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a b s t r a c t

Manganese-catalyzed homo-coupling of aryl magnesium chlorides to give biphenyls was successfully
achieved using manganese chloride as catalyst. A variety of aryl magnesium chlorides were efficiently
converted into the corresponding symmetrical biaryls using 10 mol% MnCl2 as catalyst in the presence
of a stoichiometric amount of 1,2-dichloroethane. Since the aryl chlorides, from which the Grignard
reagents were prepared, are cheaper and more readily available that the corresponding bromides and
iodides this procedure should become the method of choice for preparing symmetrical biaryls.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Biaryl compounds are important building blocks for numerous
agrochemicals, pharmaceuticals, natural products, conducting
materials, and as ligands for asymmetric catalysis [1–3]. Thus effi-
cient aryl–aryl bond forming reactions have been the theme of
many research papers [4–14]. Symmetrical biaryl compounds are
traditionally prepared by the Ullmann homo-coupling reaction,
which involves the condensation of aryl halide molecules by a stoi-
chiometric amount of copper at very high (>200 �C) temperatures
[15]. More recently, biaryls have been prepared from arylboronic
acids [16], arylstannanes [17] and arylzinc [18] reagents. Indeed,
diverse metal catalysts including palladium [19–24] and nickel
[25–28] have been employed in the homo-coupling reactions un-
der relatively mild reaction conditions because of their extensive
applicability and brilliant compatibility with many functional
groups. There are, however, some limitations with partial catalysts
with regards to expense, toxicity and the need in many cases to
employ expensive and air sensitive phosphorus ligands. Therefore
the discovery of new effective and environmental friendly proce-
dures is of real current interest. Mayr and Knochel found a transi-
tion-metal-free homo-coupling of organomagnesium compounds
[29]. Ackermann reported an efficient aryl–aryl coupling by using
nickel complexes of air-stable phosphine oxides [30]. Cahiez and
Rieke reported organomanganese-catalyzed cross-coupling reac-
tions in the past 10 years [31–34]. Hoffman determined the stereo-
chemistry of the transmetalation of Grignard reagents to
manganese (II) [35]. Recently, Yuan developed the manganese-cat-
All rights reserved.
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alyzed homo-coupling reaction of aliphatic halides in the presence
of magnesium [36]. Although these newly developed methods are
good for the preparation of biaryls, their use have been restricted
to aryl bromides and iodides as starting material which somewhat
limits their use due to cost and availability of starting material. In
contrast to aryl iodides and bromides, aryl chlorides are cheap and
more readily available though less reactive. Although aryl chlorides
are well-known bulk chemical feedstocks, their coupling chemistry
has proven difficult but it would be economically beneficial to a
number of industrial processes. Up until now the homo-coupling
reactions of aryl chlorides depends on highly active catalysts such
as palladium or nickel complex [13,37–41]. To the best of our
knowledge there have been no reports on the selective homo-cou-
pling of organometallics by manganese catalysis from aryl magne-
sium chlorides. Herein, we report an efficient and practical reaction
conditions for the manganese-catalyzed oxidative homo-coupling
of aryl magnesium chlorides.
2. Results and discussion

To establish the generality of this method, the manganese-cat-
alyzed oxidative homo-coupling reaction conditions of 4-methyl-
phenylmagnesium chloride (1a) was examined, and the resulting
yields are shown in Table 1. It was found that inexpensive 1,2-
dichloroethane (2a) was an excellent oxidant for the homo-cou-
pling, giving 4,40-dimethylbiphenyl (3a) in high yields without
any byproducts. Thus, in the presence of 10 mol% MnCl2 and
1.2 equiv. of 2a, the homo-coupling of the Grignard reagent 1a
was completed in 2 h, in THF at room temperature (entry 1), to af-
ford a quantitative yield of the biaryl 3a. When the temperature
was decreased, the yield was consequently reduced (entries 2
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Table 1
Manganese catalyzed homo-coupling of 4-methylphenymagnesium chloride (1a)*

ClMg

catalyst (10mmol%)
oxidant (2) (1.2 equiv)

1a 3a

.

Entry Temp/�C Oxidant Catalyst Yield/%

1 rt ClCH2CH2Cl (2a) MnCl2 96
2 10 2a MnCl2 80
3 0 2a MnCl2 72
4 rt BrCH2CH2Br (2b) MnCl2 73
5 rt 2a NiCl2 85
6 rt 2a CuCl2 60
7 rt 2a MgCl2 30
8 rt 2a FeCl3 95(99[4])

* The reactions were carried out with 10 mol % of catalyst.

