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Iron can catalyze head-to-head dimerization of terminal aryl
alkynes to give the corresponding (E) selective conjugated
enynes in high yields. A variety of substituted aryl acetylenes
underwent smooth dimerization using catalytic FeCl; and
DMEDA in the presence of KO'Bu.

Conjugated enynes are the most versatile building blocks in
organic synthesis found in bioactive molecules, drug inter-
mediates, and organic electronic materials.'> Dimerization of
terminal alkynes is an atom-economical® and practical method
to prepare conjugated enynes.* ¢ However, a highly selective
synthesis of conjugated enynes by a dimerization is challenging*®
due to the competitive formation of other three possible (E),
(Z), and gem-enyne® isomers (Scheme 1).*¢ Although various
transition metal* and f-element catalysts® are known to catalyze
the dimerization of terminal alkynes, it is an important goal
to develop clean and economically interesting processes for
selective alkyne dimerization.

Recently iron-based catalytic systems have generated significant
growing interests because iron salts are inexpensive and
readily available.” ' Iron salts have been used as important
alternatives to established transition metal-catalyzed carbon—
carbon and carbon-hetero bond formation reactions’ including
Sonogashira® and Suzuki coupling.” In our efforts directed
towards development of sustainable chemical procedures, we
herein report E-selective head-to-head dimerization of terminal
aryl alkynes catalyzed by a FeCls-bidentate chelating ligand
system in the presence of KO'Bu.
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Scheme 1 Dimerization of terminal alkyne.
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Table 1 Screening of reagents for iron catalyzed dimerization of
phenyl acetylene 1a

\N
L 30 mol%)

1a Ph 2a(g)
Solvent, Ratio,’ yield (%)

Entry Cat“  Base’ temp/°C, time of 2a (E/Z)
1 FeCl; Cs,CO;  Toluene, 145,48 h  89:11, 48
2 FeCl; K,CO; Toluene, 145, 72 h  67:33, 50
3 FeCl; K;3POy4 Toluene, 145,72 h  86:14, 35
4 FeCl; KO'Bu’ Toluene, 145,2h  78:22, 65
5 FeCl; KO'Bu  Toluene, 145,2 h 78:22,73
6 FeCl; KO'Bu Toluene, 65,15 h 75:25, 50
7 FeCl; KO'Bu THF, 85,2 h 61:29, 67
8 FeCl; KO'Bu CH,Cl,, 85,2 h NR

9 FeCl; KO'Bu MeCN, 145,2 h NR

10 FeCl; KO'Bu DMF, 145,2 h 75:25, 55
11 FeCl; KO'Bu DMSO, 145,2 h 74:26, 50
12 FeCl; KO'Bu Dioxane, 145, 2 h 72:28, 45
13 FeCl; KO'Bu Neat, 145, 2 h 71:29, 45

730 mol% of FeCly (98%), ® 3 equiv. of base, ¢ E: Z ratios were
determined by "H NMR analysis of the crude reaction mixture. ¢ 2 equiv.
of KO'Bu.

When phenyl acetylene 1a was treated with FeCl; (30 mol%)
and DMEDA (L, 30 mol%) in the presence of Cs,CO; for 48 h
(Table 1, entry 1), the enyne 2a (ratio E/Z = 89:11) was
obtained in 48% yield.!" Encouraged by this finding, we
examined the efficiency of this FeCl; catalyzed ligand system
for dimerization of phenylacetylene 1a as a model system, and
some of the representative results are summarized in Tables 1-3
(and ESIY).

After screening of different bases (entries 1-5), potassium
tert-butoxide (3 equiv.) was found to be the most effective, and
73% vyield of the desired product 2a was obtained (E/Z =
78 :22) using toluene as the solvent at 145 °C for 2 h (entry 5).
The yield and selectivity of product 2a decreased with further
increasing of the reaction time (entry 6). All other tested bases,
such as K,COs3, Cs,CO3 or K3POy, took longer reaction time
(48 to 72 h) and gave lower yield of enyne 2a (entries 1-3). The
reactions employing different solvents, such as THF (entry 7),
DMF (entry 10), DMSO (entry 11) and dioxane (entry 12),
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gave the desired product in low yields, whereas no product was
detected using CH,Cl, (entry 8) and MeCN (entry 9). The
dimer 2a was obtained in 45% yield under solvent free
conditions (entry 13).

