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C O N S P E C T U S

Transition metal-catalyzed cross-coupling reactions of organic
halides and pseudo-halides containing a C-X bond (X ) I,

Br, Cl, OTf, OTs, etc.) with organometallic reagents are among
the most important transformations for carbon-carbon bond
formation between a variety of sp, sp2, and sp3-hybridized car-
bon atoms.

In particular, researchers have widely employed Ni- and Pd-catalyzed cross-coupling to synthesize complex organic struc-
tures from readily available components. The catalytic cycle of this process comprises oxidative addition, transmetalation,
and reductive elimination steps. In these reactions, various organometallic reagents could bear a variety of R groups (alkyl,
vinyl, aryl, or allyl), but the coupling partner has been primarily limited to sp and sp2 carbon compounds: alkynes, alk-
enes, and arenes. With alkyl coupling partners, these reactions typically run into two problems within the catalytic cycle.
First, oxidative addition of alkyl halides to a metal catalyst is generally less efficient than that of aryl or alkenyl com-
pounds. Second, the alkylmetal intermediates formed tend to undergo intramolecular �-hydrogen elimination.

In this Account, we describe our efforts to overcome these problems for Ni and Pd chemistry. We have developed new
catalytic systems that do not involve M(0) species but proceed via an anionic complex as the key intermediate. For exam-
ple, we developed a unique cross-coupling reaction of alkyl halides with organomagnesium or organozinc reagents cata-
lyzed by using a 1,3-butadiene as the additive. This reaction follows a new catalytic pathway: the Ni or Pd catalyst reacts
first with R-MgX to form an anionic complex, which then reacts with alkyl halides. Bis-dienes were also effective addi-
tives for the Ni-catalyzed cross-coupling reaction of organozinc reagents with alkyl halides. This catalytic system tolerates
a wide variety of functional groups, including nitriles, ketones, amides, and esters.

In addition, we have extended the utility of Cu-catalyzed cross-coupling reactions. With 1-phenylpropyne as an addi-
tive, Cu-catalyzed reactions of alkyl chlorides, fluorides, and mesylates with Grignard reagents proceed efficiently.

These new catalytic reactions use π-carbon ligands such as π-allyl units or alkynes instead of heteroatom ligands such
as phosphines or amines. Overall, these reactions provide new methodology for introducing alkyl moieties into organic
molecules.

Introduction
Transition metal-catalyzed cross-coupling reactions

of organic halides and pseudo-halides containing

a C-X bond (X ) I, Br, Cl, OTf, OTs, etc.) with

organometallic reagents are among the most

important transformations for carbon-carbon

bond formation between a variety of sp, sp2, and

sp3-hybridized carbon atoms.1 For constructing

new alkyl chains, of particular note are the Pd-

and Ni-catalyzed cross-couplings using alkyl Grig-

nard reagents and alkylzincs2 and the Cu medi-

ated cross-couplings, especially the Cu-catalyzed

version permitting alkyl-alkyl coupling of wide

applicability.3 During the past decade, remarkable

progress has been brought about in cross-coupling

using alkyl halides by many groups using various

transition metal catalysts.4 Alkyl halides have now

become even more promising candidates as sub-

strates in transition metal catalyzed reactions.
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Transition metal complexes are usually classified broadly

into three groups: neutral, cationic, and anionic complexes.

The former two have been widely used as catalysts for organic

synthesis at both bench and industrial scale, while synthetic

applications of anionic complexes is less well-developed.

Anionic complexes formed by the reaction of neutral com-

plexes with organometallic reagents possess high electron

densities. Consequently, it is expected that the nucleophilic-

ity at the metal center or π-carbon ligands, as well as the elec-

tron-donating ability of the anionic complexes, would be

enhanced in comparison with the corresponding neutral com-

plexes. Our interest was to create new catalytic systems for

transition metal-catalyzed cross-coupling reactions using alkyl

halides by use of an anionic complex. During the course of

this study, we have demonstrated that an anionic Ni, Pd, or Cu

complex plays an important role in cross-coupling reactions of

alkyl halides with Grignard or organozinc reagents in the pres-

ence of a π-carbon ligand (Scheme 1).

