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ABSTRACT: Methylation of unactivated alkyl halides and
acid chlorides under Ni-catalyzed reductive coupling con-
ditions led to efficient formation of methylated alkanes and
ketones using methyl p-methyl tosylate as the methylation
reagent. Moderate to excellent coupling yields as well as
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excellent functional group tolerance were observed under the present mild and easy-to-operate reaction conditions.

M ethyl groups are the smallest carbon substituents that play
important roles in many medicinal compounds such as in
the top-selling drug Seretide' and in materials such as
poly(methyl methacrylate) and poly(propylene oxide)s.” In
addition to the conventional coupling of methyl halides with
alkyl or aryl metallic reagents,” methylation on aryl and alkyl
carbons can also be realized via transition-metal-catalyzed
coupling of Me-metallic nucleophiles with organoelectro-
philes.*"® Therein, the methyl and more hindered alkyl
nucleophiles generally illustrate similar reactivities in the C—C
bond-forming process. For instance, Jarvo reported that
methylation of chiral benzylic ethers led to asymmetric
production of benzylic methanes, which can be extended to
more sterically bulky alkyl groups.® Another notable protocol to
benzyl-Me compounds disclosed by Shi emphasizes the reaction
of benzyl alcohol with MeS Recently, methylation of aryl carbons
can also be accessed through aryl C—H bond activation
protocols.” Methylation via C—H activation of sp> carbons is
also disclosed; however, it was often a constraint to directing
group-assisted Pd-catalyzed methods.®

In light of the recent development of nickel-catalyzed
reductive coupling of alkyl electrophiles with other electrophiles
that have been disclosed by us and others,” "> we reasoned that
direct coupling of methyl electrophiles with other organo halides
would provide a more straightforward means to methylated
products. Interestingly, methylation of other electrophiles with
methyl electrophiles under the well-developed reductive
coupling conditions has not been revealed (Scheme 1, eq 1).
This is possibly due to rapid dimerization or hydrodehalogena-
tion of the most accessible methyl electrophile source, e.g., Mel.
Indeed, investigation of the coupling of Mel with aryl, allyl, and
alkyl electrophiles proved to be ineffective under the Ni-
catalyzed, zinc-mediated reductive coupling conditions that have
been developed from our laboratory for unactivated alkyl
halides.”

Previously, we have developed an efficient cross-coupling of
two unactivated alkyl halides by employing bis(pinacolato)-
diboron as the terminal reductant, in which only 1.5 equiv of
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Scheme 1. Ni-catalyzed Reductive Coupling of Alkyl Halides
with Methyl p-Tosylate
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primary bromldes was employed for coupling with secondary
bromides.'* Meanwhile, we examined the coupling of 4-bromo-
1-tosylpiperidine (1) with n-heptyl tosylate, which delivered the
desired product in a low yield."* The formation of a C(sp®)—
C(sp®) bond using primary alkyl tosylate suggests that it might be
possible to develop an efficient method for methylation of alkyl
halides with methyl tosylate, wherein the distinctive reactivity of
methyl tosylate may allow the nickel catalyst to effectively bias
the two coupling partners. Herein, we describe the achievement
of this objective, specifically, nickel-catalyzed coupling of methyl
p-toluenesulfonate with alkyl bromides, that occurs under very
mild conditions as shown in eq 2 (Scheme 1). In addition,
reductive alkylation of acid chlorides with MeOTs was also
investigated and proved to be effective.

At the outset, the reaction conditions for Ni-catalyzed
reductive coupling of two alkyl electrophlles (alkyl # Me) was
tested for the coupling of MeOTs with 1."* The desired product
2 was obtained in a trace amount (Table 1, entry 1). However,
under similar conditions using NiCl,-glyme as the precatalyst,
compound 2 was obtained in 56% yield (entry 2). Use of 2 equiv
of MeOTs resulted in a lower yield (entry 3). Further
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Table 1. Optimization for the Coupling of 1 and MeOTs

