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Abstract: A cobalt-diamine complex catalyzes the cross-coupling reactions of primary and secondary
alkyl halides with aryl Grignard reagents. It is confirmed that oxidative addition of alkyl halide to cobalt
proceeds via a radical process. Optically pure Ueno-Stork halo acetals undergo diastereoselective cross-
coupling reactions, the products of which are transformed into optically active THF derivatives. A sequential
radical cyclization/arylation reaction under cobalt catalysis provides extremely short access to a synthetic
prostaglandin AH13205.

Introduction

Transition-metal-catalyzed cross-coupling reactions are in-
dispensable tools for the construction of organic molecules. Use
of alkyl halides that can suffer fromâ-elimination in cross-
coupling reactions is now attracting increasing attention as a
new repertoire of cross-coupling strategy.1 Especially, coupling
of secondary2 and tertiary2d,2e,2q,2ralkyl halides with organo-
metallic reagents is a challenging target to establish the uni-
versality of cross-coupling reactions.

During the course of our study on cobalt-catalyzed cross-
coupling reactions,2q,2r,3 we found that catalytic amounts of
cobalt(II) chloride and diamine (R,R)-1 promote cross-coupling
reactions of alkyl halides with arylmagnesium reagents (Table
1). This will significantly expand the utility of cobalt as a

catalyst.4 Specifically, the present cobalt-diamine-catalyzed
method allows us to arylate secondary alkyl halides whereas
our previous arylation reaction3a is applicable to the reaction
of primary alkyl halides.
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Table 1. Cobalt-Diamine-Catalyzed Cross-coupling Reaction

a When the reaction was performed on a 10 mmol scale, an 87% yield
of the product was obtained.b CoCl2 (10 mol %) and (R,R)-1 (36 mol %)
were used.c No cyclopentane ring was observed.

Published on Web 01/20/2006

1886 9 J. AM. CHEM. SOC. 2006 , 128, 1886-1889 10.1021/ja057560o CCC: $33.50 © 2006 American Chemical Society



Results and Discussion

Scope and Limitation. Diamine1 (0.06 mmol)5 was added
to a suspension of CoCl2 (0.05 mmol) in THF (3 mL) to form
a clear-blue solution. Substrate (1.0 mmol) and then a Grignard
reagent (1.2 mmol, 1 M THF solution) were added over 5 s at
0 °C. An exothermic reaction immediately took place. After
the mixture was stirred at 25°C for 15 min, the usual workup
followed by silica gel column purification afforded the corre-
sponding coupling product. Representative examples are listed
in Table 1. Several comments are worth noting: (1) Not only
primary alkyl halides but also secondary ones underwent the
cross-coupling reaction. In contrast, phenylation took place only
with primary alkyl halides under our previous cobalt-diphos-
phine catalysis.3a Unfortunately, neithertert-butyl bromide nor
iodide couple with any aryl Grignard reagents tested. (2) Alkyl
iodides and bromides are the choice of the coupling partner.
The reaction of 1-chlorooctane resulted in poor yield (entry 6).
(3) The reaction was readily scalable. Treatment of 10 mmol
of bromocyclohexane with phenylmagnesium bromide (12
mmol) in the presence of1 (0.6 mmol) and CoCl2 (0.5 mmol)
in THF (30 mL) in a similar manner provided cyclohexylben-
zene in 87% yield (entry 2). (4) An alkenylmagnesium reagent
(entry 9) as well as arylmagnesium reagents were available for
the cross-coupling reaction. (5) Functional groups such as an
ester linkage were compatible. (6) Allylic bromide also under-
went the phenylation reaction (entry 15), wherein no cyclization
was observed (vide infra).2n On the other hand, a cyclic product
was obtained exclusively in the reaction of 6-iodo-1-undecene
to yield 1-benzyl-2-pentylcyclopentane (diastereomer ratio)
3:1) in good yield (eq 1).2l,2n,2o,2q,2r,3aThe relevant bromide was
less reactive.

