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The transition-metal-catalyzed cross-coupling of aryl halides
(Ar—X) with aryl metal reagents is one of the most reliable
and widely applicable methods for biaryl synthesis. The
catalytic cycle involves a two-electron reduction of Ar—X
upon its oxidative addition to a low-valent transition metal.l'l
Such a reduction is crucial for the employment of Ar—X as an
electrophile in substitution reactions because Ar—X cannot
undergo Sy1 or Sy2 reactions. A single-electron reduction also
is effective for the activation of Ar—X, which is converted into
[Ar—X]*~ then into Ar with elimination of X .23 Ar- is
known to react with anionic nucleophiles (Nu~), such as
enolates and thiolates, to give [Ar—Nu]*~. A single-electron
transfer (SET) from [Ar—Nu]~ to Ar—X gives Ar—Nu and
regenerates [Ar—X]*~, which reenters the chain reaction. In
this pathway, called the Sgy1 pathway,™ aryl metal com-
pounds have never been utilized as anionic nucleophiles
(Nu").b Herein, we report the coupling of aryl halides with
aryl Grignard reagents that does not require the aid of
transition metals and goes through an Sgy1 mechanism.!:®
The reaction of phenylmagnesium bromide (1a; 2 equiv)
with 2-iodonaphthalene (2m; 1 equiv) in THF at 60°C for
24 h, after quenching with D,0, gave 2-deuterionaphthalene
(23%, >95% deuteration) and iodobenzene (16%) in
addition to a small amount (2%) of 2-phenylnaphthalene
(3am), with 29 % conversion of 2m (Table 1, entry 1). This
result shows that I/Mg exchange giving 2-naphthylmagnesium
bromide and iodobenzene predominates, but the cross-
coupling also takes place. The selectivity for the cross-
coupling over the I/Mg exchange was drastically improved
by changing the reaction solvent from THF to toluene,
although a higher temperature (110°C) was required (Table 1,
entries 2 and 3). The Grignard reagent 1a was prepared in
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Table 1: Coupling of phenylmagnesium bromide with 2-iodonaphtha-
lene.™

THF (y equiv) O
{x equiv) (1 equiv)
1a 2m 3am
Entry Solvent Reaction Amount t  Conv. of Yield of
inwhich Ta  solvent  (equiv) [h] 2m[%]¥ 3am [%]"
was prepared x oy
1€ THF THF 2.0 - 24 29 2
26 THF toluene 20 0 24 19 17
3 THF toluene 20 0 24 >99 93
4 Et,O toluene 2.0 0 24 4 1
5 Et,0 toluene 20 6 24 >99 95
6 Et,0 toluene 20 30 24 >99 93
7 THF toluene 20 6 24 >99 98 (96)!"
8 THF toluene 1.2 6 24 87 86
9 THF toluene 1.2 6 48 >99 97
10 THF toluene 1.5 6 24 >99 95
11 THF toluene 1.5 6 24 >99 (97)"

[a] The reaction was carried out in a solvent (2.0 mL) under nitrogen
using 2-iodonaphthalene (2mj; 0.20 mmol) and phenylmagnesium
bromide (1a), which was prepared in THF or Et,O and then most of the
solvent was removed in vacuo. [b] The amount of additionally added
THF. [c] Determined by GC. [d] 1a prepared in THF was used without
solvent removal. [e] T=60°C. [f] The yield of the isolated product is
given in parenthesis. [g] The reaction was conducted on a tenfold scale
(2.0 mmol of 2m). THF =tetrahydrofuran.