It is intriguing to note that KO'Bu alone (entry 4, Table 2)
without the addition of FeCl; and DMEDA (ESIf) could
promote dimerization leading to 11% of the dimerized product
2a along with 63% of the tert-butoxystyrene 4a (E/Z =
17:83).'%!3 While in the presence of FeCls (30 mol%), the dimer
2a was obtained as the sole product (ESIT), which reveals the
potential role of the iron catalyst in this transformation. In the
absence of base, no reaction took place (entry 3, Table 2).

Recently Buchwald and Bolm reported that FeCl; catalyzed
reactions may be influenced by trace amounts of copper
impurities.'* However, iron/copper promoted oxidative
homo-coupling reaction of terminal alkynes has been reported
to give the corresponding diynes.'> We have carried out the
dimerization of 1a using copper salts in the presence of L and
KO'Bu. Copper salts were found to be ineffective to promote a
dimerization of 1a to give the desired product 2a (entries 10
and 11, Table 2).

The yield of enyne 2a was significantly decreased using
Fe(acac); (entry 6, Table 2) instead of FeCl; (entry 1). No
product was obtained using FeCl; on silica gel (entry 5). Our
results show that anhydrous iron salts are more effective
(entries 7 and 8) to catalyze the transformation. We further
found out that the purity of iron source does not play an
important role in this reaction. Anhydrous FeCl, (beads,
99.99%, Aldrich) could promote the dimerization of la to
give the dimer 2a in 63% yield (entry 8, Table 2). Similarly
FeCl; (99.9%, Aldrich) gave comparable results with respect

Table 2 Iron catalyzed dimerization of phenyl acetylene 1a

Ph
// O'Bu
toluene — o
p— ———————> +
145°C,2h pr
1a 2a 4a
Ratio of  Ratio, yield Ratio, yield of
Entry Cond.” 2:4 of 2a (E/Z)® 4a (E/Z)° (%)
1 FeCl;,° L, KO'Bu 100:0 78:22,73 —
2 FeCl;,” L, KO'Bu 100:0 78:22,71 —
3 FeCl;,¢ LY No isolated
product
4 KO'Bu 26:74 77:23,11 17:83, 63
5 FeCl; on silica gel,’ L, No isolated product
KO'Bu
6 Fe(acac)3,/ L, KO'Bu 82:18 80:20,45 >99Z7, 12
7 FeCl,,6H,0,° L, 85:15 78:22,50 >99 7,7
KO'Bu

8 FeCl,” L, KO'Bu
9 FeCL" L, KO'Bu'

100:0 67:33,63 —
100:0 55:45,62 —

10 CuCl, L, KO'Bu 5:95 — —
11 CuCl,.2H,0, L, 6:94 — —
KO'Bu

“30 mol% of FeCls, 30 mol% of L and 3 equiv. of KO'Bu were
used. ® Ratios were determined by '"H NMR analysis of the unpurified
reaction mixture. Purity and source of iron salts: © 99.9%, Aldrich,
497%, Sisco Research Laboratory (SRL), ¢ 5 wt%, Aldrich, 797%,
Aldrich, # 98%., Loba Chemie, ” 99.99%, Aldrich, ’ Using 40 mol%
of KO'Bu for 15 h.

to reagent grade FeCl; (97%, SRL, entries 1 and 2, Table 2).
On the basis of selectivity, reaction times and yields (Tables 1
and 2 and ESI{), the best result was achieved using 30 mol%
FeCl;, 30 mol% DMEDA, and 3 equiv. of KO'Bu in toluene
at 145 °C for 2 h.

We found that a series of aryl acetylenes 1 smoothly
underwent dimerization to produce the head-to-head dimers
2 in good to excellent yield (Table 3). Both strongly electron-
donating and electron-withdrawing groups were compatible

Table 3 Iron catalyzed dimerization of aryl acetylenes 14°

FeCls (30 mol%) //

DMEDA (30 mol%)
—_— ——t e —_—
KO'Bu (3 equiv)

1 toluene R 2 (E) 2

145°C, 2h

Entry Substrate 1 Conv.” Ratio of 2 (E/Z)* Yield (%) 2

1 ©_: >99  78:22 73
2 1a >99  77:23¢ 42¢
F = .
3 w85 67:33 71
Br\©—: .
4 e 75 67:33 67
5 o _>99  67:33 55
6 3 e >99  56:44¢ 29¢
=
7 . 99 73:27 99
MeO —
8 O v >99  70:30 97
9 } 19 =99 73:27 55
10 Gh >93  67:33 73
Me
1 w0 >99  75:25 57
MeO
F
12 i > = >99  75:25 59
1j
F
Me
13 i 84 78:22 50
MeO
&
14 OO o 77 78:22 65
MeO
15 i 84 83:17 61
16 : n 95  71:29 90
OMe
17 CsHi;——= — — NR
10

