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Sustainable development now plays an increasingly important
role in the strategy of chemical industries. As a part of this
preoccupation, the search for more economic and more eco-
friendly new efficient synthetic methods is of vital concern.
The development of iron-catalyzed cross-coupling reactions is
one of the current promising fields of research, as these
reactions are very attractive compared to the related palla-
dium- or nickel-catalyzed procedures extensively used until
now. This is well illustrated by the numerous results published
by us!"! and others.” Note that for large-scale applications, it is
not enough to use iron salts as catalysts; it is also important to
use cheap ligands in small amounts as well as solvents that are
compatible with industrial processes.

We recently became interested in the iron-catalyzed
alkylation of aromatic Grignard reagents for large-scale
applications. During the course of our studies, some related
reports appeared in the literature. Hayashi and Nagano® and
Bedford etal.’*¥ reported the cross-coupling reaction
between primary and secondary alkyl bromides and aromatic
Grignard reagents in the presence of catalytic amounts of
FeCl;. The group of Bedford also showed that a [FeCl(salen)]
complex can be used as a catalyst.”™® However, yields are
generally lower than 80 % and the Grignard reagent has to be
used in large excess and added at once. Moreover, the
reactions are performed in diethyl ether under reflux. There-
fore, these methods are not suitable for large-scale applica-
tions.

Two other reports suggested that the coupling could be
carried out in THF. Fiirstner®! showed that the complex
[Li(tmeda)],[Fe(C,H,),] is a very efficient catalyst (TMEDA:
N,N,N',N'-tetramethylethylenediamine). From a mechanistic
point of view, this elegant example is very interesting as it
demonstrates that a Fe?” species can be used successfully.
However, the use of a sophisticated non-commercial iron
complex is a major drawback for large-scale applications. The
catalytic system used by Nakamura and co-workers®! (FeCly/
TMEDA) seems more attractive. Nevertheless, it is necessary
to use a large quantity of TMEDA (26 equiv relative to
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FeCly). Also, during our investigations we found that the use
of FeCl; leads to variable yields according to its purity and its
commercial origin (see Supporting Information). Moreover,
this salt is not very easy to handle on a large scale as it is highly
hygroscopic.

Herein, we report our results concerning two new
catalytic systems that can be used on a large scale to perform
this reaction very efficiently.

Nakamura and co-workers reported that the use of
[Fe(acac);] (acac: acetylacetonate) as a catalyst gave unsat-
isfactory yields of the substitution product.! We found this
very surprising because during our investigations the reaction
proceeded very efficiently in the presence of TMEDA and
[Fe(acac);], whatever the origin of the salt (Scheme 1).
Moreover, these results concord well with our experience in
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Scheme 1. Cross-coupling between phenylmagnesium bromide and
cycloheptyl bromide in the presence of [Fe(acac)s].

the field of iron catalysis!!! as the use of [Fe(acac),] in place of
FeCl; has always led to more reproducible results and to
similar or better yields. Note that only 10 equivalents of
TMEDA are required when using [Fe(acac);] as catalyst,
instead of 26 equivalents of TMEDA with FeCl; (Scheme 2).
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Scheme 2. Influence of TMEDA on the iron-catalyzed cross-coupling
reaction between phenylmagnesium bromide and sec-butyl bromide.

We were not satisfied by this result as the amount of
TMEDA was still too high, and so we tested a vast array of
ligands. The most interesting results were obtained with
hexamethylenetetraamine (HMTA). Moreover, a single
equivalent of this ligand suffices to increase the yield up to
80 % (Scheme 3). To the best of our knowledge, this is the first
use of HMTA as a ligand in performing a transition-metal-
catalyzed cross-coupling reaction. HMTA is very convenient
for industrial applications as it is a cheap compound that is
easily eliminated then degraded during the treatment of the
effluents.
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Scheme 3. Influence of HMTA or a combination of TMEDA and HMTA
on the iron-catalyzed cross-coupling reaction between phenylmagne-
sium bromide and sec-butyl bromide.

However, with HMTA it is not possible to obtain the
product in more than 80% yield. Fortunately, we discovered
that by using both one equivalent of HMTA and two
equivalents of TMEDA (Scheme 3) it is possible to obtain a
better yield (92 %) than in the presence of only one of these
ligands, whatever their proportion. In fact, this new catalytic
system based on a synergy between two ligands is clearly
more convenient and reliable than the one previously
described by Nakamura and co-workers (FeCl/TMEDA).B!

Recently, in an interesting report, Fu and co-workers?!
showed that secondary alkyl halides do not react under
palladium catalysis as the oxidative addition is too slow. They
demonstrated that this lack of reactivity is mainly due to steric
effects. Under iron catalysis, the coupling reaction is clearly
less sensitive to such steric influences as both cyclic and
acyclic secondary alkyl bromides were used successfully
(Table 1). Such a difference could be explained by the
mechanism proposed in Scheme 4. Contrary to Pd’, which
reacts with alkyl halides according to a concerted oxidative
addition mechanism, the iron-catalyzed reaction could
involve a two-step single-electron transfer.

