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ABSTRACT

An efficient and high-yielding cross-coupling reaction of various primary, secondary, and tertiary alkyl chlorides with aryl Grignard reagents was
achieved by using catalytic amounts of N-heterocyclic carbene ligands and iron salts. This reaction is a simple and efficient arylation method
having applicability to a wide range of industrially abundant chloroalkanes, including polychloroalkanes, which are challenging substrates under
conventional cross-coupling conditions.

Aryl and alkyl chlorides are abundant industrial feed-
stocks with annual global production on the order of
millions of tons.1 Significant progress has been made in
the development of synthetically valuable cross-coupling
reactions with aryl chlorides. These transformations are
extremely important for preparing aromatic compounds
in academic and industrial settings.2 However, alkyl chlo-
rides remain challenging substrates in cross-coupling reac-
tions, and they are not commonly used as electrophilic
coupling partners3 because the kinetic and thermody-
namic stability of non-activated sp3 carbon�chlorine bonds
toward transition-metal catalysts hampers efficient bond

reorganizations between the coupling partners.4 Recently,
considerable effort has been devoted to achieving useful
cross-coupling reactions with non-activated alkyl chlo-
rides. Several catalysts have been reported,5 but they are
mostly limited to primary alkyl electrophiles, and only
onemethod is applicable to secondary alkyl chlorides.5f
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Besides these other metal catalysts, iron catalysts have
recently proved to be remarkably effective for coupling
reactions of non-activated alkyl halides.6�8 Nonetheless,
these iron-catalyzed reactions are mainly applied to alkyl
bromides and iodides. Alkyl chlorides, especially primary
and tertiary ones, remain poor substrates with iron cata-
lysts. This is partly, but critically, owing to the reaction
mechanism of the iron-catalyzed cross-couplings of alkyl
halides, which are most likely radical-mediated.9

Herein, we report a versatile metal-catalyzed cross-
coupling method applicable to a variety of alkyl chlorides
with aryl Grignard reagents. The reactions are easily
carried out with catalytic amounts of FeCl3 andN-hetero-
cyclic carbene (NHC) ligands10,11 by the slow addition
technique developed by us previously8a,m,n (Figure 1).
We began by studying coupling reactions between

1-chlorodecane and phenylmagnesium bromide in the
presence of an iron salt12 and an NHC ligand. Table 1
summarizes the outcomes of the reactions with various
ligands and conditions.13Use of the IPr ligandand the slow
addition technique were the keys to obtaining the cross-
coupling product in high yield. In the absence of a ligand,
the desired coupling product 2 was obtained in 20% yield along with significant amounts of alkene and alkane

byproducts; thus, the product selectivity was quite low at
32% (Table 1, entry 1).While thewidely used IMes did not
work well (Table 1, entry 2), bulkier NHCs such as ItBu,
IAd, and IPr improved the product selectivity to as high as
80% and caused efficient conversion of 1 (Table 1, entries
3�5). A superior result was obtained when IPr 3HCl was
used as the NHC precursor (Table 1, entry 6). Further-
more, we found that without the slow addition technique,
the reaction provided 1-decene as the major product in
47% yield and gave the desired product with only 25%
selectivity (Table 1, entry 7). We tried to improve the
reaction further with the NHC ligand SIPr, but it proved
to be less effective than its unsaturated congener IPr
(Table 1, entry 8). On the basis of these results, we selected
IPr 3HCl with the slow addition technique as the condi-
tions for the rest of this study.
Table 2 presents the scope of the coupling reactionwith a

variety of alkyl chlorides. Primary alkyl chlorides were
coupled with various aryl Grignard reagents to give the
corresponding products in good to excellent yields.
Phenyl and para-substituted arylGrignard reagents gave

the coupling products in 83�92% yields (Table 2, entries

1�6). Excellent yields were obtained with the moderately

sterically demanding 2-tolyl- and 1-naphthylmagnesium

bromides (Table 2, entries 7, 8, and 13). Only the bulky

mesityl Grignard failed to yield product (Table 2, entry 9).

Sterics appear to hinder the reaction in cases of extreme

crowding. As in entries 10 and 11 (Table 2), the steric

hindrance at β-position to the reaction site did not much

affect the chemical yield, suggesting that the substation

proceeded via a non-SN2 mechanism.
Entries 14�24 (Table 2) show that the cross-coupling of

secondary alkyl chlorides proceeded smoothly to give the
corresponding coupling products in excellent yields. The
only poor reaction was again with the mesityl nucleophile.
Otherwise, steric or electronic factors did not significantly