“ Determined by "H NMR analysis of the crude reaction mixture. * All
the reactions were carried out using 99.9% FeCl; (Aldrich). ¢ In the
absence of L.
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with this procedure (Table 3). The yields for the dimerization
ranged from 50 to 99% and the ratio of E and Z head-to-head
dimers varies from 67:33 to 83:17 in favor of the E isomer.
The dimerization of 4-fluorophenylacetylene 1b in toluene
gave a 67:33 mixture of the E and Z dimers in 71% yield
(Table 3, entry 3). The 4-bromophenylacetylene 1¢ was reacted
under similar conditions (entry 4, Table 3) to give the
corresponding product 2¢ in 67% yield. When dimerization
of aryl acetylene 1d was carried out in the absence of
ligand (entry 6), the corresponding product 2d was obtained
in 29% yield as nearly 1:1 ratio of E/Z isomers. While in the
presence of ligand L (entry 5) the product 2d was obtained in
improved yield (55%) and selectivity (E/Z = 67:33), which
confirms the key role of ligand in iron catalyzed dimerization.
4-Methyl and 4-methoxy phenylacetylenes (le,f) furnished the
corresponding dimers 2e,f in near quantitative yield (E/Z =
2.5:1, entries 7 and 8).

The electron-donating substituents at ortho and para posi-
tions of phenyl acetylenes accelerated the reaction as evi-
denced by better yields (Table 3). Sterically hindered
substrates bearing ortho substituents Im and In (entries 15,
16) gave the desired products in good to high yields. Our
results also show that substrates having meta-substituted
phenylacetylenes reacted slower affording the corresponding
products in moderate yields (entries 9—13). For example,
1-ethynyl-3,5-difluorobenzene (1j) was converted to the corre-
sponding dimers in 59% yield with an E/Z ratio of 3: 1. The
2-ethynyl-6-methoxynaphthalene (11) furnished the desired
product in 65% yield (entry 14). Under the reaction conditions
employed, aliphatic alkyne 1o did not yield the corresponding
dimer 20 at all (entry 17).

A plausible reaction mechanism is depicted in Scheme 2.
The catalytic cycle may proceed with the formation of metal
acetylide 5.'° Subsequent head-to-head insertion of alkyne 1
into the acetylide compound 5 would yield the alkenyl inter-
mediate 6. Another molecule of alkyne may react with 6 to
yield the dimer 2 and regenerate the alkynide species 5. While
the reaction proceeds using catalytic KO'Bu (40 mol%,
Table 2, entry 8) in the case of 1a to give 2a in 62% yield,
our results indicate that the proposed catalytic cycle requires
excess KO'Bu (2-3 equivalent) with other substrates to drive
the reaction in forward direction.

(el

R—=—H

/g/ =

1?—R
Fe R [Fe

Scheme 2 Proposed mechanism.

In summary, we have described a novel iron catalyzed
regioselective dimerization of terminal aryl alkynes to prepare
a variety of conjugated enyne compounds. This catalytic system
represents an alternative to toxic and expensive transition
metals. Further mechanistic investigation is currently underway.

We thank DST and CSIR, India, for funding. GCM and SP
thank CSIR and KD thanks UGC for research fellowship.

Notes and references

1 (@) Modern Acetylene Chemistry, ed. P. J. Stang and F. Diederich,
VCH, New York, 1995; (b) V. Ritleng, C. Sirlin and M. Pfeffer,
Chem. Rev., 2002, 102, 1731; (¢) H. Katayama and F. Ozawa,
Coord. Chem. Rev., 2004, 248, 1703; (d) P. Wessig and G. Miiller,
Chem. Rev., 2008, 108, 2051.

2 For a leading reference on organic electronic materials see: Y. Liu,

M. Nishiura, Y. Wang and Z. Hou, J. Am. Chem. Soc., 2006, 128,

5592.

(a) B. M. Trost, Science, 1991, 254, 1471; (b) B. M. Trost, Angew.

Chem., Int. Ed. Engl., 1995, 34, 259.