Ni source (10%)
o e+ weors s )ove

ligand (10%), B,Pin, (200%)
MeOLi (250%)
solvent, 40 °C, 16 h

1 (1.5 equiv) 2
entry” catalyst ligand solvent yield® (%)
1 Nil, 3a NMP 6
2 NiCl,-glyme 3a NMP 56
3 NiCl,-glyme 3a NMP 47¢
4 NiCl,-glyme 3b NMP SS
S NiCl,-glyme 3c NMP S5
6 NiCl,-glyme 3d NMP 49
7 NiCl,-glyme 4 NMP 21
8 NiCl,-glyme S NMP 65
9 NiCl,-glyme 6 NMP 33
10 NiCl,-glyme 7 NMP 7
11 NiBr,-diglyme S NMP 68
12 Ni(COD), 3 NMP 65
13 NiCl,-glyme s NMP/iPr,0 = 7:3 85
14 NiCl,-glyme 5 DMA/iPr,0 = 7:3 71
15 NiCl,-glyme S NMP/MeCN = 7:3 80

“Reaction conditions: 1 (100 mol %, 0.15 M in NMP), MeOTs (150
mol %), NiCl,-glyme (10 mol %), B,(Pin), (200 mol %), ligand (10
mol %), MeOLi (250 mol %), NMP (1 mL). “Yields were determined
by using GC—MS with 1-tosylpyrrolidine as an internal standard
(calibrated). “2.0 equiv of MeOTs.

examination of the ligands, e.g, 3b—d and 4-7, indicated $
(Figure 1) to be optimal (entries 4—10), generating 2 in 65%

@@

3a:R=H
3b: R =OMe
3c:R=Cl 4 5
3d: R=Ph

Figure 1. Structures of ligands.

yield (entry 8). With ligand S, other Ni sources were generally
inferior, except Ni(COD), and NiBr,-diglyme which gave 2 with
comparable results (entries 11 and 12). Finally, extensive
examination of solvents showed that a mixture of NMP/iPr,O
in aratio of 7:3 is optimal (entries 13—15), which gave rise to 2 in
a best 85% yield (entry 13). Under the optimized conditions for
1, the iodo analogue, 4-iodo-1-tosylpiperidine, was less effective
and only resulted in 2 in 64% yield. The employment of Mel in
place of MeOTs led to a trace amount of product. Under the
optimized reaction conditions, coupling of 1 with other
sulfonates such as methyl phenylsulfonate, methyl methylsulfo-
nate, and methyl trifluorosulfonate was inferior to MeOTs
(Scheme 2).

With the optimized reaction conditions being identified
(Table 1, entry 13), we examined the scope of secondary and
primary alkyl bromides (Figure 2). A variety of cyclic and open-
chain secondary and primary halides were competent with the
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Scheme 2. Coupling of 1 with Other Methyl Sulfonates
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Figure 2. Examples of methylation of various alkyl halides. (a) Isolated
yields. (b) Yields were determined by 'H NMR analysis of an
inseparable mixture of product and hydrodehalogenation byproduct
using PhATMS as internal standard (calibrated). (c) The ratio of product
to hydrodehalogenation byproduct was determined by 'H NMR
analysis.

reductive coupling conditions, generally giving methylation
products 9—18 in moderate to good yields, where a wide range
of functional groups including ester, ketone, indole, phthalimide,
and sterically dense 2-TBDPS-protected silyl ether are tolerated.
3-Methyl-1-tosylpyrrolidine 18 was also achieved in moderate
yield, where the bromo substrate often suffers from a f-H
elimination issue. The unprotected TsNH group underwent
methylation on the nitrogen as evident in 19, which
consequently resulted in a poor yield for 19. While the sterically
more hindered primary alkyl bromides, e.g, 20, gave poor
coupling yield, moderate to good yields for the methylation of
less hindered primary bromides were generally observed, e.g., in
21-32. Interestingly, the Cbz-protected free amine did not
undergo N-methylation as evident in 30. Again, excellent
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functional group compatibility was observed for methylation of
primary alkyl bromides including conjugated alkene as in 27.

Similarly, with MeOTs being the methylation reagent, we
examined the possibility of methylation of allylic carbonate, aryl
bromide, and acid chlorides under the standard conditions
developed by our laboratory (Scheme S1, Supporting
Information).”>®'>'¢ Whereas the allyl and aryl electrophiles
failed to generate methylation products (Scheme S1, Supporting
Information), 4-Methoxy benzoyl chloride provided the desired
ketone product in 27% yield in the presence of Bu,NI (Scheme
S1, Supporting Information).'® Extensive optimization of the
reaction parameters enabled us to boost the yield to 60% by using
15% of Ni(acac),, 15% of 5,5’-dimethyl-2,2-bipyridine (8), and
1.5 equiv of acid chlorides and MgCl, in THF/CH,CN (v/v,
4:1) (Scheme 3).