Ni-Catalyzed Cross-Coupling Reaction
Using Alkyl Halides in the Presence of
1,3-Butadiene
n-Decyl bromide did not react with n-butylmagnesium chlo-

ride at 0 °C but gave 35% yield of cross-coupling product

under reflux conditions along with 31% yield of n-decane and

4% yield of 1-decene (Scheme 2). When the reaction was car-

ried out in the presence of NiCl2 as a catalyst, tetradecane was

obtained in only 2% yield, and significant amounts of decane

and decenes were formed. However, when isoprene was

added to this system, a big change occurred and, on increas-

ing the amount of isoprene, the yield of cross-coupling prod-

uct increased and the formation of decane and decene was

suppressed.5

As shown in Scheme 3, the use of nickel complexes bear-

ing phosphine ligands, such as NiCl2(PPh3)2, NiCl2(dppp), and

NiCl2(dppf) resulted in the decrease of yields of tetradecane.

Under similar conditions, FeCl3 and CoCl2(dppe) were

ineffective.

The effect of additives is summarized in Scheme 4. Unsub-

stituted 1,3-butadiene shows the highest activity for this cross-

coupling reaction. 2,3-Dimethyl-1,3-butadiene, alkynes, and

alkenes are far less effective under the same conditions. Opti-

mization of the reaction revealed that use of 1 mol % NiCl2
and 10 mol % 1,3-butadiene based on the halides at 0 °C

afforded desired coupling products quantitatively in 30 min.

Aryl and secondary alkyl Grignard reagents also afforded

the corresponding products in moderate to good yields. This

cross-coupling reaction proceeds efficiently by using alkyl

tosylates (Scheme 5). Reaction of (bromomethyl)cyclopropane

with n-Oct-MgCl gave nonylcyclopropane as the sole coupling

product in 87% yield without formation of 1-dodecene, which

may arise from ring-opening of the cyclopropylmethyl radi-

cal.6 This result rules out a radical mechanism.7 Interestingly,

alkyl chlorides can also undergo this cross-coupling reaction,

giving rise to the desired products in high yields. This is the

first example of cross-coupling reactions using unactivated

alkyl chlorides catalyzed by transition metals.8 The present

catalytic system is highly advantageous, particularly for large-

scale production, since the reaction proceeds efficiently using

less expensive alkyl chlorides as the reagent, NiCl2 as the cat-

alyst, and 1,3-butadiene as the additive instead of using phos-

phines or other heteroatom ligands.

It is noteworthy that (sp2)C-Br bonds are tolerant to the

present system. This remarkable difference in reactivity

between (sp3)C-Br bond and (sp2)C-Br bond prompted us to

perform a site-selective sequential cross-coupling reaction

SCHEME 1. Ni-, Pd- or Cu-Catalyzed Cross-Coupling Reaction Using
Alkyl Halides in the Presence of a π-Carbon Ligand

SCHEME 2. Effect of Isoprene as an Additive

SCHEME 3. Effect of Catalysts

SCHEME 4. Effect of π-Carbon Ligands
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using dibromide 1 (Scheme 6). Into a solution of 2 prepared

in situ from 1 according to our method were added dppp (5

mol %) and o-tolyl Grignard reagent (0.75 mmol). After the

mixture was stirred at 55 °C for 18 h, the desired coupling

product 3 was obtained in 82% yield, in which n-propyl and

o-tolyl groups are introduced site selectively to the phenethyl

skeleton.

