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The following article from Advanced Synthesis & Cat=
alysis, “Iron-Catalyzed Suzuki-Miyaura Cross-Cou-
pling Reaction” by David Bézier and Christophe
Darcel, published online on July 27, 2009, in Wiley In-
terScience (www.interscience.wiley.com), and in print
in Volume 351, Issue 11+12, 2009, pages 17321736,
has been retracted by agreement between the authors,
the journal Editor, Joe P. Richmond, and Wiley-VCH
Verlag GmbH & Co. KGaA. The retraction has been
agreed due to the following.

Initially, the use_of potassium fluoride 99% from
Acros lead to complete conversion with aryl iodides
and activated aryl bromides. With several batches of
iron(III) chloride 99.99% therauthors succeeded to're-
produce those results, and the blank tests without
iron(III) chloride 99.99%did not lead to any.conyer-
sion. Those tests were made several timeséwith differ-
ent substrates. However, attempts to repeat this'work
in two independent laboratories haverbéen unsuccess-
ful.

Therefore, the authors decided to re-examine the
reaction, and more particularly to use different types
of KF from different suppliers. The results are report-
ed in the following table.

Entry Ofigin of KF  Blank reaction! with- With FeCl,

out FeCl; 99.99% 99.99%

it Acros 99% No conversion Full conver-
(original batch) sion™

2 Alfa Aesar No conversion No conver-
99% anhy- sion
drous

3 Aldrich No conversion No conver-
99.99% sion

4 Acros 99% No conversion No conver-

(néw batch) sion

[2) Reagtion performed with iodobenzene, bromoacetophe-
none’and bromoanisole.

PLfull conversion for iodobenzene, bromoacetophenone,
20% conversion for bromoanisole.

It clearly seems that this reaction is sensitive to the
quality of KF and as the authors cannot reproduce
such reactions even with KF of the same quality from
the same supplier, this communication has to be re-
tracted.
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Abstract: An efficient, mild, and simple protocol
for iron-catalyzed Suzuki-Miyaura type cross-cou-
pling reaction between iodo- or bromoaryl deriva-
tives and arylboronic acids was developed. In the
presence of iron(III) chloride (10 mol% ) and a stoi-
chiometric amount of potassium fluoride, aryl io-
dides and bromides reacted with arylboronic acids
in ethanol at 100°C under air to give the corre-
sponding bis-aryl compounds with good to excellent
yields.

Keywords: bis-aryl compounds; boronic acidj eross-
coupling; homogeneous catalysis; iron;  Suzuki-
Miyaura reaction

For the construction of carbon-Carbon bonds, some of
the most common and powerful méthods involve the
use of transition, metal-mediated reactions. Among
these methods, the Suzuki—-Miyaura cross-coupling re-
action!"! has becomenone of the most useful| and
worthy synthetic methods for selective biaryl €—C
bond formation,””! which are often includedas partial
structures in natural products,”! pharmaceuticals,!
functional materials,”! etc. This reaction\ is actually
one of the most frequently used transitionymetal-cata-
lyzed ones either in academic or in industrial areas.
However, the most interesting features of organobor-
on reagents and their by-products are their low toxici-
ty, making these compounds environmentally practi-
cal compared to other organometallic reagents, partic-
ularly organostannanes. Countless improvements on
the original Suzuki-Miyaura protocol for the cross-
couplings of aryl halides with arylboronic acids have
been recorded. Important contributions include great
improvements in substrate scope, catalyst/ligand sys-
tems and solvents, as well as enhanced experimental
conditions. One important drawback in the palladium
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series is certainly that the complexes are usually air-
sensitive.

