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Abstract: Ligand-free iron/copper cocatalyzed
cross-coupling reactions of aryl halides with termi-
nal alkynes were carried out to provide the corre-
sponding coupling products in good yields (up to
99%). Noteworthy is that this low-cost, effective
and environmentally friendly protocol was the first
to be employed in alkynylation couplings.
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Since the original report in the early 1970s," the So-
nogashira coupling between terminal alkynes with
aryl or vinyl halides has been applied widely in the
synthesis of molecules containing an acetylenic
moiety, which is found in various functional organic
materials as well as biologically important mole-
cules.’” Due to the importance of the formation of
carbon-carbon bonds using this method, many catalyt-
ic systems have been developed for this coupling reac-
tion.! One of the most commonly used catalytic sys-
tems for this transformation is Pd(PPh;),Cl,/Cul coca-
talysts together with amines as the solvents or cosol-
vents.”) During the past few years, several modified
protocols have been revealed, such as a copper-free
Pd catalytic system,® a Pd/Ni bimetallic system!” and
a Pd-C/Cul system.[®) However, the drawbacks of the
Pd catalyst systems, such as high cost and toxicity,
limit their massive applications on the industrial scale.
Thus, chemists have tried to reduce the loading of
active metal (10~ mol% of palldium).”) Meanwhile,
the use of a cheaper metal instead of palladium pro-
vides another possible route.'”’” Among them, copper-
based alternatives are particularly attractive, due to
their orders of magnitude lower cost and their less
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harmful impact on the environment than any noble
metal."!! Thus, great progress has been made in the
copper-catalyzed alkynylation coupling reactions in
the past decades."” Recently, novel catalytic systems,
including Ni(0)/Cul/PPh;,®! an Au complex" and
Ru/ALO; heterogeneous systems,”! have also been
successfully developed for such coupling reactions.

Iron as an abundant, economical, and environmen-
tal friendly metal shows increasing and promising cat-
alytic abilities in many organic transformations, in
particular for C—C bond-forming reactions.!"’ Recent-
ly, Taillefer et al. showed an efficient Fe/Cu catalytic
catalyst for the N-arylation of nitrogen-containing
heterocycles with aryl halides.'"”) Wakharkar’s group
has also developed an efficient C—N coupling be-
tween amines with aryl halides in the presence of a
heterogeneous recyclable Cu-Fe hydrotalcite cata-
lyst.l"¥! Independently, Bolm and co-workers reported
the iron-catalyzed N-arylation of N-nucleophiles with
aryl iodides using N,N'-dimethylethylenediamine
(demeda) as the ligand.'”! Subsequently, they success-
fully applied their methodology to C-O and C-S
cross-coupling reactions.” Thus, iron catalysts show
great potential.?!! However, according to our knowl-
edge, there are few examples of the Sonogashira cou-
pling using this inexpensive catalyst as an economical
and effective method.”” Based on our research on
various cross-coupling reactions,'*?! herein, we
report an efficient Fe/Cu cocatalytic system for
ligand-free Sonogashira couplings.

Initial examinations were carried out on the reac-
tion of 4-iodoanisole with phenylacetylene in DMF
(dimethylformamide) catalyzed by different iron cata-
lysts, including FeCl; and Fe(acac);. TLC showed that
the reactions did not proceed at all (Table 1, entry 1).
Another blank test was performed only with Cul and
showed that he corresponding product was obtained
in 42% yield and the homocoupling product of alkyne
was also formed (entry2). To our surprise, Cul in
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Table 1. The coupling of 4-iodoanisole or 4-bromoanisole and phenylacetylene catalyzed by Fe/Cu systems.!?

Fe cat.

Cu cat.

