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A nickel pincer complex is found to catalyze alkyl—alkyl Kumada coupling reactions of 1,3- and 1,4-substituted cyclohexyl halides and
tetrahydropyrans with an excellent diastereoselectivity. The mechanistic investigation of the coupling reactions provides evidence that the

activation of alkyl halides is reversible.

Current advances in transition metal catalysis have
transformed the challenging alkyl—alkyl cross-coupling
into a synthetically applicable method for constructing
new C—C bonds.' ~ The value of this method can be greatly
enhanced if the reactions are rendered stereoselective. While
remarkable progress has been made in enantioselective
alkyl—alkyl coupling,” diastereoselective cross-coupling of
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this type is largely unexplored. Until now, high diastereos-
electivity was observed primarily for the coupling of
1,2-substituted cyclic substrates.” Herein we report
the nickel-catalyzed cross-coupling of 1,3- and 1,4-
substituted cyclohexyl halides and tetrahydropyrans
with alkyl Grignard reagents. High diastereoselectivity is
achieved using a bulky catalyst and conformational control.

Knochel and co-workers recently developed highly dia-
stereoselective Negishi coupling of 1,3- and 1,4-substituted
cyclohexylzinc reagents with aryl, heteroaryl, and alkynyl
halides.** These pioneering studies demonstrated power-
ful diastereocontrol using the conformational preference
of Pd-cyclohexyl intermediates, which were produced by
transmetalation of a Pd catalyst with cyclohexyl zinc
reagents. We reasoned that analogous nickel cyclohexyl
intermediates might be generated through oxidative addi-
tion of cyclohexyl halides on a nickel catalyst. If the
activation of cyclohexyl halides occurs via a radical process
(which is often the case), then diastereoselective alkyl—alkyl
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coupling might be achieved by nickel catalysis (Scheme S1,
Supporting Information).

Complexes 1 and 2 (Scheme 1) were chosen as catalysts
after we previously showed them to be efficient for alkyl—
alkyl Kumada coupling reactions.°® The coupling of
4-methylcyclohexyl iodide with "BuMgCl was examined
using the previously published protocols (Scheme 1A).
Catalyst 2 was more efficient for the coupling of secondary
alkyl halides, and a 3 mol % loading was sufficient for a high
coupling yield. Comparatively, a 9 mol % loading of 1 was
required for a similar coupling yield. trans-1-Butyl-4-
methylcyclohexane was produced as the major isomer using
either catalyst. The diastercoselectivity of the reaction was
excellent using 1 as the catalyst (dr = 96:4) but was modest
with 2 as the catalyst (dr = 70:30). The pincer N,N ligand in
1 seems to be sufficiently bulky to induce high diastercos-
electivity, while it was shown that the lutidine ligand
dissociated from 2 during catalysis.® The ligand environ-
ment of the nickel center might be considered less sterically
hindered in 2 than in 1, which could lead to a lower
diastereoselectivity. The coupling of 3-methylcyclohexyl
iodide with "BuMgCl was also examined (Scheme 1B). cis-
1-Butyl-3-methylcyclohexane was the major isomer
of the product using either catalyst. Catalyst 1 again
enabled excellent diastereoselectivity (dr = 98:2), while
catalyst 2 resulted in modest diastereoselectivity
(dr = 72:28).

Scheme 1. Test Reactions in Diastereoselective Alkyl—Alkyl
Kumada Coupling
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Table 1. Scope of Nickel-Catalyzed Diastereoselective Kumada
Coupling of Alkyl Halides”
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“Standrad conditions: The Grignard reagent (0.6 mmol) in THF
(3.5 mL) was added by Syringe pump over 2 h to a solution of 1 (15 mg,
9 mol %) and alkyl halide (5 mmol) in DMA (0.75 mL) at —20 °C.
Reaction time: 30 min. > GC yield. ¢ Isolated yield. “ Modified conditions:
The Grignard reagent was added to a solution of 1 (15 mg, 9 mol %),
TMEDA (25 uL), and alkyl halide (5 mmol) in THF (1 mL) at —20 °C.
“The other isomer was not observed by NMR. /Standard conditions
except at rt.  Modified conditions except at rt.
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The scope of the diastereoselective alkyl—alkyl Kumada
coupling was explored using 1 as the catalyst (Table 1). A
large number of alkyl Grignard reagents could be used,
with generally high yields. For 1,4-substituted substrates,
the major product is always the rtrans-isomer; for 1,3-
substituted substrates, the major product is always the
cis-isomer. The dr was nearly independent of the nature of
the Grignard reagent. The coupling of "PentylMgCl and
"OctylMgCl compared to the coupling of "BuMgCl gave
identical dr values, that is, 96:4 with 4-methylcyclohexyl
iodide (entries 1—2, Table 1) and 98:2 with 3-methylcyclo-
hexyl iodide (entries 6—7, Table 1). BuMgCl was coupled
with similar dr values (entries 3 and 8, Table 1). Grignard
reagents with an aryl group were successfully coupled,
although a modification of experimental conditions was
required to obtain reasonable isolated yields (entries
4,5,9,10, Table 1). An ester group was able to control the
conformation of the nickel-cyclohexyl intermediates as
well. Thus, coupling of ethyl 4-iodocyclohexanecarboxy-
late and ethyl 3-iodocyclohexanecarboxylate gave a dr of
90:10 (entries 11 and 12, Table 1). The lower dr compared
to those of methyl-substituted derivatives is consistent with
alower A4 value for ester (4 = 1.2—1.3) than for CH3 (4 =
1.74).° This result confirms that the diastereoselectivity of
the coupling reactions is linked to the conformational
preference of the remote substituents. Gratifyingly, the
coupling of tetrahydropyran derivatives was also success-
ful (entries 13, 14, 17, 18, Table 1). The dr reached >99:1
for the coupling of 3¢, which is consistent with the high 4
value of the C¢H;s group (4 = 2.8 on cyclohexane and even
larger on tetrahydropyran).” Alkyl bromides could be
coupled with high dr values (=94:6, entries 15— 18, Table 1).
These reactions were conducted at rt to ensure high
yields, and as a result, the dr values are slightly lower than
those from the corresponding alkyl iodides at —20 °C.
While this work focuses on alkyl—alkyl coupling, the
method described here could be modified' for diastereo-
selective alkyl—aryl coupling®!!' as well. Coupling of 3a
and 3b with PhMgCl was achieved in good yields and high
dr (entries 19 and 20, Table 1). When 3-methyl-1-iodocy-
clopentane (3e) was coupled to "BuMgCl, the yield was
87%, but the dr was only 55:45 (entry 21, Table 1). The low
diastereoselectivity is consistent with the similar energies of
different conformers for cyclopentane derivatives.’