No reaction took place with secondary alkyl bromides

under similar conditions as in Scheme 5. This reactivity allows

the successful synthesis of 2-octyl bromide (5) in high yield by

using 1,4-dibromopentane and n-propyl Grignard reagent

(Scheme 6). As a synthetic application of this reaction, 5 was

subjected to successive C-C bond formation by Ni-catalyzed

three-component coupling developed separately.9 Into a solu-

tion of 5 prepared in situ from 4 were added dppf (16 mol %),

2,3-dimethyl-1,3-butadiene (1.2 mmol), and Grignard reagent

(1.5 mmol). After the reaction was stirred at 25 °C for 18 h,

the corresponding three-component coupling product 6 was

obtained in 64% yield (Scheme 6).

To shed light on the mechanism, we carried out a stoichio-

metric reaction of Ni(COD)2 with n-decyl bromide in the pres-

ence of isoprene. After the reaction was stirred at 25 °C for 30

min, n-decyl bromide was recovered unchanged (eq 1). This

result may imply that the present coupling reaction does not

involve a process of oxidative addition of alkyl halides to Ni(0)

giving alkyl-Ni-X under these conditions.

We then performed a reaction of NiBr2 with 2 equiv of

n-octylmagnesium chloride in the presence of 1,3-butadiene

at 25 °C for 15 min. Octane and 1-octene were formed in

55% and 45% yields, respectively; however, the homocou-

pling product, n-hexadecane, was not obtained. This result

also suggests that our cross-coupling reaction does not involve

an oxidative addition intermediate (n-Oct-Ni-Br), which

should arise from a reaction of NiBr2 with n-octylmagnesium

chloride (eq 2).

A proposed reaction pathway is depicted in Scheme 7. Ni(0)

reacts with 2 molar amounts of 1,3-butadiene to afford the

bis(η3-allyl)nickel complex 7,10 which reacts with Grignard

reagents to form the anionic bis(η1,η3-allyl)nickel complex 8.11

This complexation might enhance the nucleophilicity of Ni

toward alkyl halides. A coupling product is formed by nucleo-

philic substitution of alkyl halides by the attack of the nickel

in 8 yielding the dialkylnickel complex 9, which undergoes

reductive elimination to give the product or direct substitu-

tion via 9′ . In this system, cationic magnesium of the nick-

elate 8 would act as Lewis acid and accelerate the cleavage

of C-X bonds by a strong Mg-X interaction. 1,3-Butadienes

play an important role to convert Ni(0) to Ni(II) complex 7,

which is inert toward organic halides but readily reacts with

R-MgX′ to form an anionic complex 8. Complex 8 is coordi-

nately saturated, and thus, �-hydrogen elimination process is

suppressed. 2,3-Dimethyl-1,3-butadiene can also form a sim-

ilar bis(η3-allyl)nickel complex, but it is thermodynamically less

stable than the complexes of 1,3-butadiene or isoprene and

cannot promote the catalytic reaction. This is supported by the

evidence that rates of Ni-catalyzed dimerization of butadienes,

which involves similar bis-π-allyl Ni intermediates, decrease in

the order 1,3-butadiene > 2-methyl-1,3-butadiene > 2,3-di-

methyl-1,3-butadiene. Besides, the 2,3-dimethyl-1,3-butadi-

SCHEME 5. Scope of Ni-Catalyzed Cross-Coupling Using Alkyl
Halides

SCHEME 6. Site-Selective Seqential Cross-Coupling Using
Unsymmetrical Dibromides
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ene complex might be less reactive toward R-MgX′ due to

steric reasons hindering formation of anionic complexes.

As shown in Scheme 7, the present reaction proceeds via

a new catalytic pathway; that is, the Ni catalyst in this sys-

tem reacts first with R-MgX′ to form an anionic complex and

then with alkyl halides. This is in large contrast to conven-

tional cross-coupling reactions using Ni or Pd, where low-va-

lent metals react first with halides and then with R-MgX′.