MeOOX + @

Base, solvent

=)o

X=1,Br
Entry X Fe catalyst [mol%]™® Cu catalyst [mol% ] Base Solvent Yield [% ]
1 I A, B (30) - K,CO, DMF trace
2 I - Cul (10) K,CO, DMF 42
3 I A (30) Cul (10) K,CO, DMF 68
4 I A (30) Cul (10) K,CO, DMSO >99
5 I A (30) Cul (10) K,CO; NMP 35
6 I A (30) Cul (10) K,CO, PEG-400 trace
7 I B (30) Cul (10) K,CO; DMSO 98
8 I - Cul (10) K,CO, DMSO 76
9 I A (20) Cul (10) K,CO; DMSO 85
10 I A (30) CuBr (10) K,CO; DMSO 69
11 I A (30) CuCl (10) K,CO, DMSO 40
12 Br A (30) Cul (10) K,CO; DMSO 6
13 Br A (30) Cul (10) K,CO;, DMSO trace
14 Br A (30) Cul (10) Cs,CO; DMSO trace
15 Br A (30) Cul (10) K;PO, DMSO 13
16 Br A (30) Cul (20) K;PO, DMSO 19
17 Br A (20) Cul (20) K;PO, DMSO 23
181 Br A (20) Cul (20) K,PO, DMSO 36
190! Br A (20) Cul (20) K,PO, DMSO 12
201 Br A (20) Cu (20) K,;PO, DMSO trace
2114 Br A (20) Cu(OAc), (20) K,PO, DMSO 33
2014 Br A (20) Cu,0 (20) K,PO, DMSO 8

[l Reaction conditions: argon, aryl halide (0.5 mmol), phenylacetylene (0.6 mmol), base (1.0 mmol), solvent (2 mL), 140°C,

24 h.
] A: Fe(acac);, B: FeCl,.
¢l Isolated yield (based on aryl halide).
4 Todine (10 mol%) as the additive.
<l TBAB (10 mol%) as the additive.

combination with Fe(acac); led to obvious enhance-
ment of the catalytic efficiency (68% yield) (entry 3).
Noteworthy is that no homocoupling product of the
alkyne was obtained at this time. In other words, the
iron catalyst could suppress the homocoupling by-
product.” Thus, different commonly used solvents
were investigated, such as DMSO (dimethyl sulfox-
ide), NMP (N-methyl-2-pyrrolidone) and PEG-400
[poly(ethylene glycol-400)] (entries 4-6). It can be
seen that the catalyitc reaction performed in DMSO
afforded a quantitative yield of the product (entry 4)
and it also indicated that the amide solvents are not
suitable for the catalytic reactions (entries 3 and 5).
Thus DMSO was used as the solvent for the following
experiments. FeCl; together with Cul also gave a sat-
isfactory result (98% yield) (entry 7). Although good
results were obtained already, we still wanted to con-
duct the same reaction in DMSO only using 20 mol%
of Cul as the catalyst. A comparatively moderate
yield (76%) was obtained (entry 8). Meanwhile, we
wondered whether the catalytic reaction could be ac-
celerated with lower loading of Fe(acac);. However, a
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reduced yield of the desired product was observed
(entry 9). Under the same conditions, CuCl or CuBr
gave dissapointing results (entries 10 and 11). Since
the alkynylation of aryl iodide could go smoothly, we
wondered whether these optimized catalytic condi-
tions would be suitable for the alkynylation of aryl
bromide. To our disappointment, the desired product
was obtained with only 6% yield (entry 12). FeCly/
Cul could hardly catalyze the coupling reaction
(entry 13). Furthermore, the experiments showed that
various widely used bases such as Cs,CO; and K;PO,
had a remarkable effect on the coupling reactions
(entries 14 and 15), and K;PO, was the best among
the bases (entry 15). The amount of these two metal
salts has also been studied (entries 16 and 17). The re-
sults showed that equal equivalent ratios
(20 mol%:20 mol%) was the optimal (entry17).
Iodine and TBAB (tetrabutyl ammonium bromide)
were employed as the additives in the couplings (en-
tries 18 and 19). It can be seen that 10 mol% of
iodine was beneficial for the conversion of the catalyt-
ic reaction (entry 18). Using copper salts with differ-
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ent valence states afforded disappointing results (en- Based on the above-mentioned optimal conditions,
tries 20-22). In addition, the catalytic reactions per- a variety of substrates were examined in the alkynyla-
formed in air obviously afforded a great amount of tion coupling reaction and the results are listed in
the homocoupling product of the alkyne. Thus, all of Table2. It can be seen that the Fe/Cu system effi-
the following experiments were conducted under an ciently promotes cross-coupling reactions between
argon atmosphere. aryl iodides with alkynes. From an experimental point