The diamine (R,R)-1 is the best ligand among ligands we
tested (Table 2).N,N,N′,N′-Tetramethylethylenediamine and (1S,
2S)-N,N,N′,N′-tetramethyl-1,2-diphenylethylenediamine were
less effective (entries 2 and 3). The difference in efficiency
would originate from the very subtle changes in the conforma-
tions, bite angles, and/or steric hindrance of the diamine ligands.
Naturally, a shorter or a longer methylene tether completely
deactivated the cobalt catalysts (entries 4 and 5). The reactions
with the aid of primary 1,2-cyclohexanediamine (entry 7), a
bidentate phosphine (entry 8), and a pybox ligand (entry 9)
provided none of the coupling product.

Evidence of Carbon-Centered Radical Intermediates.The
intermediacy of a carbon-centered radical in the arylation
reaction is strongly supported by the following new facts, in
addition to our accumulative efforts to certify cobalt-mediated

radical processes (Scheme 1): (1) The phenylations ofendo-
andexo-2 yielded3 with the same endo/exo selectivity, which
indicates the existence of a planer carbon center with no origi-
nal stereochemical information. (2) The reaction of4 with
phenylmagnesium bromide yielded cyclic product5 in 80%
yield. Notably, no enantioselectivity for the cyclization was
observed. We tested several other cyclization reactions un-
der the chiral cobalt catalysis. However, all the reactions ex-
hibited no enantioselectivity. The complete lack of the enan-
tioselectivity implies that the 5-exo-trig cyclization step pro-
ceeds via a free radical mechanism, not via enantioface-
discriminating intramolecular carbocobaltation. (3) Some enan-
tioselectivity was observed in the phenylations of cyclic halides
such as6. The enantioselection would take place upon recom-
bination of a cobalt complex with a planer carbon-centered
radical.2q,2r,3a Unfortunately, no kinetic resolution of6 was
observed.

Cobalt-Catalyzed Highly Stereoselective Arylations and
Their Applications. Next we turned our attention to the
coupling reaction of Ueno-Stork halo acetals6 that have a
stereogenic center next to the halogenated carbons (Table 3).
The coupling reactions proceeded smoothly without suffering
from possibleâ-alkoxy elimination. Virtually no stereoselectivity
was observed in the reactions of tetrahydropyran derivatives
(entries 1 and 2). On the other hand, the phenylations of
tetrahydrofurans were highly diastereoselective (entries 3 and
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(5) Racemic diamine1 worked as well.

Table 2. Ligand Effect

Scheme 1. Justification of the Existence of Carbon-centered
Radicals; Conditions Are the Same as Those in Table 1
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4). Five-membered rings have less flexibility than six-membered
ones, which leads to the efficient shielding by the alkoxy group
on one face of the ring. Note again that no kinetic resolution of
the halo acetals was observed. Attempted butylation, vinylation,
and allylation reactions resulted in failure, leaving most of the
starting bromo acetal.

Bromoetherification with enantiomerically pure (+)-isomen-
thol allowed the separation of the diastereomers, (2R,3S)-8 and
(2S,3R)-8, from each other by purification on silica gel under
atmospheric pressure (Scheme 2). With the enantiomerically
pure bromo acetals in hand, the arylation reactions of8 were
examined (Scheme 3). As expected, (2R,3S)-8 and (2S,3R)-8
underwent highly diastereoselective arylation reactions, furnish-

ing optically pure 2-alkoxy-3-aryl-1-oxacyclopentanes, (2R,3R)-9
and (2S,3S)-9, respectively. The absolute stereochemistry of
(2R,3R)-9 was determined by X-ray crystallographic analysis.7

The major isomers produced in the arylation reactions were
separated from the minor isomers and were subjected to several
transformations. Lewis-acid-mediated reductions of (2R,3R)-
9b and (2S,3S)-9b furnished (R)-10 and (S)-10, respectively, in
excellent yield with high enantiomeric excess. Jones oxidation
of (2R,3R)-9a afforded optically active lactone (R)-11. The
reactions of (2R,3R)-9awith silyl enolate13constructed a new
carbon-carbon bond diastereoselectively.

Sequential Cyclization/Arylation Reactions: Total Syn-
thesis of AH13205.Iodoetherification of butyl vinyl ether with
optically pure14yielded15 (Scheme 4). Treatment of15under
the present conditions leads to sequential radical cyclization/
cross-coupling reaction to afford a phenylated analogue of Corey
lactone8 16. The sequential version also allowed the construction
of a secondary alkyl-aryl bond in a highly stereoselective
manner.