Ni-Catalyzed Cross-Coupling Reaction
Using Alkyl Fluorides in the Presence of
1,3-Butadiene
The successful result of cross-coupling reaction using alkyl

chlorides prompted us to examine alkyl fluorides as the sub-

strate. Theoretical calculations by the G2 method using Gauss-

ian 98 program on the thermodynamic properties of coupling

reaction (Me-X + R-MgCl to Me-R + X-MgCl) suggests that

alkyl fluorides are not unfavorable energetically as substances

for reactions with R-MgCl. Calculated bond energies of

X-MgCl are 142, 112, and 101 kcal/mol and those of Me-X

are 112, 85, and 74 kcal/mol for X ) F, Cl, and Br, respec-

tively. Consequently, energy differences between these two

bonds for F, Cl, and Br are similar (30, 28, and 27 kcal/mol,

respectively), indicating that the formation of a strong F-MgCl

bond can compensate for destabilization arising from C-F

bond cleavage.

The reaction of n-octyl fluoride with n-PrMgBr did not take

place at rt even in the presence of Ni catalysts such as

(PPh)3NiCl2, (dppf)NiCl2, and NiCl2. Addition of 1,3-butadiene

was also found to be effective giving rise to cross-coupling

products (Scheme 8). On increasing the amount of 1,3-buta-

diene up to 100 mol %, the yield of undecane improved to

64%. However, further increase of 1,3-butadiene did not lead

to improvement of the product yield.12 This is probably

because, under high concentrations of 1,3-butadiene, Ni(0)

reacts with more than two 1,3-butadiene molecules to give

nickel-butadiene trimer complexes resulting in low concen-

trations of bis(η3-allyl)nickel complex (Scheme 9).13

Since it is known that tetraenes react with Ni(0) species

exclusively to form bis(η3-allyl)nickel complexes, we exam-

ined the effect of tetraene as an additive.14 The yield was dra-

matically improved by the use of only 0.6 mol % of Ni

catalyst and 15 mol % of tetraene 10 (eq 3).15 This result pro-

vides supporting evidence for the intermediary of bis(η3-al-

lyl)nickel complexes.

We then examined the relative reactivities of alkyl halides

(RX; X ) F, Cl, Br) by competitive experiments using

n-C5H11MgBr. The reactivities of alkyl halides increase in the

order chloride < fluoride < bromide (eq 4). When this reac-

tion was carried out at 0 °C, the selective formation of n-pen-

tadecane from decyl bromide was observed. The strong

interaction between leaving F anion and Mg cation at the tran-

sition state to form 9 from 8 or as exemplified by 9′ in

Scheme 7 would explain the rapid reaction of alkyl fluorides

in comparison to alkyl chlorides where a much weaker Cl-Mg

interaction is expected. As a related system, for the reaction

of alkyl-X with R2CuLi, it is proposed that interaction between

Li and X plays an important role in C-X bond fission.16

SCHEME 7. Proposed Catalytic Cycle for the Case of 1,3-Butadiene
as an Additive

SCHEME 8. Cross-Coupling Reaction of Alkyl-F

SCHEME 9. Reaction of Ni(0) with 1,3-Butadiene and Tetraenes
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This reactivity allows selective synthesis of 1-tridecyl fluo-

ride by the cross-coupling reaction of 1-fluoro-9-bromononane

with n-BuMgCl. We undertook sequential C-C bond forma-

tion by successive Ni-catalyzed alkylative dimerization of vinyl

Grignard reagents using thus formed alkyl fluoride (eq 5).17

Into a THF solution of tridecyl fluoride formed in situ from

1-bromo-9-fluorononane were added an excess amount of

vinyl Grignard reagent (1.5 mmol) and PPh3 (10 mol %). After

the reaction was stirred at 25 °C for 4 h followed by quench-

ing with 1 N HCl, the desired coupling product 3-methylhexa-

decene was obtained in 98% yield.

Ni-Catalyzed Cross-Coupling Using
Organozinc Reagents
A serious drawback of the cross-coupling reaction using Grig-

nard reagents is the limited tolerance of functional groups due

to the high reactivity of Grignard reagents. Thus, we tried to

extend this catalytic system to organozinc reagents instead of

Grignard reagents.18 Although our Ni-butadiene system could

be applied to Negishi-type cross-coupling reactions, only mod-

erate yields of coupling products were obtained even in the

presence of large amounts of butadiene. We could also solve

this problem again by employing tetraenes as additives

(Scheme 10).