In the environmental context of today, one of the
challenging issues for chemists is to develop cost-ef-
fective, green, mild, and efficient catalytic routes that
minimize hazardous waste. On the other hand, many
catalysts are derived from heavy or rare metals and
their toxieity and prohibitive,prices can constitute
severe drawbacks for largescale applications. In con-
trast, iron is one of the.most’abundant metals on the
earth, and one of the 'most inexpensive and environ-
mentally friendly ones. Despite the fact that the coor-
dination chemistry\of iron was widely developed in
the past decadesp.it is really surprising that, until
lately, iron.was under-represented in the field of ho-
mogeneous catalysis relative to the other transition
metals’ However, the last few years have seen a rise
in the use of iron as a catalyst,’”) and very efficient
processes) that are now able to compete with other
metal:catalyzed ones have emerged in the hydrosilyla-
tiomy!” oxidation,®™ epoxidation”’ and even hydrogena-
tion areas.'”! In the field of carbon-carbon bond for-
mation via cross-coupling reactions of Grignard deriv-
atives, an intensive work was accomplished since the
pioneering reports of Kochil'l and the iron-catalyzed
cross-coupling methodology is able to compete with
the palladium-catalyzed one.'? Iron-catalyzed cross-
coupling reactions were also realized with organome-
tallics reagents such as zinc,!” copper,' or manga-
nese! derivatives. During the course of this work, a
pioneering communication related to the cross-cou-
pling reaction of phenylboronic acid with a limitated
number of bromoaryl derivatives catalyzed by
pyridyliron complexes was published.!""!

In continuing our work on the use of iron as cata-
lyst to promote environmentally benign synthetic
methodologies,'”"! we describe herein an cross-cou-
pling reaction of halogenoaryl compounds (X =1, Br)
with arylboronic acid in ethanol in the presence of a
catalytic amount of FeCl; in combination with a stoi-
chiometric amount of KF (Scheme 1).

Adv. Synth. Catal. 2009, 351, 1732-1736
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Scheme 1. Iron-catalyzed Miyaura—Suzuki cross-coupling re-
action.

In the initial attempts to improve this iron-cata-
lyzed Suzuki-Miyaura type cross-coupling reaction,
iodobenzene was chosen as a test substrate to opti-
mize the reaction conditions (Scheme 1). An ethanol
solution of iodobenzene was allowed to react with
phenylboronic acid (2 equivalents) at 100°C in the
presence of a catalytic amount of iron salt (10 mol%)
and 3.5 equivalents of KF. After warming in a sealed
Schlenk tube at 100°C for 16 h, the reaction afforded
the cross-coupling product with complete conversion
of the iodobenzene. We then carried out extensive in-
vestigations to define the best reaction conditions,
and Table 1 lists representative data obtained for the
cross-coupling reaction of iodobenzene with phenyl-
boronic acid with various commercially available
iron(II) and iron(III) salts.

First of all, on using acetate iron salts such as
Fe(acac), or Fe(acac); as catalysts, only moderate GE
yields were obtained (28 and 40%, respectively)
(Table 1, entries2 and 3). Interestingly, the use of
Fe(OAc), or FeSO,7H,0 gave satisfactoryresults
(65% GC yield) (Table 1, entries 6 and 7). Iron halide
salts seem to be then best catalysty precursors
(Table 1, entries 8-11), and dry FeCl; was the best
iron salt for the formation of the biphenyl\compound
(100% GC yield). (Table 1, entry L1) Interestingly,

Table 1. Iron salt screening for the Miyaura—-Suzuki cross-
coupling reaction of phenyl iodide,with' phenylboronic acid.

o
I
+(HO)ZB© KF (3.5 equiv.)

1a 2a Ethanol, 100 °C 3a
Entry Iron salt (10 mol% )@ GClield [%]"
1 - 0
2 Fe(acac), 28
3 Fe(acac); 40
4 Fe,0; 30
5 FeF, 16
6 FeSO,7H,O 65
7 Fe(OAc), 65
8 FeBr, 75
9 FeCl, 75
10 FeF, 95
11 FeCl, 100
12 FeCl;:6 H,O 22

o) Experimental conditions: bromobenzene (0.5 mmol), phe-
nylboronic acid (1 mmol), KF (1.75 mmol), iron salt
(10 mol%) in 3 mL of ethanol for 16 h in a sealed tube.

I GC yield.
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when a hydrated precursor FeCl;:6H,0 was used,
only 22% of the biphenyl derivative was obtained
(Table 1, entry 12). A control experiment in the ab-
sence of an iron salt confirmed the crucial role which
the iron catalyst plays in the described cross-coupling
reaction as the reaction did not occur.

It must be also underlined that when the reaction
was performed under argon, at 100°C for 16 h in a
sealed tube using FeCl; as catalyst in ethanol in the
presence of KF, no conversion was observed. This
result shows the crucial role of air in the iron-catalytic
process.