Table 2. The coupling reactions of various aryl halides and alkynes catalyzed by Fe(acac),/Cul.l?

20 mol% Cul
P — 20 mol% Fe(acac); A—=—R
ArX 7 KPO, , DMSO T
X=1,Br 140°C, Ar
Entry ArX Product Time [h] Yield [%]®
1 MeOQI MeO Q = Q 24 99
2 MeOQI MeO O = O Me 24 63
3 MeO@I MeOMe 36 83
4 Meo©-| Moo . _/ . 24 37

: O g :
6l a5 { =~ 24 84
7 @I Q = O Me 24 80
8 ®| O = O Me 36 88
9 QI Q — O 36 40

10 CIOI cl O — O 24 90
1 CI@I cl O = O Me 24 67
12 CIQI cl O = O Me 36 82
13 CIOI N O _ O 36 47
14 FQl e~ =) 24 73
15 FOI F O = O 36 75
16 F—©—| = Hue 36 78
17 MeQ| Me Q = O 24 9%
18 Me—©—| Me O = O Me 36 85
MeQ MeQ
19 @I Q — O 24 93
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Table 2. (Continued)

Entry ArX Product Time [h] Yield [%]®
MeO MeQ

0 &g =D * "

SR o S S g y

N Y S . ]

(4] Reaction conditions: argon, aryl halide (0.5 mmol), akyne (0.6 mmol), K;PO, (1.0 mmol), DMSO (2 mL), 140°C, 24-48 h.

) Isolated yield (based on aryl halides).
[l Cu(OAc), instead of Cul.
@ Jodine (10 mol%) as the additive.

of view, the reactivity of the alkynes would be in the
following order (phenylacetylene > p-tolylacetylene >
4-phenyl-1-butyne) (entries 1-4). The longer reaction
times resulted in higher yields of the corresponding
products (entries 3, 8, 12, 15). The catalytic activity of
Fe/Cu system for the reactions of aryl bromides was
decreased to some extent (entries 21-22). Using 10
mol% of iodine as the additive, a moderate yield
(50%) of the desired product was isolated when the
coupling of 1-bromo-4-chlorobenzene was performed
with phenylacetylene (entry 22). Although iodine was
used for halogen exchange,””! to our disappointment,
this catalytic system was not suitable for the coupling
of less expensive substrates, such as aryl chlorides.
Due to the increasing interest in the activity of
indole derivatives for biological, medicinal and phar-
maceutical applications,” there has been a great
effort to develop more general and versatile methods

20 mol% Fe(acac)s

to synthesize this class of compounds.””” Among

them, an attactive way was via the direct coupling re-
action of 2-iodoaniline and arylacetylenes. In this
paper, we also show such examples of the Fe/Cu co-
catalyzed coupling reaction (see Scheme 1). The de-
sired 2-phenyl-1H-indole was obtained in 57% yield.
Under the same conditions, only a trace of product
was obtained when Cul was employed as the sole cat-
alyst.

In order to extend the application of our methodol-
ogy, we attempted to apply the Fe/Cu catalytic system
to other coupling reactions, such as C-O or C-S
bond-forming reactions. As shown in Scheme 2, under
the non-optimized condition, a 92% yield of the de-
sired diphenyl ether was obtained from the coupling
between iodobenzene and phenol. Without using an
iron catalyst, we only obtained diphenyl ether in
modest yield. In addition, our catalytic sytem was also

20 mol% Cul

|
Cr,, + O

1.0 equiv. 1.2 equiv.