This catalytic system tolerates ketones, esters, nitriles, and

amides. Secondary alkylzinc and alkyl tosylate can also

undergo this reaction efficiently under mild conditions

(Scheme 11).

A proposed reaction pathway is shown in Scheme 12 for

the case of organozinc reagents. Bis(η3-allyl)nickel complex 11
is formed by the oxidative cycloaddition of Ni(0) with two

butadiene moieties of a tetraene 10. Organozinc reagent

attacks 11 to generate anionic (η1,η3-allyl)nickel complex 12,

which then reacts with alkyl halides to give 13. Subsequent

reductive elimination affords the coupling product along with

11 to complete the catalytic cycle. Selective and efficient for-

mation of 11 from Ni(0) and 10 in comparison to the case of

1,3-butadiene would facilitate the generation of ate complex

12. These tetraene ligands have broadened the scope of

reagents, both of the alkyl halides and of the organometallic

reagents, and dramatically improved the efficiency of the Ni-

catalyzed cross-coupling reaction.
SCHEME 10. Ni-Catalyzed Cross-Coupling Reaction Using Et2Zn

SCHEME 11. Ni-Catalyzed Cross-Coupling Reaction Using
Organozinc Reagents

SCHEME 12. Proposed Catalytic Cycle for the Case of a Tetraene
as an Additive
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Pd-Catalyzed Cross-Coupling Reaction
Using Alkyl Halides in the Presence of
1,3-Butadiene
Palladium also catalyzes the cross-coupling reaction of alkyl

tosylates and bromides with Grignard reagents in the pres-

ence of 1,3-butadiene as an additive.19 Because alkyl chlo-

rides were somewhat more sluggish in Pd-catalyzed reactions,

selective synthesis of the alkyl chloride from 6-chlorohexyl

tosylate could be achieved (eq 6). When NiCl2 was used as

catalyst under the same conditions, the dialkylated product

was obtained in 13% yield. Pd catalyst afforded better yields

than Ni for the reaction of aryl and sec-alkyl Grignard reagents

(eq 7). This Pd-catalyzed cross-coupling would proceed by a

similar pathway via the corresponding bis(η3-allyl)palladium

complex as proposed for the Ni-catalyzed reaction shown in

Scheme 7.

Cross-Coupling Reaction Using Bis(η3-
allyl)metal Complexes as Catalysts
Cross-coupling of alkyl bromides or tosylates with Grignard

reagents proceeds in the presence of a catalytic amount of

bis(η3-allyl)nickel or -palladium complexes as a catalyst with-

out using butadienes (Scheme 13).20 Bis(η3-allyl)palladium

complex afforded a moderate yield of cross-coupling prod-

uct, and bis(η3-allyl)nickel catalyst showed much higher activ-

ity. It was also revealed that two allyl ligands are essential to

attain high yields of the cross-coupling products. However,

PdCl2 and (η3-allyl)palladium chloride gave less than 10%

yield of cross-coupling product along with significant amounts

of decane and decenes. These results suggest that while both

allyl groups on the metal play important roles, the ethylene

tether (CH2CH2) between two allyl ligands of 7 in Scheme 7

is not essential. A proposed reaction pathway similar to

Scheme 7 is depicted in Scheme 14.