The origin of the diastereoselectivity was probed by
several experiments. The diastereoselectivity was indepen-
dent of the dr ratio of the substrates. When a 80:20 cis/trans
mixture of 4-methylcyclohexyl iodide was coupled to
"BuMgCl, the dr of the product was 96:4, the same as that
of the coupling of an 70:30 cis/trans mixture of 4-methyl-
cyclohexyl iodide (Scheme 1A). Likewise, when a 20:80
cis/trans mixture of 3-methylcyclohexyl iodide was coupled
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to "BuMgCl, the dr of the product was the same (98:2) as
that of the coupling of a 43:57 cis/trans mixture of
3-methylcyclohexyl iodide (Scheme 1B).

The coupling of 3-methylcyclohexyl iodide with
"BuMgCl was followed at partial conversions. "BuMgCl
was slowly added by a syringe pump over 1 h to the reaction
mixture, and the quantities of the substrates and products
were determined by GC (Figure 1, top). The dr of the
product was 98:2 throughout the reaction. Interestingly,
the amount of cis-3-methylcyclohexyl iodide increased
initially before the eventual decrease to give the coupling
product. The initial increase, albeit small, was always
observed in multiple reaction trails. The amount of trans-
3-methylcyclohexyl iodide decreased at all times.

To further confirm the initial increase of the amount of
cis-3-methylcyclohexyl iodide, the kinetic profile of the
coupling of 3-methylcyclohexyl iodide with "BuMgCl was
followed in the first 5 min. Because the coupling was fast
and completed quickly after the addition of the Grignard
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Figure 1. (Top) Reaction profile of the coupling of 3-methylcy-
clohexyl iodide with "BuMgCl. (Bottom) Kinetic profile of the
coupling of 3-methylcyclohexyl iodide with "BuMgCl.

reagent, a 3-fold dilution in the initial concentrations of
the reagents was necessary to enable the measurements.
Again, the amount of cis-3-methylcyclohexyl iodide was
found to increase during this time (Figure 1, bottom).
Control experiments showed that MgBr, and Nal do not
mediate the isomerization, pointing to an essential role of
the nickel catalyst in the isomerization.
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Figure 2. A rationale for observed diastereoselectivity.

These observations suggested that the activation of
3-methylcyclohexyl iodide was reversible in the current
catalytic system. The reverse reaction, however, gave cis-3-
methylcyclohexyl iodide as the major product because it is
thermodynamically more stable. Therefore, at a low con-
version, an increase in the quantity of cis-3-methylcyclo-
hexyl iodide could be observed.

The aforementioned observations all point to the inde-
pendence of the diastereoselectivity on the dr ratio of the
substrates. We have reported evidence that the alkyl—alkyl
Kumada coupling reactions catalyzed by 1 and 2 occurred
via a radical process.”® A radical-based mechanism would
be consistent with the results described here. It is noted that
in the presence of a radical inhibitor, TEMPO, the yields of
the coupling of 4-methylcyclohexyl iodide and 3-methyl-
cyclohexyl iodide with "BuMgCl catalyzed by 1 decreased
to ca. 46%, but the dr remained the same.'? Figure 2
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reaction occurs via a radical process.
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depicts a rationale for the diastereoselectivity of the coupling
reactions, using 3a and 3b as examples. The activation of
cyclohexyl halides by a nickel catalyst generated a cyclohexyl
radical. The substituents would prefer an equatorial position.
When the carbon radical recombines with a nickel center, the
nickel-ligand fragment might take either the axial or the
equatorial position. In general, the equatorial position is
preferred, and the ratio of axially and equatorially bound
nickel intermediates depends on the steric property of the
catalyst. A concerted C—C reductive elimination is known to
be stereo-conservative'> and would lead to the enrichment of
the trans product in the 1,4-substituted substrates and the cis-
product in the 1,3-substituted substrates.'*

In conclusion, we have developed a nickel-catalyzed
diastereoselective alkyl—alkyl Kumada coupling method
for 1,3- and 1,4-substituted cyclohexyl halides and tetra-
hydropyrans. Excellent diastercoselectivity is achieved
using the nickel pincer catalyst 1. The diastereoselectivity
is controlled by the conformational preference of the
nickel-alkyl intermediates. Fortuitously, we have also
obtained evidence for the reversible activation of alkyl
halide in the nickel catalysis, which provides significant
information for mechanistic considerations of the nickel-
catalyzed cross-coupling of nonactivated alkyl halides.'?
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