Secondary alkyl bromides or iodides gave rise to similar
yields (Table 1, entries6 and 7). However, no reaction
occurred with the corresponding chlorides (Table 1, entry 8).
Our cross-coupling conditions were also successfully applied
to primary alkyl halides (Table 2). Generally, the yields were
lower than those obtained from secondary alkyl bromides,
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Scheme 4. Tentative mechanism for the iron-catalyzed coupling reac-
tion.®
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Table 1: Iron-catalyzed cross-coupling between aryl Grignard reagents
and secondary alkyl halides.?!

Entry Alkyl halide Product Isolated
yield [%]
b
1 o =8 3 910!
2 MeO @ O 4 880l

3 OO 5 90
. O wo OO 6 s

_Br
5 O Meom:j 7 83
X
A m)\/ 2
N
6 X=I 94
7 X=Br 93
8 X=Cl traces
9 /@Av ™ 8 93
Br MeO
10 N @J\A 9 88
N
|
n JCH\/\/ 0 67
Br \[Tl %
N
12 /@M ' 1 88
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B
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[a] The aryl Grignard reagent (13 mmol) was added dropwise over
45 min to a solution of alkyl bromide (10 mmol), [Fe(acac)s] (0.5 mmol),
TMEDA (1.0 mmol), and HMTA (0.5 mmol) in THF at 0°C under stirring.
[b] The reaction was performed on a 50 mmol scale.

especially with long-chain alkyl bromides such as dodecyl
bromide (Table 2, entries 5 and 6).

During our investigations, we also tried to eliminate the
drawbacks previously mentioned with FeCls;. Indeed, this salt
is interesting as it is a very cheap material. After several
attempts, we finally discovered that it is very easy to obtain a
complex [(FeCly),(tmeda);] by adding 1.5 equivalents of
TMEDA to a solution of FeCl; in THF at room temperature.
The complex precipitates and can be isolated quantitatively
by filtration. To our delight, only 1.5mol% [(FeCl;),-
(tmeda);] was needed to perform the coupling between an
aromatic Grignard reagent and a secondary alkyl halide very
efficiently (Table 3, entries 1-4). The reaction can be
extended to primary alkyl halides, but the yields are generally
slightly lower (Table 3, entry 5).

This procedure compares very advantageously to the one
previously described by Nakamura and co-workers.*! The
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Table 2: Iron-catalyzed cross-coupling between primary alkyl bromides
and aromatic Grignard reagents.”!

Alkyl halide

Yield
[%]
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[a] The aryl Grignard reagent (13 mmol) was added dropwise over
45 min to a solution of alkyl bromide (10 mmol), [Fe(acac);] (0.5 mmol),
TMEDA (1.0 mmol), and HMTA (0.5 mmol) in THF at 0°C under stirring.
[b] The reaction was performed on a 50 mmol scale.

Entry Product

2 B

Table 3: Cross-coupling between aryl Grignard reagents and secondary
alkyl halides® in the presence of [(FeCl;),(tmeda)s].

Entry Alkyl halide Product Yield
(%]
B -
1 Py N 2 81
F
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2 PN Q)w 9 92
MeO
Br J:A
3 o~ /@/ 21 83
MeO
4 e =) 5 91
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[a] The aryl Grignard reagent (13 mmol) was added dropwise over
45 min to a solution of alkyl bromide (10 mmol) and [(FeCl;),(tmeda);]
(0.15 mmol) in THF at room temperature under stirring.

amount of TMEDA required is dramatically lowered (from
120% to 5%) and 3% FeCl; is used instead of 5%. In
addition, the yields are slightly better (5-10 % higher) and the
coupling is performed at room temperature instead of 0°C.
Finally, note that contrary to FeCl;, the complex [(FeCl;),-
(tmeda);] is not hygroscopic and can be stored at room
temperature without any special precautions.

Finally, we applied our cross-coupling procedures on a
large scale. The results (unoptimized yields) are described in
Scheme 5.

In summary, we have disclosed herein two efficient eco-
friendly iron-catalyzed procedures to couple secondary and
primary alkyl halides with aromatic Grignard reagents, using
two new catalytic systems, [Fe(acac);]/HMTA/TMEDA
(1:1:2) and the complex [(FeCly),(tmeda);]. To the best of
our knowledge, HMTA has never been employed as a ligand
for cross-coupling reactions until now, while the second
catalyst [(FeCl;),(tmeda);] has not been described and is a
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Scheme 5. Large-scale preparation of sec-butylbenzene.

non-hygroscopic and cheap complex that is very easy to
prepare.
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