Table 2
Manganese -catalyzed oxidative homo-coupling of Grignard chloridesa.

Entry Aryl Product

1

2

3

4

5

6

7

8

9

10
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and 3). Use of 1,2-dibromoethane (2b) also gave homo-coupling
product 3a, although the yield of 3a dropped slightly (entry 4).
Compared with those of other metal compounds the highest activ-
ity for formation of 3a was observed for MnCl2 and FeCl3 [4].

Table 2 summarizes a diverse array of results obtained for the
oxidative homo-coupling of other aryl Grignard chlorides under
our standard reaction conditions. When chlorobenzene was used
the yield was excellent (99%, entry 11). However, when a methyl
group was introduced at an o-position of the aryl Grignard reagent,
this results in a somewhat lowering of yield of the homo-coupling
product (entry 2) implying homo-coupling reaction is sensitive to
steric congestion at the reaction site. Although sterically demand-
ing substrates 1b, and 1d, required longer reaction times, they still
gave the corresponding biaryls in good yields. When an electron
withdrawing group was introduced into the aryl chloride the yield
of the biaryls remained high, (3i, 94%), which was contrary to liter-
ature precedent using palladium as catalyst [14]. Since the electron
withdrawing groups slow down transmetalation this result implies
Time/h Yield/%b

2 96%

12 87.4%

2 80.4%

12 73.5%

12 45.3%

12 54%

2 57.6%

12 60.6%

12 94%

2 99%

(continued on next page)



Table 2 (continued)

Entry Aryl Product Time/h Yield/%b

11 12 60%

12 12 0%

13 12 0%

14 12 68.4%

15 12 89.1%

16 12 67.5%

a Unless otherwise noted, the reactions were carried out using aryl Grignard chlorides (10 mmol), 1,2-dichloroethane (12 mmol) ,and MnCl2 (1 mmol) in THF. The reactions
were carried out at room temperature for 2� 12 h and the progress of the reaction was monitored by TLC.

b Isolated yields after column chromatography.
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that transmetalation is not the rate determining step. This may
contribute to the substituted nitro group which was beneficial to
the transmetalation reaction from organomagnesium compound
Fig. 1. Infrared spectra obtained during the preparation of 4,40-dimethyl-biphenyl.
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Scheme 1. Mechanism for manganese-catalyzed homo-coupling.
to organomanganese compound (Scheme 1). In contrast aryl chlo-
rides containing electron donating groups gave slightly lower
yields. The yields of 4-methoxyl-, 2-methoxyl-, and N,N-dimethyl-
amino-phenylmagnesium chlorides , 4-methoxylmethyl-protected
phenolmagnesium chlorides were down when converted to the
corresponding biaryls 3c, 3d, 3e, 3f and 3g, respectively, under
comparable conditions (entries 3–7). It is remarkable that both
electron withdrawing or donating group at para-substituted posi-
tion both gave good to excellent yields of the corresponding biaryls
(3c, 3i) (87.4% and 96%) .Oxazoline groups on the aromatic ring or
heteroaryl chlorides are difficult to couple, with coordination with
the catalysts being a possible reason. (entries 11–13) [14]. Further-
more, this chemistry was extended to Grignard reagents derived
from benzyl chloride 1n, chloronaphthalene 1o and chloro-ethyne
1p and the yields obtained were moderate.
Fig. 2. IR monitoring during the entire reaction. The relative IR absorbance values
are shown on the left axis for 4-methylphenylmagnesium chloride and corre-
sponding 4,40-dimethyl-biphenyl at 599 and 850 cm�1, repectively.
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By using in situ infrared technology, we try to continuously
monitor the formation of the 4-methylphenylmagnesium chloride
and the corresponding biaryls. Fig. 1 shows an IR spectrum ‘‘water-
fall” plot obtained during the course of the reaction. The in situ IR
data for RMgX and the homo-couplings were profiled for the entire
reaction (Fig. 2). At the beginning of the reaction the Grignard re-
agents were formed quickly during the initiation period. After ini-
tiation the RMgX levels continue to rise until no aryl chloride was
left. Absorbance for biaryls increased immediately after the
catalyst was added as observed by the parallel profiles. The
homo-couplings stopped increasing when the Grignard Reagents
were consumed at 220 min. On-line monitoring by IR provided
confidence that the homo-coupling was successfully generated
by the increasing in absorbance at 850 cm�1, as clearly shown in
Fig. 1.