THF and most of the solvent was removed in vacuo, and then
it was used for the reaction with 2m in toluene at 110°C for
24 h to give 3am in 93 % yield. In contrast, almost no coupling
took place when 1a prepared in Et,0 was used (Table 1,
entry 4), thus implying that the presence of a small amount of
THF has a positive effect. Addition of THF to the toluene
solution of 1a, which had been prepared in Et,O, promoted
the coupling; the yield of 3am was high with 6 and
30 equivalents of THF (Table 1, entries 5 and 6).”! THF is
better than Et,O as a solvent for Grignard reagent prepara-
tion because there is less formation of biaryl by-products in
THF. The amount of THF remaining after evacuation is
inconsistent:!'” therefore the addition of a sufficient amount
(6 equiv; see Table 1, entry 5) of THF enhances the reprodu-
cibility of the reaction (Table 1, entry 7)." The coupling
product was obtained in a high yield when a reduced amount
(1.2 equiv) of Grignard reagent 1a was used, although the
reaction was slightly slower (Table 1, entries8 and 9). A
sufficient reaction rate is attained by using 1.5 equivalents of
1a (Table 1, entry 10)." A high yield of the coupling product
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(3am) was obtained when the reaction scale was increased
tenfold (2.0 mmol of 2m; Table 1, entry 11).

The cross-coupling reaction is applicable to a wide variety
of aryl Grignard reagents and aryl halides (Table 2). Phenyl-
magnesium bromides having an electron-withdrawing or
electron-donating group at the para or meta position under-
went coupling with 2-iodonaphthalene (2m) or p-hexoxy-
(iodo)benzene (2n) in high yields (Table?2, entries 1-4).
Unfortunately, p-CF;CsH,MgBr was too unstable under the
reaction conditions and gave <10% yield of the coupling
product. A high yield was attained also in the reaction of a
heteroaryl Grignard reagent (Table 2, entry5). Tolyl and
methoxyphenyl iodides underwent coupling with 1a in high
yields (Table 2, entries 6-8). For the reaction of p-iodo(tri-
fluoromethyl)benzene (2r), the coupling product was
obtained in only 55% yield because of halogen/magnesium
exchange, which was probably induced by an electron-with-
drawing substituent (Table 2, entry 9). The cross-coupling
reaction is compatible with ortho substitution (Table 2,
entries 10-14). Aryl bromides are less reactive than aryl
iodides. Therefore, the reaction of 2-bromonaphthalene (2'm)
with 1a under the reaction conditions thus far employed gave
only 72% yield of 3am with 78 % conversion. Addition of
NaOBu™! (1.0 equiv) in combination with an increased
amount (2.0 equiv) of 1a was found to be effective in
improving the yield to 90 % (Table 2, entry 15). The reaction
of 2’m with the o-tolyl Grignard reagent (1f) gave the
corresponding coupling product in a high yield (Table 2,
entry 16). The reaction of p-CF;C¢H,Br (2'r) gave 3ar in a
high yield (Table 2, entry 17), in contrast to the reaction with
the corresponding iodide, where I/Mg exchange hampered
the coupling (see Table 2, entry 9).

The fact that there is no production of the rearranged
coupling products excludes the aryne mechanistic path-
way."¥! Nucleophilic aromatic substitution is not operative
either because electron-withdrawing substituents on aryl
halides are not required.”” On the assumption that the
coupling reaction follows the Sgy1 pathway, the mechanism
shown in Scheme 1 can be proposed. A single-electron
transfer (SET) from Grignard reagent 1 to aryl halide 2
gives radical anion A (initiation step). After elimination of X~
from A (step a), 1 attacks the resulting aryl radical B to give
radical anion C (stepb). An SET from C to 2 gives the
coupling product 3 and regenerates A (step ¢). This mecha-
nism includes “spontaneous initiation”, in which the nucleo-
phile (1 in this case) in step b acts also as a single-electron
donor in the initiation step. Even though 2-bromonaphtha-

X

step%—\ Ar2*

:
Ar'-MgBr [Ar'-MgBr]"* B Ar ‘1M98r
1
Ar?-X NS [ArP-X]"~ step b
2 Initiation A propagation
*MgBr
Ar’—Ar' [ArP-Ar']—
3 step ¢ [od
ArZ-X
2

Scheme 1. A plausible reaction mechanism.
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Table 2: Coupling of aryl Grignard reagents with aryl halides.?
THF