To get more information on the optimal catalyst
conditions, we carried out also intensive investigations
to define the best solvent for this transformation. 6
different solvents were tested at reflux for 16 h using
10 mol% of FeCl; as eatalyst. Table 2 lists representa-
tive data collected for the,synthesis of biphenyl 3a as
a model reaction.

Among the different solvents screened, ethanol has
been found to be a far better solvent: biphenyl 3a was
obtained with excellent GC yield (100%) (Table 2,
entry 7). In"some classical solvents such as toluene,
ether, THF or methanol, surprisingly, no reaction
took place (Table 2, entries 1-4)5 When the reaction
was conducted in refluxing isopropyl alcohol or etha-
nol, only low conversions were 0bserved, 10 and 25%,
respectively (Table2; entries 5 and 6). We also might
point out the crucial role¥of the pressure on the cross-
coupling process:iyWhen the reaction was performed
in an open.flask under reflux for 16 h, only 25% con-
version was observed. On the contrary, when it was
conductednin a sealed tube at 100°C, 100% conver-
sion’ was observed. It should be noted that the reac-
tion, was\clean and only the cross-coupling product
was ‘detected on GC. Interestingly, reduction of the

Table 2. Investigation of solvents and additives on the model
reaction.

Entry Additive®™ Solvent Conditions  GC Yield [%]™

1 KF THF Reflux, 16 h 0
2 KF Toluene Reflux,16h 0
3 KF Ether Reflux, 16 h 0
4 KF MeOH Reflux,16h 0
5 KF i-PrOH Reflux, 16h 10
6 KF EtOH Reflux, 16h 25
7 KF EtOH 100°C,16h" 100
8 KO--Bu EtOH 100°C, 16 hil 22
9 Cs,CO; EtOH  100°C, 16 h 5
10 K,PO, EtOH 100°C,16h 0
11 KOAc EtOH 100°C, 16 h*! 0
12 CsF EtOH 100°C, 16 h'! 80

1 Experimental conditions: bromobenzene (0.5 mmol), phe-
nylboronic acid (1 mmol), additive (1.75 mmol,
3.5 equiv.), FeCl; (10 mol%) in 3 mL of solvent for 16 h.

bl GC yield.

[l Reaction performed on a sealed tube.
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aryl halides was not observed and only trace amounts
of biphenyl derivatives (< 1%) resulting from the ho-
mocoupling of arylboronic acids were detected by
GC-MS analysis.

In those conditions, a small pressure in the sealed
reactor favoured the reaction. One very recent com-
munication supported this opinion: Young and co-
workers reported that the metal-catalyzed Suzuki-
Miyaura cross-coupling reaction between bromoben-
zene and phenylboronic acid can be promoted at high
pressure (15 kbar). In particular, using FeCls/2-(diphe-
nylphosphino)pyridine as catalyst (5 mol%), 97%
conversion was observed after 48 h at 100°C.*! They
suggested that the main influence of pressure on the
iron-catalyzed reaction should be the acceleration of
the reduction of the metal to a catalytically active oxi-
dation state. Usually, in iron-catalyzed cross-coupling
reaction, a reducing agent such as a Grignard reagent
is required to reduce the iron salt to its low valent
state as the catalytically active species.!?*]

The nature of the additive has also a crucial role on
the reaction. When Cs,CO;, K;PO,, or KOAc were
used as additives (3.5 equivalents) instead of KF, the
formation of only trace amount of the desired product
3a was detected on GC. (Table 2, entries 9-11) With
KO-t-Bu as additive, a better conversion was 0b-
served (22%) (Table 2, entry 8), Finally, when CsF

Table 3. Scope of the reaction.

@‘XHHO)QB X X
R 1 2 R’

KF (3 equiv.) R

was used, the biphenyl derivative 3a was obtained
with 80% GC yield (Table 2, entry 12),

We next examined the scope and limitations of this
iron-catalyzed cross-coupling reaction with various
types of iodo- and bromoaryl derivatives and arylbor-
onic acids (Table 3). All reactions were carried out
with 10 mol% of FeCl; in HPLC grade ethanol at 90—
100°C in the presence of a stoichiometric amount of
KF in a sealed tube. In general, all reactions were
clean, and bis-aryl derivatives 3 were obtained in
good yields.