To confirm the validity of this pathway, we examined the

stoichiometric reaction of alkyl halides with the anionic com-

plex 15. Into a solution of bis(η1,η3-allyl)palladate complex

(15′),21 generated by the reaction of bis(η3-allyl)palladium22

with EtMgBr, was added n-hexyl bromide at -60 °C. After 2 h

at the same temperature, NMR analysis showed formation of

nearly equal amounts of octane and bis(η3-allyl)palladium

(14′) (eq 8). It should be noted that no evidence for the for-

mation of coupling products involving an allyl group such as

1-pentene or 1-nonene was detected, suggesting that

alkyl-alkyl reductive elimination proceeds exclusively from

16. This fact is consistent with evidence that reductive elimi-

nation of R-H from (PPh3)2Pt(H)R proceeds preferentially with

alkyl groups compared with an allyl group.23

Cu-Catalyzed Cross-Coupling Reaction
Using Alkyl Chorides and Fluorides
Cu-catalyzed cross-coupling reaction of alkyl halides or sul-

fonates with alkyl Grignard reagents has become one of the

most straightforward methods for constructing methylene

chains.3 However, no successful application to alkyl chlorides

and fluorides is available.24 This is probably due to the strong

C-Cl or C-F bond compared with C-I and C-Br bonds. In

2003, we reported the first example of Cu-catalyzed cross-

coupling reactions of nonactivated alkyl fluorides with Grig-

SCHEME 13. Bis(η3-allyl)metal-Catalyzed Cross-Coupling Reaction

SCHEME 14. Proposed Catalytic Cycle for the Case of Bis(η3-
allyl)metal as an Catalyst
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nard reagents in the presence of 1,3-butadienes as additives

under mild conditions (eq 9).12 Interestingly, alkyl chlorides

are less reactive than fluorides and gave only 3% yields of the

cross-coupling products from octyl chloride under the same

conditions of eq 9.

For the cross-coupling reaction of primary alkyl fluorides

with Grignard reagents in the presence of 1,3-butadiene, CuCl2
and CuCl showed the highest activities. The coupling product

was obtained in 20% yield even in the absence of 1,3-buta-

diene at 25 °C for 6 h; however, prolonged reaction times did

not improve the yield (Scheme 15). Isoprene, tetraene 10, and

diphenylacetylene were less effective under these conditions.

1-Octene, styrene, 2,3-dimethyl-1,3-butadiene, and 1,5-cyclo-

octadiene were also ineffective. When the reaction was car-

ried out at -20 °C, the coupling reaction proceeded slowly

without significant loss of catalytic activity even in the absence

of 1,3-butadiene resulting in formation of undecane in 68%

yield after 48 h.

In 2007, we reported that Cu-catalyzed cross-coupling reac-

tions of alkyl chlorides with primary, secondary, and tertiary

alkyl and phenyl Grignard reagents proceeded efficiently in

the presence of 1-phenylpropyne as additive.25 For example,

n-nonyl chloride reacted with nBuMgCl in the presence of a

catalytic amount of CuCl2 and 1-phenylpropyne under THF

reflux conditions for 6 h to give tridecane in >98% yield. In

the absence of 1-phenylpropyne, tridecane was obtained in

only 3% yield and 95% of n-nonyl chloride was recovered.

Li2CuCl4 alone was not effective either toward n-nonyl chlo-

ride; however, in the presence of 1-phenylpropyne, 86% yield

of tridecane was obtained in refluxing THF.

The effects of other 1-arylalkynes in the present cross-cou-

pling reaction were examined (Scheme 16). On increasing the

length of the alkyl chain from methyl to butyl, the yield of

tridecane gradually decreased. The o-methyl substituent on

the aryl ring decreased the yield; however, the p-methyl sub-

stituent did not affect the reaction. These results suggest that

the present cross-coupling reaction is sensitive to steric hin-

drance around the C-C triple bond of alkynes.

As illustrated in Scheme 5, Ni-catalyzed cross-coupling reac-

tions of a primary alkyl chloride with n-BuMgCl in the pres-

ence of 1,3-butadiene afforded a good yield of the product.

However, this reaction using alkyl chlorides cannot be applied

to s- and t-butyl and aryl Grignard reagents. On the other

hand, Cu-catalyzed cross-coupling reactions proceed efficiently

using a variety of alkyl and phenyl Grignard reagents, as

shown in Scheme 17. In addition, all yields are higher than

98% yield for n-C9H19-X (X ) F, Br, and OTs26) regardless of

the nature of the Grignard reagent. However, methyl and vinyl

Grignard reagents did not give coupling products in good

yields.