4 (a) B. M. Trost, M. T. Sorum, C. Chan, A. E. Harms and
G. Riihter, J. Am. Chem. Soc., 1997, 119, 698;
(b) Y. Nishibayashi, M. Yamanashi, I. Wakiji and M. Hidai,
Angew. Chem., Int. Ed., 2000, 39, 2909; (¢) M. Rubina and
V. Gevorgyan, J. Am. Chem. Soc., 2001, 123, 11107; (d) C. Yang
and S. P. Nolan, J. Org. Chem., 2002, 67, 591; (e) S. Ogoshi,
M. Ueta, M.-a. Oka and H. Kurosawa, Chem. Commun., 2004,
2732; (f) W. Weng, C. Guo, R. Celenligil-Cetin, B. M. Foxman and
0. V. Ozerov, Chem. Commun., 2006, 197, (g) M. Bassetti,
C. Pasquini, A. Raneri and D. Rosato, J. Org. Chem., 2007, 72,
4558; (h) C.-K. Chen, H.-C. Tong, C.-Y. C. Hsu, C.-Y. Lee,
Y. H. Fong, Y.-S. Chuang, Y.-H. Lo, Y.-C. Lin and Y. Wang,
Organometallics, 2009, 28, 3358.

5 (@) M. Nishiura, Z. Hou, Y. Wakatsuki, T. Yamaki and
T. Miyamoto, J. Am. Chem. Soc., 2003, 125, 1184;
() K. Komeyama, T. Kawabata, K. Takehira and K. Takaki,
J. Org. Chem., 2005, 70, 7260; (c) S. Ge, V. F. Q. Norambuena and
B. Hessen, Organometallics, 2007, 26, 6508.

6 A. K. Dash and M. S. Eisen, Org. Lett., 2000, 2, 737.

For recent reviews on iron catalysis, see: (a) C. Bolm, J. Legros,

J. Le Paih and L. Zani, Chem. Rev., 2004, 104, 6217,

() A. Firstner and R. Martin, Chem. Lett., 2005, 34, 624;

(¢) B. D. Sherry and A. Firstner, Acc. Chem. Res., 2008, 41,

1500; (d) E. B. Bauer, Curr. Org. Chem., 2008, 12, 1341;

(e) B. Plietker and A. Dieskau, Eur. J. Org. Chem., 2009, 775;

(f) A. A. O. Sarhan and C. Bolm, Chem. Soc. Rev., 2009, 38, 2730.

M. Carril, A. Correa and C. Bolm, Angew. Chem., Int. Ed., 2008,

47, 4862.

9 T. Hatakeyama, T. Hashimoto, Y. Kondo, Y. Fujiwara, H. Seike,
H. Takaya, Y. Tamada, T. Ono and M. Nakamura, J. 4m. Chem.Soc.,
2010, 132, 10674. For a direct Suzuki coupling reaction: J. Wen, S. Qin,
L.-F. Ma, L. Dong, J. Zhang, S.-S. Liu, Y.-S. Duan, S.-Y. Chen,
C.-W. Hu and X.-Q. Yu, Org. Lett., 2010, 12, 2694.

10 For recent references see: (a) F. Vallée, J. J. Mousseau and
A. B. Charette, J. Am. Chem. Soc., 2010, 132, 1514;
(b) L. D. Tran and O. Daugulis, Org. Lett., 2010, 12, 4277.

11 Recently the Y[N(TMS),]5/FeCl; bimetallic catalyst system is
reported for the cyclotrimerization of terminal alkynes; X. Bu,
Z. Zhang and X. Zhou, Organometallics, 2010, 29, 3530.

12 For a phosphazene base, t-Bu-P4 catalyzed unique dimerization of
phenyl acetylene, see: T. Imahori, C. Hori and Y. Kondo, Adv.

Synth. Catal., 2004, 346, 1090.

13 For the preparation of cis-tert-butoxide enol ether 4a using KO'Bu
see: M. Newcomb, M.-H. Le Tadic-Biadatti, D. L. Chestney,
E. S. Roberts and P. F. Hollenberg, J. Am. Chem. Soc., 1995,
117, 12085.

14 S. L. Buchwald and C. Bolm, Angew. Chem., Int. Ed., 2009, 48, 5586.

15 X. Meng, C. Li, B. Han, T. Wang and B. Chen, Tetrahedron, 2010,
66, 4029.

16 (a) M. Akita, M. Terada and Y. Moro-oka, Chem. Commun., 1997,
265; (b) G. Argouarch, G. Grelaud and F. Paul, Organometallics,
2010, 29, 4414; (¢) S. 1. Ghazala, F. Paul, L. Toupet, T. Roisnel,
P. Hapiot and C. Lapinte, J. Am. Chem. Soc., 2006, 128, 2463.

w2

~

oo

6700 | Chem. Commun., 2011, 47, 6698-6700

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1cc10346f