The cross-coupling reaction of iodoaryl derivative
was amenable to both electron-rich and electron-poor
aromatic iodoaryl derivatives such as iodobenzene or
para-substituted (Me, OMe, CF;) iodobenzenes, and
the reaction gave the corresponding bis-aryl com-
pounds 3 in goodto excellent yields (75-98%;
Table 3, entries 1-4). No, great influence of the para-
substituted group on the arylboronic acid partner was
observeds for the reaction with iodobenzene; both
arylboronic acids which possess an electron-donating
or ¢lectron-withdrawing group on the aryl ring gave
the corresponding bis-aryl products 3 in good to ex-
cellent isolated yield (77-98%), (Table 3, entries 5-8).
It must be pointed out, with p-fluero and p-acetylphe-
nylboronic acids, to avoid a degradation procedure of
the starting compounds, that the reaction was con-
ducted at 90°C (Table 3, entries 6 and 8).

FeCl, (10 mol%) =

K7
N

Ethanal 3

Entry Ar-X Ar'-B(OH), Conditions®, .Compound Yield [%]™
1 Ph-1 Ph-B(OH), 16 h/160°C Ph-Ph 3a 96
2 p-Me-CHy-1 Ph-B(OH), 16,h/100°C p-Me-C¢H,-Ph 3b 75
3 p-OMe-CH I Ph-B(OH), 16 h/100°C p-OMe-C,H,-Ph 3c 80
4 p-CF;-C¢H,-1 Ph-B(OH), 16 h/100°C p-CF;-C¢H,-Ph 3d 98
5 Ph-1 p-CF;-C¢H,B(OH); 16 h/100°C Ph-C,H,-p-CF; 3d 98
6 Ph-1 p-F-CcH,B(OH), 30 h/90°C Ph-C¢H,-p-F 3e 77
7 Ph-1 p-OEt-C,H/B(OH), 16 h/100°C Ph-C,H,-p-OEt 3f 96
8 Ph-1 p-MeCO-CH,B(OH), 30 h/90°C Ph-C¢H,-p-COMe 3g 85
9 p-NO,-C¢H,-Br Ph-B(OH), 16 h/100°C*  p-NO,-CsH,-Ph 3h 98
10 p-CF;-C¢H,-Br Ph-B(OH), 16 h/100°C p-CF;-C¢H,-Ph 3d 99
11 p-MeCO-C¢H,-Br  Ph-B(OH), 16 h/100°C p-MeCO-C4H,-Ph 3g 98
12 p-MeO-C¢H,-Br Ph-B(OH), 16 h/100°C p-MeO-C¢H,-Ph 3c 35
13 p-MeCO-C¢H,-Br  p-MeCO-C¢H,B(OH), 16 h/90°C p-MeCO-C¢H,-CH,-p-COMe  3i 99
14 p-MeCO-CH,-Br  p-CF;-CqH,B(OH), 16 h/100°C p-MeCO-C,H,-C¢H,-p-CF, 3j 97
15 p-MeCO-CiH,-Br  p-F-C;H,B(OH), 30 h/90°C p-MeCO-C¢H,-C¢H,-p-F 3k 97
16 p-MeCO-CiH,-Br  p-Me-C¢H,B(OH), 36 h/100°C p-MeCO-C¢H,-C,H,-p-Me 31 97
17 p-MeCO-CiH,-Br  p-OFEt-C,H,B(OH), 16 h/100°C p-MeCO-CsH,-C¢H,- p-OFEt 3m 83
18 p-MeCO-C¢H,-Br  1-NaphthylB(OH), 16 h/100°C p-MeCO-C¢H,-1-Naphthyl 3n 32

(2} Experimental conditions: aryl halide (0.5 mmol), arylboronic acid (1 mmol), KF (1.75 mmol, 3.5 equiv.), FeCl; (10 mol%)

in 3 mL of ethanol in a sealed tube.
) Isolated yield.
[l CsF instead KF.
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Interestingly, the cross-coupling reaction can be
also successful with bromobenzene derivatives. para-
Electron-withdrawing group substituted (NO,, MeCO,
CF;) bromobenzenes, coupled with phenylboronic
acid in excellent yields (98-99%) (Table 3, entries 9—
11). Worthy of note is that an electron-rich bromo-
benzene, such as p-methoxybromobenzene, led to the
bis-aryl product with a moderate yield (35%)
(Table 3, entry 12). Even after a prolonged reaction
time (60 h at 100°C), no better result was obtained.