To examine the relative reactivities of alkyl halides (alkyl-X;

X ) F, Cl, Br) in the present reaction, we performed the fol-

lowing competitive experiments. To a mixture of equimolar

amounts of n-octyl fluoride, n-nonyl chloride, and n-decyl bro-

mide were added CuCl2, 1-phenylpropyne, and a THF solu-

tion of n-BuMgCl. After the reaction was stirred for 30 min in

THF at reflux, GC analysis of the resulting mixture indicated

the selective formation of tetradecane in 98% yield along with

2% yield of dodecane (eq 10). A similar reaction using only

alkyl fluorides and chlorides gave dodecane and tridecane in

95% and 5% yields, respectively. These results indicate the

reactivity of alkyl halides to be in the order chloride < fluo-

ride < bromide.

We then attempted a site-selective sequential cross-cou-

pling reaction using dihaloalkanes. When a reaction of

SCHEME 15. Cu-Catalyzed Cross-Coupling Reactions Using Alkyl
Fluorides

SCHEME 16. Effect of Internal Alkyne

SCHEME 17. Cu-Catalyzed Cross-Coupling Reactions Using 1-
Phenyl-1-Propyne as an Additive
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1-bromo-6-chlorohexane (17) with n-BuMgCl (1.1 equiv) was

conducted in the presence of catalytic amounts of CuCl2 and

1-phenylpropyne at 0 °C for 15 min followed by successive

addition of t-BuMgCl (1.3 equiv), nearly quantitative yield of

2,2-dimethyldodecane (18) was obtained along with less than

1% of tetradecane (19) (eq 11). The use of s-BuMgCl instead

of n-BuMgCl under the identical conditions as in eq 11 pro-

duced 2,2,9-trimethylundecane (20) in 96% yield accompa-

nied by 2% yield of 2,2,9,9-tetramethyldecane (21) (eq 12).

Stereochemistry of the reaction of primary alkyl fluoride

was examined using pure R,�-d2-�-adamantylethyl chloride

22 and PhMgBr (eq 13). The 1H NMR analysis of the prod-

ucts indicated that substitution occurs primarily with inver-

sion of configuration with ca. 10:1 selectivity.27 This result

suggests that cross-coupling reactions of primary alkyl fluo-

rides proceeds predominantly via an SN2 mechanism.

Although the role of 1-phenylpropyne in the present cat-

alytic reaction has not been clarified yet, a proposed reac-

tion pathway is shown in Scheme 18. Coordination of

alkynes to the thermally unstable alkylcopper(I) intermedi-

ates 2328 would form more stable alkyne-alkylcopper(I)

complex 2429 and a bis(alkyne)copper(I) complex 26.30 The

complex 26 might be a resting state of the catalyst, because

high concentrations of alkynes retarded the reaction. Com-

plexation of alkyne-alkylcopper(I) complex 24 with Grig-

nard reagent forms an ate complex 25, which would react

with alkyl halides as a key species in the present cross-

coupling reaction.31

Concluding Remarks
We have developed a unique cross-coupling reaction system

using 1,3-butadiene derivatives, where the metal catalyst

reacts first with R-MgX to form an anionic complex and then

with alkyl halides. This is similar to Cu-catalyzed reactions but

in strong contrast to conventional cross-couplings using Ni or

Pd with phosphine ligands. We have also achieved the effi-

cient Cu-catalyzed cross-coupling of alkyl chlorides by the use

of 1-phenylpropane as an additive. The present catalytic sys-

tems have several advantages over conventional systems for

large scale production since the reaction proceeds efficiently

under mild conditions using less expensive Ni, Pd, and Cu

salts as the catalysts and hydrocarbon additives instead of het-

eroatom ligands involving N, P, S, etc.
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