The sequential cyclization/arylation reaction is applicable for
the synthesis of a synthetic prostaglandin AH13205, an EP2-
receptor agonist that lowers intraocular pressure.9,10 The syn-
thesis is outlined in Scheme 5. Cobalt-catalyzed reaction of15
with Grignard reagent17 followed by Jones oxidation provided
bicyclic lactone18 in 54% yield. Removal of the acetoxy group
in 18 was performed in three steps. Namely, deacetylation,
formation of thiocarbonate, and tin-free radical reduction11

afforded lactone19 in 60% overall yield. Reduction of19
followed by Wittig olefination allowed installation of theR side
chain of AH13205 with high efficiency. Hydroxy alcohol20
was oxidized. Finally, simultaneous deprotection and reduction
by catalytic hydrogenation completed the total synthesis of
AH13205. The only byproduct identified was benzylated
AH13205, which can be subjected to additional deprotection
conditions. AH13205 is a mixture of epimers. The mixture was
used to serve as the agonist.9 The synthesis is extremely short,
which highlights the synthetic utility of the cobalt-catalyzed
arylation process.
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4059-4065.

Table 3. Diastereoselective Cross-coupling of Halo Acetals

entry n X R yield trans/cis

1 1 I Me 83% 51:49
2 1 I iPr 81% 60:40
3 0 Br Me 82% 95:5
4 0 Br iPr 80% 96:4

Scheme 2. Preparation of Bromo Acetal Having Chiral Auxiliary

Scheme 3. Arylation of Chiral Bromo Acetal 8a

a Abbreviations: (+)IM, (+)-isomenthyl; 1-Np, 1-naphthyl; 2-Np,
2-naphthyl; 1-Py, 1-pyrenyl. Conditions: (a) CoCl2 (5 mol %), (R,R)-1 (12
mol %), ArMgBr (1.2 mmol), THF, 25°C, 15 min; (b) chromatographic
isolation of the anti-isomer; (c) Et3SiH, BF3‚OEt2, CH2Cl2; (d) CrO3,
acetone; (e) Me2CdC(Ph)OSiMe3 (13), BF3‚OEt2, CH2Cl2.

Scheme 4. Synthesis of a Corey Lactone Analogue
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Conclusion

The cobalt-diamine catalyst system is promising for com-
bining aryl Grignard reagents with primary and secondary alkyl
halides. The reaction is powerful and reliable enough to realize
stereoselective construction of asymmetric carbon centers. The
high stereoselectivity observed depends on the generation of
planer carbon-centered radicals followed by approaches of cobalt
complexes from the less congested faces. High stereoselectivity
was also observed in the sequential cyclization/arylation reac-
tion, leading to the short total synthesis of the synthetic
prostaglandin AH13205.

Experimental Section

Typical Procedure for Cobalt-Catalyzed Arylation Reaction.The
reaction of bromocyclohexane with phenyl Grignard reagent (Table 1,
entry 2) is representative. Anhydrous cobalt(II) chloride (6.5 mg, 0.05
mmol) was placed in a 20-mL reaction flask and was heated with a
hair-dryer in vacuo for 2 min. After the color of the cobalt salt became
blue, anhydrous THF (3 mL) and (R,R)-1 (10 mg, 0.06 mmol) were
sequentially added under argon. The mixture was stirred for 3 min at
room temperature. Bromocyclohexane (163 mg, 1.0 mmol) was added.
Phenylmagnesium bromide (1.0 M THF solution, 1.2 mL, 1.2 mmol)

was then added over 5 s to thereaction mixture at 0°C. While the
Grignard reagent was being added, the mixture turned brown. After
being stirred for 15 min at 25°C, the reaction mixture was poured into
saturated ammonium chloride solution. The products were extracted
with hexane (20 mL× 2). The combined organic layer was dried over
Na2SO4 and concentrated. Silica gel column purification (hexane) of
the crude product provided cyclohexylbenzene (152 mg, 0.95 mmol)
in 95% isolated yield. The addition of phenylmagnesium bromide was
performed over 10 s in the 10 mmol scale reaction (1.39 g, 8.7 mmol,
87% yield).
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Scheme 5. Total Synthesis of AH13205
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