Ar'-MgBr + X-Ar? “oluene 110°C 241" Ar'-Ar2
(1.5 equiv) (1 equiy) Ouene '
1 2 3
Entry 1 2 Yield
[%]"
1 CIOMgBr " [ 97
2m
2 MeO@MgBr 1o [ 958
2m
td
3 MeO@MgBr 1e IQOHex n 91
MeQO
4 ' 90
OMgBr 1d ! O 2m
5¢ [ —MgBr [ 9
1e m
6 Mg I@ 2 97
7 MgBr [—@OMe 2 96
OMe
8 MgBr ]@ 93
2q
9 MgBr 12 I—QCFs 2 55
10 MgBr ,@ , 91
S
Ph
11 93

=
«
[os]
=
-
o
n
=

CROR PR B 0CE0n:

96
MgBr 1
Et
14 89
1510 MgBr Br 90
2'm
16 96
MgBr 1t Br >m
170 mgBr Br@CF:; - 92

[a] The reaction was carried out in toluene (2.0 mL) at 110°C under
nitrogen using THF (1.2 mmol), an aryl halide (2; 0.20 mmol), and an
arylmagnesium bromide (1; 0.30 mmol), which was prepared in THF and
then most of the solvent was removed in vacuo. [b] Yield of the isolated
product. [c] 1-(4-Methoxyphenyl)naphthalene also was produced in 3%
yield. [d] 3-Hexoxy-4"-methoxybiphenyl also was produced in 3% yield.
[e] Te (0.40 mmol) was used. [f] NaOtBu (0.20 mmol) and 1

(0.40 mmol) were used.

lene (2'm) is unreactive toward PhMgBr (1a) at 80°C, the
coupling proceeded in the presence of lithium 4,4'-di-tert-
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butylbiphenylide (4; 0.2 equiv)!"™ to give 80% of 3am after
12 h (Scheme 2).1"! Compound 4 is a biaryl radical anion that
is analogous to intermediate C. Therefore, it is likely that 4
acts as a single electron donor in step ¢ and accelerates the
coupling by eliminating the reluctant initiation step.!”) In Sgx1

R G2 S ()
Br toluene
80°C,12h

(2 equiv) (1 equiv)
1a 2'm 3am
” additive conv. yield
Li .— (amount) (2'm) (3am)
S OO s
4 4 (0.2 equiv) 98% 80%

Scheme 2. The reaction in the presence of a radical anion of a biaryl.

reactions that involve “spontaneous initiation” the initiation
step has to be slower than the propagation steps, because a
faster initiation step would result in increased consumption of
the nucleophile, which is required for step b, and thus lower
the efficiency of the reaction."”! Upon SET to 2 in the
initiation step 1 should be converted into [Ar'MgBr]", which
readily undergoes elimination of [MgBr]*.["! The resulting
Ar' reacts by steps b and ¢ to give Ar'~Ar' and A. In the
present coupling reaction, Ar'—Ar' is always observed but in a
small amount.”

A competition reaction between two aryl bromides gave
further support to the involvement of SET to aryl halides
(Scheme 3). In the reaction with 1a, (E)-4-bromostilbene
(2’w) showed higher reactivity than 4-bromo(trifluoro-

Ph
/. Br@CFg
)

Ph—MgBr + Br

{1 equiv) (1 equiv (1 equiv)
1a 2'w 2'r
Ph
_ Ph@f + Ph@CF3
3aw 3ar
This method®  63:37 27% total yield
(32% conv.)

Pd catalysis®®  16:84 25% total yield
(30% conv.)

Scheme 3. Competition reactions of aryl bromides. [a] THF (6 equiv),
toluene, 110°C, 3 h. [b] [Pd(PPh;),] (2 mol %), THF, 40°C, 0.5 h.

methyl)benzene (2'r) in spite of the lower electrophilicity of
its carbon atom that is bonded to the bromide. The
observation is consistent with the Sgy1 mechanism, in which
aryl halides show higher reactivities when they have lower
reduction potentials.[z” In contrast, 2'r is much more reactive
than 2'w under palladium catalysis.