Scheme 3. Optimized Reaction Conditions for Methylation of
4-Methoxybenzoyl Chloride

Ni(acac), (15%), 8 (15%)
Zn (300%), MgCl, (200%)

v Mo cocl TBAI (50%) o
e MeO
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Application of the optimized methyl ketone formation
conditions to a variety of aryl acid chlorides were explored,
generating 33—43. In general, the aryl rings bearing electron-
donating substituents displayed better coupling efficiency than
those containing electron-withdrawing groups by delivering
moderate to good yields as evident in Figure 3. The use of methyl
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Figure 3. Examples of methylation of various aryl acid chlorides. (a)
Isolated yields. (b) Yields were determined by "H NMR analysis using
PhTMS as an internal standard (calibrated).

4-(chlorocarbonyl)benzoate only resulted in a trace amount of
ketone product 44. Finally, the alkyl acid, e.g., 3-phenylpropanoyl
chloride, only provided the ketone 45 in low yield.

In our previous studies, we have demonstrated that under the
Ni/(Bpin), reductive coupling conditions in situ formation of
alkyl-Bpin followed by Suzuki mechanism is not operative."*
Similarly, we have also illustrated that the coupling of alkyl-Zn
reagents with aryl acid chlorides is a slower process than
reductive coupling ketone formation.”® Indeed, while MeBpin
did not give the coupling product, MeZnI was much less effective
than MeOTs.'® Consequently, we believe that the present
methylation of alkyl halides should not involve in situ formation
of methyl-Bpin."” In the reductive ketone-forming process, the

formation of methyl-Zn reagent cannot be excluded, but it should
not dominate the reaction process. The reason why MeOTs is
suited for methylation is possibly due to relatively slow formation
of MeX (X = Cl, Br arising from NiCl, or alkyl bromides) under
the conditions of methylation of alkyl halides and Mel in ketone
formation, which avoids rapid dimerization of MeX (X = I, C|,
Br) due to their low concentrations. This hypothesis is in
agreement with our previously proposed mechanisms for alkyl—
alkyl (Ni/Bpin) and ketone-forming reactions.”™'* The former
case involves oxidative addition of first Rlalkyl—X to Ni(I)—Bpin
followed by reductive elimination of Bpin—X to give Rlalkyl—
Ni(I). Subsequent oxidative addition of R* ;=X to R' ., —Ni(T)
gives R'y;—Ni(Il[)— R%;, which delivers the product upon
reductive elimination (Scheme 4)."* Successful cross-coupling of

Scheme 4. Proposed Catalytic Cycle for Methylation of Alkyl
Halides

Ln
RI-Nill-x
1 I }
R X%' Bpin Y X-Bpin
L-Ni'-Bpin

R'-Ni'—L,

LiOMe
(Bpin),
Lo-Niky %
R2-Y
:& e
R1_R2

|
R1_[\Iﬁn|_|_n
Y

two alkyl halides would require a matched oxidative addition
rates for the two coupling partners. Therefore, a low
concentration of MeX (X = Cl, Br) should guarantee a low
oxidative addition rate for MeX so as to match the oxidative
addition rate for a second yet more hindered alkyl halide.
Consequently, rapid dimerization of MeX can be avoided. For
ketone synthesis, the proposed mechanism suggests that
oxidative addition of acid chlorides to Ni(0) needs to be faster
than that of MeX.”® A low concentration of MeX X=1)is
therefore pivotal to reduce the oxidative addition rate of MeX to
Ni(0).

In summary, we have identified methyl tosylate as an excellent
methylation reagent for reductive coupling with unactivated alkyl
halides and aryl acid chlorides, which allows efficiently
installation of a methyl group for alkyl-methyl and ketone
formation. The reactions avoid in situ formation of methyl zinc
reagents which generally inhibit the reductive coupling process.
The easy-to-operate and mild conditions may provide
applications for preparation of compounds of interests.
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