Figure 1. Coupling reaction between alkyl chlorides and aryl
Grignard reagents in the presence of FeCl3 and NHC ligands.
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affect the selectivity, probably because a secondary car-
bon�chlorine bond is more susceptible to homolytic cleav-
age than a primary one. Phenylmagnesium chloride also gave
the desired products in good yields, showing that the bromide
ion derived from the Grignard reagent had no role in the
coupling reactions (Table 2, entries 2 and 15).While reactions
with tertiary alkyl chlorides were somewhat inconsistent,
cross-couplingswith adamantyl chloride gave the correspond-
ingproducts inhighyields (Table2, entries 26�28).Again, the
electronic effects of the aryl substituents were negligible.
Unfortunately, tert-butyl chloride gave the cross-coupling
product in only 12% yield, although the chloride substrate
was consumed smoothly (Table 2, entry 25).
The present method could be further applied to poly-

chlorinated alkanes such as 1,3-dihalogenated compounds
(Table 2, entries 29�31). In the presence of iron catalyst
and Grignard reagents, these polychlorinated alkanes
usually provide elimination and cyclization products.14 It
is interesting to note that the coupling reaction of 2,4,6-
trichloroheptane, amodel compoundof polyvinyl chloride
(PVC),15 gave the triply arylated product in good yield,
suggesting a role of this reaction in polymer functionalization.
To gain mechanistic insight into the cross-coupling

reaction, we conducted a stereochemical study using
diastereomerically pure R,β-[D2]-β-adamantylethyl chlo-
ride 55h with PhMgBr under the standard conditions

(Scheme 1). 1H NMR analysis revealed that the reaction
center completely epimerized to give a 1:1 mixture of
diastereomers, suggesting a radical intermediate. This

Table 2. Cross-Coupling Reaction of Various Alkyl Chlorides
with Arylmagnesium Halidesa

aThe reactionswere carried out on a 1�3mmol scale formonochloro
compounds, 0.5 mmol scale for dichloro compounds, and 0.33 mmol
scale for trichloro compounds under slow addition conditions. b 1.5 equiv
ofGrignard reagentwas used per atomof chlorine present in themolecule
unless otherwise noted. c Isolated yield. d 2.0 equiv of Grignard was used
per atom of chlorine present in the molecule. ePhMgCl was used instead
of PhMgBr. fGC yield with undecane as an internal standard. g ca. 99%
of recovery of the starting material. hNMR yield determined with
1,1,2,2-tetrachloroethane as an internal standard. i 1.6 equiv ofGrignard
reagent was used.

Table 1. Iron-Catalyzed Cross-Coupling Reaction of 1-Chloro-
decane with Phenylmagnesium Bromide

product yield (%)b RSMd

entrya ligand 2 3 4 coupling selectivity (%)c 1

1 none 20 18 24 32 31

2 IMes 31 18 31 39 0

3 ItBu 78 6 11 82 0

4 IAd 72 3 14 81 0

5 IPr 78 3 16 80 0

6 IPre 85 7 8 85 0

7 IPre,f 23 47 21 25 0

8 SIPr 59 7 21 68 0

aReactions were carried out on a 0.5�1.0 mmol scale under the
conditions described in Figure 1. bYields were determined by GC
analysis using undecane as an internal standard. c% Selectivity of the
coupling product 2 in all the products. dRecovery of starting material.
eNHC free carbene was prepared in situ by mixing equimolar amounts
of NHC 3HCl and PhMgBr at 0 �C for 5 min. fPhMgBr was added at
0 �C in a single aliquot and heated to 40 �C for 1.5 h.
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was in stark contrast with the Cu-catalyzed cross-coupling
reactions between alkyl chlorides and Grignard reagents
reported by Kambe and Terao, where the reactions pro-
ceeded with almost complete inversion of the stereochem-
istry at the reaction center, inferring an SN2 mechanism.5h

On the basis of these observations and results reported
previously by us and the other researchers, a plausible
mechanism is postulated in Scheme 2. Initial reduction of
FeCl3 with an arylGrignard reagent gives an iron(II) inter-
mediate.8hWe actually observed an induction period for the
coupling reaction during the addition of ca. 5 equiv of
ArMgBr to FeCl3, in which 3 equiv were used for the partial
reduction of FeCl3 to generate the biaryl and the other
2 equiv were used to generate two NHC ligands from the
corresponding imidazoliumsalt.16As shown inScheme2, the
iron(II) intermediate can be best described as a neutral
diaryliron possessing two NHC ligands,17 such as A. While
Amayormaynotbea reactive intermediate,weare currently
assuming that a ferrate(II) intermediate B is the catalytically
active speciesbecauseof itshigher reducingpotential than the
neutral species.18 Thus, homolytic cleavage of the sp3 car-
bon�chlorine bond and recombination of the resulting
elusive radical with an aryl ligand occur in a solvent cage to
give the coupling product while regenerating A.
In summary, we have developed an efficient iron-cata-

lyzed cross-coupling reaction and demonstrated its scope
with various primary, secondary, and tertiary alkyl chlo-
rides and aryl Grignard reagents. The method was also

effective for arylating polychloroalkanes that would form
byproducts under other conditions. This direct arylation
uses catalytic amounts of IPr and FeCl3 with our slow
addition method. Instead of requiring more costly bromo-
and iodoalkanes, our techniqueworkswith less costly alkyl
chlorides, extending the utility of the catalytic cross-cou-
pling of non-activated alkyl halides.
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Scheme 1. Cross-Coupling Reaction of Diastereomerically Pure
Alkyl Chloride to Study the Mechanism

Scheme 2. Plausible Mechanism for the Iron-Catalyzed Cross-
Coupling Reaction
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