A mechanism for the manganese catalyzed homo-coupling of
Grignard reagents is presented (Scheme 1), and is similar to the
iron catalyzed reaction [4]. Reaction of the aryl Grignard with man-
ganese chloride results in transmetallation affording a diarylman-
ganese intermediate D. Reductive elimination of the two aryl
groups gives the homo-coupling product and reduced manganese.
Oxidative addition of 1,2-dichloroethane to reduced manganese A
forms an alkyl manganese intermediate B which undergoes b-hal-
ogen elimination [42] giving ethylene and regenerating the catalyt-
ically active species C.

Manganese complexes A and B should be considered as the
important intermediates because the yield of biaryls was de-
creased seriously (96% to 23%, 96% to 12%) without the catalyst
MnCl2 or the oxidant 1,2-dichloroethane respectively.

3. Conclusion

In summary, we have developed a new and practical reaction
system for oxidative homo-coupling for Grignard chlorides using
MnCl2 as a catalyst and 1,2-dichloroethane as a reoxidant. These
results pave the way for the homo-coupling of various aryl Grig-
nard chlorides and are readily amenable to a large-scale synthesis
of biaryl compounds. Noteworthy features of this method include
the following: lower cost of aryl Grignard chlorides, use of a com-
mercially available, airstable catalyst MnCl2; tolerance of nitro
functionality; synthesis of hindered biaryls; coupling of sterically
demanding chlorides; generally good to excellent yields. We be-
lieve this coupling reaction could be of great interest since to our
knowledge no example of this selective homo-coupling of organo-
metallics by manganese catalysis Grignard chlorides as feedstock
are described in the literature.
4. Experimental

4.1. Representative procedure for the coupling reaction

4.1.1. The high activity magnesium
Freshly cut potassium (0.70 g, 18 mmol), MgCl2 (1.14 g,

12 mmol), KI (1.99 g, 12 mmol), and THF (15 mL) were placed in
an oven-dried 50-ml three-necked flask equipped with condenser,
septum, heating mantle, magnetic stirring, and nitrogen atmo-
sphere. The mixture was stirred and heated to reflux, where reduc-
tion of MgC12 occurred to give a dark black mixture. The mixture
was refluxed for 3 h to ensure complete reaction of potassium,
and was then cooled at room temperature for 0.5 h [43].

4.1.2. 4-Methylphenylmagnesium chloride
A solution of 4-chloro-toluene (1.27 g, 10 mmol) in THF (5 mL)

was added dropwise to a 50 mL-flask, charged with activated mag-
nesium (292 mg, 12 mmol), THF (15 mL) and nitrogen atmosphere.
The mixtures were refluxed for 4 h. The flask was then cooled to r.t.
and the Grignard reagent 1a was used directly in the following
experiment. Yield of mono-Grignard reagent determined by
quenching followed by HPLC analysis was 97%.

4.1.3. 4,40-Dimethyl-biphenyl
The Grignard reagent solution (1a containing 9.7 mmol mono-

Grignard chlorides) was added dropwise to a 50 mL-flask, charged
with MnCl2 (126 mg, 1 mmol), THF (10 mL), and 1,2-dichloroeth-
ane (1.19 g, 12 mmol), whilst maintaining the temperature at
25 �C under an atmosphere of N2. After stirring for 2 h, the reaction
mixtures were quenched with CH3OH (2 mL). The suspension was
filtered and the cake washed with THF. The combined organic layer
was concentrated under reduced pressure to give 900 mg of crude
4,40-dimethylbiphenyl. This crude material was purified by chro-
matography on silica gel (hexane: ethyl acetate, 50:1) to give
4,40-dimethyl-biphenyl (844 mg, 96% yield) as a white solid. M.p.:
123–124 �C (Lit.[2a]: 125 �C).

1H NMR (CDCl3/TMS): d 2.35 (s, 6H), 7.12–7.14 (d, J = 7.9 Hz,
4H), 7.36–7.38 (d, J = 7.6 Hz, 4H).
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2008.12.021.
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