K3PO,4 (2.0 equiv.), DMSO

20 mol% Fe(acac);

=0
N

140°C, 36 h, Ar H
57% yield

only Cul (20 mol%) trace

20 mol% Cul

K;PO4 (2.0 equiv.), DMSO
140°C, 12 h, Ar

O

92% yield
only Cul (20 mol%) 56% yield

20 mol% Cul
20 mol% Fe(acac);

Scheme 1.
1.0 equiv. 1.2 equiv.
O o o
1.0 equiv. 1.2 equiv.

Scheme 2.
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K;PO,4 (2.0 equiv.), DMSO
140°C, 24 h, Ar
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97% yield
only Cul (20 mol%) trace
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suitable for the cross-coupling of iodobenzene and
thiophenol and the desired diphenyl sulfide was iso-
lated with 97% yield. Under the same conditions, the
reaction did not occur without the iron catalyst. Thus,
it was encouraging to reveal that our catalytic system
could be efficient in other coupling reactions. Further
work is underway in our laboratory.

In summary, we have developed an effective and
promising Fe/Cu catalytic system for the coupling of
aryl halides including aryl iodides and bromides with
various alkynes. A noteworthy finding is that for the
first time the iron-catalyzed alkynylation reactions
could be performed without using any ligand. Thus,
the low-cost, benign character and easy availability of
the catalyst makes this method potentially very
useful, which could be amenable to scale-up. Further
work is in progress in this laboratory with the aim of
reducing the loading of catalysts, mechanistic studies
and extending the application of these readily avail-
able catalytic systems in other coupling transforma-
tions.

Experimental Section

General Experimental Methods

All reactions were carried out under an argon atmosphere.
Solvents were dried and degassed by the standard methods
and all aryl and heteroaryl halides were purchased from Al-
drich or Alfa. Aryl halides and alkynes are readily available.
Flash column chromatography was performed using silica
gel (300400 mesh). Analytical thin-layer chromatography
was performed using glass plates pre-coated with 200-400
mesh silica gel impregnated with a fluorescent indicator
(254 nm). NMR spectra were recorded in CDCl; on a
Varian Inova-400 NMR spectrometer (400 MHz or
300 MHz) with TMS as an internal reference. Products were
characterized by comparison of 'H NMR and HR-MS data
with those in the literature.

Typical Experimental Procedure for the Fe/Cu
Cocatalyzed Alkynylation Coupling Reaction

A mixture of aryl halide (1.0 equiv.), alkyne (1.2 equiv.), Cul
(20 mol%), Fe(acac); (20 mol%), K;PO, (2.0 equiv.), and
DMSO (2 mL) in a Schlenk tube was stirred under an argon
atmosphere at 140°C for the desired time until complete
consumption of starting material as monitored by TLC.
After that the mixture was poured into ether, then washed
with water, extracted with ethyl acetate, dried by anhydrous
MgSO,, then filtered and evaporated under vacuum, the res-
idue was purified by flash column chromatography (petro-
leum ether or petroleum ether/ethyl acetate) to afford the
corresponding coupling products.
1-[2-(4-Methoxyphenyl)ethynyl]benzene: Yellow solid;
mp 57-59°C; 'H NMR (400 MHz, CDCl;): 6 =7.52-7.50 (m,
2H, ArH), 7.47 (d, J=8.8 Hz, 2H, ArH), 7.36-7.32 (m, 3H,
ArH), 6.88 (d, /=8.8 Hz, 2H, ArH), 3.83 (s, 3H, CH;); HR-
MS (ESTY): m/z =208.0896, calcd. for [C;sH,O]*: 208.0888.
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