In conclusion, we have disclosed the cross-coupling
reaction of aryl Grignard reagents with aryl halides. Utiliza-
tion of an SET mechanism for activation of aryl halides makes
the cross-coupling possible without any transition-metal
catalysts.
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Addition of dibutyl ether (6 equiv) instead of THF did not
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2m), thus suggesting that high coordinating ability of THF
compared with the dialkyl ethers positively affects the reaction.
The amount of THF remaining after in vacuo removal was
estimated by GC analysis to be in the range of 2.3-6.8 equiv-
alents to 1a in several runs. GC analysis showed, in the average
of three runs, that 84 % of the THF remained in the solution
after heating a toluene solution (2.0 mL) of THF (97 uL,
1.2 mmol) at 110°C.

The reaction using toluene that was degassed by four freeze/
thaw cycles just prior to use gave a comparable yield (98 %) of
3am. It is unlikely that residual molecular oxygen promotes the
reaction.

Magnesium turnings (99.95% purity trace metals basis, Aldrich
Co., product number 403148) and toluene (>99.5% purity,
dehydrated, Kanto Chemical Co. Ltd., Cat. No. 40500-85)
purified by passing through an alumina/catalyst column system
(GlassContour Co.) were used for Grignard reagent formation
and the coupling reaction itself, respectively. ICP-AES analysis
of the magnesium turnings showed that there was less than
5 ppm (within the detection limit) of Co, Ni, Cu, Ru, Rh, Pd, Ag,
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FeCl; (5 mol %) to give 29% of 3am and 43 % of naphthalene,
and 16 % of three regioisomers (60:23:17 ratio) of 2-naphthyl-
toluenes with full conversion of 2m after 2 h. This result shows
thatiron drastically lowered the selectivity, thus it is unlikely that
the trace amount of iron is involved in the present coupling
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less than 1 ppb (within the detection limit) of Fe, Co, Ni, Cu, Ru,
Rh, Pd, Ag, Ir, Pt, and Au.

NaOrBu purified by sublimation was used. ICP-AES and ICP-
MS analysis showed that there was less than 0.05 ppm (within the
detection limit) of Co, Ni, Rh, Pd, Ag, Ir, Pt, and Au and 0.50,
0.53, and 0.09 ppm of Fe, Cu, and Ru, respectively.

Among the reactions in Tables 1 and 2, rearranged products
were observed (3%) only in the reaction of 4-methoxyphenyl-
magnesium bromide (1c¢; Table 2, entries2 and 3), probably
generated through an aryne intermediate formed owing to the
high basicity of 1c.

P. K. Freeman, L. L. Hutchinson, J. Org. Chem. 1980, 45, 1924 —
1930.

Reduction of 2'm took place as a side reaction giving 2,2’
binaphthyl (11 %) and naphthalene (7% ).

A radical anion of an arene, sodium naphthalenide, was used as
an activator in the Sgy1 reaction of 2,2-dinitropropane with 2-
lithio-2-nitropropane to give 2,3-dimethyl-2,3-dinitrobutane.
G. A. Russell, R. K. Norris, E.J. Panek, J. Am. Chem. Soc.
1971, 93, 5839-5845.

Related discussion on Sgy1 reactions that include “spontaneous
initiation” is available in Section III-A in Ref. [4b].

The reaction of 1la with 2’m in the presence of NaOrBu
(1.0 equiv), instead of 4, under the same reaction conditions as
Scheme 2 gave 3am in 22 % yield (26 % conv. of 2’ m). This result
implies that the effect of the addition of NaOfBu (see Table 2,
entries 15-17) is due mainly to promotion of the initiation step.
PhMgOrBu, generated from 1a and NaOrBu, possibly has a
higher ability as a single-electron donor in the initiation step
than 1a. For the generation of PhMgOrBu from 1a and NaOrBu,
see: S. Gupta, S. Sharma, A. K. Narula, J. Organomet. Chem.
1993, 452, 1-4.

For example, 0.010 mmol of Ph—Ph was produced by use of
0.20 mmol of 2m in entry 10 of Table 1.
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2.14 (Ref.[21b]) and 2.54 (Ref.[21c]), respectively; b)D.
Occhialini, J.S. Kristensen, K. Daasbjerg, H. Lund, Acta
Chem. Scand. 1992, 46, 474—-481; c) R. O. Loutfy, R. O. Loutty,
Can. J. Chem. 1976, 54, 1454 —1463.
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