a workup including the vacuum evaporation of
THF and triethylamine followed by several cycles of metha-
nol wash or recrystallization with hte THF/methanol solvent
pair is adequate for purification in many cases. Alternatively
a minimum amount of methanol can be used in this last step
by employing a Soxhlet extractor.

Finally, an additional benefit of the modified Sonogashira
reaction is that it is environmentally friendly: Green chemis-
try is achieved by using a very low loading of catalyst, and
by eliminating the waste solvent that would be otherwise
generated as column eluent.

In summary, a sealed oxygen-free two-chamber reaction
system for the Sonogashira coupling reaction with dihaloa-
zulene and other electron-rich aryl halides as substrates was
designed and employed to overcome the presence of homo-
coupling side reactions. Approximate reaction times were
determined in most cases by observing co-product crystal
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growth and was further determined in one corroborating
case by a more precise method that included two-hour-sam-
pling and monitoring by TLC. Simplified, reliable, environ-
mentally friendly procedures were developed.

Keywords: C—C coupling - aryl dihalides - homogeneous
catalysis - palladium - Sonogashira reaction - synthetic
methods

[1] a) S. Ito, H. Inabe, N. Morita, K. Ohta, T. Kitamura, K. Imafuku, J.
Am. Chem. Soc. 2003, 125, 1669; b) G. Hennrich, Tetrahedron 2004,
60, 9871; c¢) G. Hennrich, A. M. Echavarren, Tetrahedron lett. 2004,
45, 1147; d) G. Hennrich, 1. Asselberghs, K. Clays, A. Persoons, J.
Org. Chem. 2004, 69, 5077; ¢) K.-T. Wong, F.-C. Fang, Y.-M. Cheng,
P-T. Chou, G.-H. Lee, Y. Wang, J. Org. Chem. 2004, 69, 8038; f) G.
Hennrich, M. T. Murillo, P. Prados, K. Song, I. Asselberghs, K.
Clays, A. Persoons, J.-B. Benet-Buchholz, J. de Mendoza, Chem.
Commun. 2005, 2747, g) F. Wang, Y.-H. Lai, N. M. Kocherginsky,
Y. Y. Kosteski, Org. Lett. 2003, 5, 995; h) F. Wang, Y.-H. Lai, Macro-
molecules 2003, 36, 536; 1) Y. Ohtsuka, T. Itoh, K. Hirai, T. Takui, H.
Tomioka, Org. Lett. 2004, 6, 847.

[2] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron lett. 1975, 16,
4467.

[3] R. Chinchilla, C. Najera, Chem. Rev. 2007, 107, 874.

[4] a) C. Glaser, Ber. Dtsch. Chem. Ges. 1869, 2, 422; b) P. Siemsen,
R. C. Livingston, F. Diederich, Angew. Chem. 2000, 112, 2740;
Angew. Chem. Int. Ed. 2000, 39, 2632.

[5] a)S. Thorand, N. Krause, J. Org. Chem. 1998, 63, 8551; b) H.-F.
Chow, C.-W. Wan, K.-H. Low, Y.-Y. Yeung, J. Org. Chem. 2001, 66,
1910.

[6] A.Elangovan, Y.-H. Wang, T.-1. Ho, Org. Lett. 2003, 5, 1841.

[7] a) C. Amatore, A. Jutand, Acc. Chem. Res. 2000, 33, 314; b) V. Gros-
shenny, F. M. Romero, R. Ziessel, J. Org. Chem. 1997, 62, 1491;
c) A. Tougerti, S. Negri, A. Jutand, Chem. Eur. J. 2007, 13, 666.

[8] a) A. Jutand, Pure Appl. Chem. 2004, 76, 565; b) C. Amatore, S.

Bensalem, S. Ghalem, A. Jutand, Y. Medjour, Eur. J. Org. Chem.

2004, 366.

a) Q. Fang, S. Ren, B. Xu, J. Du, A. Cao, J. Polym. Sci. Part A-1:

Polym Chem. 2006, 44, 3797; b) M. Moroni, J. Le Moigne, S. Luzzati,

Macromolecules 1994, 27, 562; c) H. Li, D. R. Powell, R. K. Hayashi,

R. West, Macromolecules 1998, 31, 52; d) M. Yasuhiro, 1. Tamao, C.

Yoshiki, Polym. J. (Tokyo, Jpn.) 2003, 35, 501.