Next, the reaction of various boronic acids with an
electron-poor bromobenzene was also examined using
the present catalytic system. The reaction of bromo-
benzene with various p-electron-withdrawing groups
(MeCO, F, CF;) and p-electron-donating (Me, OMe)
substituted phenylboronic acids led to the correspond-
ing cross-coupling compounds 3 with good to excel-
lent isolated yields (83-99%) (Table 3, entries 13-17).
Furthermore, it must also be underlined that, in our
experimental conditions, hindrance hampers the reac-
tion. Indeed, with a sterically hindered ortho-subtitut-
ed bromobenzene such as o-trifloromethyl-, o-nitro-,
or o-acetylbromobenzene, no reaction occurred after
16 h at 100°C. In the case of a more sterically hin-
dered arylboronic acid such as 1-naphthylboronie
acid, only 32% yield for the coupling product with
the p-acetylbromobenzene was isolated (Table3,
entry 18).

In summary, we have developed an interesting and
useful iron-catalyzed protocol for Suzuki-Miyaura
coupling reactions. It proceeds at 100°C. under small
pressure in ethanol in a sealed tubefin the presence of
a stoichiometric amount of ‘potassium  fluoride
(3.5 equivalents) and 10 mol %“of,FeCls: Although the
literature enumerates a number of procedures for
Suzuki cross-coupling reactions, the simplicity, envi-
ronmental accéptability, and inexpensiveness of our
procedure makes it\a‘practicalsalternative. As a result
of its ease of manipulation, low-cost, and benign ‘char-
acter, the new iron catalyst described appears promis-
ing for large-scale applications. Studies <o, improve
the catalyst performance and to expand the substrate
scope of the method are currently in”ptogress in our
laboratory.

Experimental Section

General Procedure for Iron-Catalyzed Suzuki-
Miyaura Reaction'*!!

FeCl; (8.2 mg, 0.05 mmol, 10 mol%; 98% from Aldrich) was
dissolved in in HPLC grade ethanol (3 mL). The aryl halide
(0.5 mmol, 1equiv.) and phenylboronic acid (122 mg,
1 mmol, 2 equiv.) were then added to the mixture which was
stirred 10 min at room temperature. Finally, KF (102 mg,
1.75 mmol, 3.5 equiv.) was introduced and the reaction mix-
ture was then warmed at 100°C for 16 h in a sealed tube.

Adv. Synth. Catal. 2009, 351, 1732-1736
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The reaction progress was monitored by GC. The mixture
was cooled to room temperature, extracted with EtOAc
(20 mL) and washed with distilled water (2x15mL) and
then dried over MgSO,. Then, the solvent was removed
under vacuum, and the residue was purified by flash column
(petroleum ether/ethyl acetate, 95:5), Bis-aryl derivatives
were obtained as solids. 'H and *C NMR data for the prod-
ucts were in accordance with literature values.
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Following the recent correspondence from Bolm and
Buchwald (Angew Chem. Int. Ed., 2009, DOI: 10.1002/
anie.200902237) about the crucial role of copper (in
commercial FeCl;) which can be responsible for a
number of reactions alleged to be “iron-catalyzed”, we
did, as an example, the reaction of 4-bromoacetophe-
none with phenylboronic acid in the presence of
10 mol% of FeCl; (99.99% from Aldrich) in our stan-
dard conditions which led to a complete conversion
and only to the product resulting from the cross-cou-
pling reaction. Furthermore, when 1 mol% of Cu,O
was added to FeCl; 99.99%, even if the conversion was
also complete, a mixture of products resulting of the
cross-coupling (87%) and from the homocoupling of
boronic acid (13%) was obtained. These reactions show
clearly that iron is the catalyst for this Suzuki cross-
coupling reaction.
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