[10] X. Chen, J. Dias, D. Powell, J. Van Horn, T. Sandreczki, Acta Crys-
tallogr. Sect. E 2005, 61, 0944 —0946.

[11] a) K. Fabian, A. Elwahy, K. Hafner, Tetrahedron Lett. 2000, 41,
2855; b) A. Elwahy, Tetrahedron Lett. 2002, 43, 791; c) V. A. Nefe-
dov, L. K. Tarygina, Zh. Org. Khim. 1976, 12, 1763; d) K. Fabian, A.
Elwahy, K. Hafner, Eur. J. Org. Chem. 2006, 3910; e) K. Fabian, A.
Elwahy, K. Hafner, Eur. J. Org. Chem. 2006, 791.

[12] X. Chen, J. Dias, D. Powell, J. Van Horn, T. Sandreczki, Acta Crys-
tallogr. Sect. E 2005, 61, 0941-0943.

[13] M. Lamberto, C. Pagba, P. Piotrowiak, E. Galoppini, Tetrahedron
Lett. 2005, 46, 4895.

[9

—

Received: July 29, 2008
Revised: December 9, 2008
Published online: January 14, 2009

2044 —

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2009, 15,2041 -2044


http://dx.doi.org/10.1021/ja0209262
http://dx.doi.org/10.1021/ja0209262
http://dx.doi.org/10.1016/j.tet.2004.08.036
http://dx.doi.org/10.1016/j.tet.2004.08.036
http://dx.doi.org/10.1016/j.tetlet.2003.12.011
http://dx.doi.org/10.1016/j.tetlet.2003.12.011
http://dx.doi.org/10.1021/jo049279i
http://dx.doi.org/10.1021/jo049279i
http://dx.doi.org/10.1021/jo048914h
http://dx.doi.org/10.1039/b502045j
http://dx.doi.org/10.1039/b502045j
http://dx.doi.org/10.1021/ol0274615
http://dx.doi.org/10.1021/ma025662i
http://dx.doi.org/10.1021/ma025662i
http://dx.doi.org/10.1021/ol049877j
http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1016/S0040-4039(00)91094-3
http://dx.doi.org/10.1021/cr050992x
http://dx.doi.org/10.1002/cber.186900201183
http://dx.doi.org/10.1002/1521-3757(20000804)112:15%3C2740::AID-ANGE2740%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20000804)39:15%3C2632::AID-ANIE2632%3E3.0.CO;2-F
http://dx.doi.org/10.1021/jo9808021
http://dx.doi.org/10.1021/jo001538q
http://dx.doi.org/10.1021/jo001538q
http://dx.doi.org/10.1021/ol034320+
http://dx.doi.org/10.1021/ar980063a
http://dx.doi.org/10.1021/jo962068w
http://dx.doi.org/10.1002/chem.200600574
http://dx.doi.org/10.1351/pac200476030565
http://dx.doi.org/10.1002/ejoc.200300618
http://dx.doi.org/10.1002/ejoc.200300618
http://dx.doi.org/10.1021/ma00080a034
http://dx.doi.org/10.1021/ma970899d
http://dx.doi.org/10.1107/S1600536805006823
http://dx.doi.org/10.1107/S1600536805006823
http://dx.doi.org/10.1107/S1600536805006823
http://dx.doi.org/10.1107/S1600536805006823
http://dx.doi.org/10.1016/S0040-4039(00)00308-7
http://dx.doi.org/10.1016/S0040-4039(00)00308-7
http://dx.doi.org/10.1002/ejoc.200500613
http://dx.doi.org/10.1107/S1600536805006811
http://dx.doi.org/10.1107/S1600536805006811
http://dx.doi.org/10.1107/S1600536805006811
http://dx.doi.org/10.1107/S1600536805006811
http://dx.doi.org/10.1016/j.tetlet.2005.05.034
http://dx.doi.org/10.1016/j.tetlet.2005.05.034
www.chemeurj.org

