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Nickel-Catalyzed Methylation of C¢H Bonds
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Abstract: Methylation of C(sp2)¢H bonds was achieved
through the NiII-catalyzed reaction of benzamides with phenyl-
trimethylammonium bromide or iodide as the source of the
methyl group. The reaction has a broad scope and shows high
functional-group compatibility. The reaction is also applicable
to the methylation of C(sp3)¢H bonds in aliphatic amides.

The transition-metal-catalyzed cross-coupling reaction has
emerged as one of the most reliable and versatile C¢C bond-
forming methods in organic synthesis.[1] Aryltrimethylammo-
nium salts were recently found to be applicable as an
electrophilic coupling partner in place of the extensively
used aryl halides or their pseudohalides in various catalytic
cross-coupling reactions as arylation reagents, especially in
Ni-catalyzed cross-coupling reactions (Scheme 1). Wenkert
and co-workers have reported Ni-catalyzed Kumada–Tamao

coupling with aryltrimethylammoinium iodide.[2] Later, Ni-
catalyzed Suzuki–Miyaura coupling,[3] Negishi coupling,[4]

amination,[5] and borylation[6] with aryltrimethylammonium
salts were reported. Quite recently, aryltrimethylammonium
triflates have been used as C¢H arylation reagents in the Pd-
catalyzed arylation of azoles.[7] Benzyltrimethylammonium
salts have also been used as benzylating reagents in cross-
coupling reactions.[6, 8] However, the use of ammonium salts as
methylation reagents in cross-coupling reactions has never
been reported (Scheme 1).[9] We report herein the Ni-
catalyzed methylation of C¢H bonds in aromatic amides
with phenyltrimethylammonium salts, which function as
methylation reagents.

The transition-metal-catalyzed functionalization of C¢H
bonds to other chemical bonds has great significance in
synthetic chemistry because of its high efficiency.[10] A wide
variety of direct functionalizations of C¢H bonds, including

arylation, alkylation, amination, hydroxylation, halogenation,
thionylation, borylation, and silylation, has been reported to
date. However, examples of the methylation of C¢H bonds
still remain rare compared to other extensively studied types
of C¢C bond formation, such as arylation, alkylation, and
allylation reactions, although methylation is fundamental in
medicinal chemistry; the biological and physical properties of
a drug can be greatly affected by the addition of just one
methyl group to a lead compound.[11] In 1984, Tremont
reported the PdII-mediated reaction of acetanilides with MeI,
which results in methylation at the ortho position.[12] A
catalytic version using MeI as the methylation reagent was
subsequently reported by several groups.[13,14] Organometallic
reagents, such as Me4Sn,[15] MeB(OH)2,

[16] MeMgCl,[17]

Me3Al,[18] Me2Zn,[19] peroxides,[20] and others,[21] can also be
used in the methylation of C¢H bonds. The development of
a methylating reagent that is easy to use and is not sensitive to
air continues to be a significant challenge. The present
reaction involves the first reported use of aryltrimethylam-
monium salts in catalytic transformations of C¢H bonds.[22]

Reaction of the aromatic amide 1a with 2 equivalents of
PhMe3N

+I¢ (mp 227 88C (subl.)) in the presence of Ni(OTf)2

and PPh3 in toluene at 160 88C for 14 h gave the methylation
product 2a in 88 % yield of isolated product (97% NMR
yield; Scheme 2). No arylation product (3) was detected.
When the reaction was carried out in the absence of PPh3, 2a
was obtained in 37 % NMR yield. The reaction was signifi-
cantly affected by the nature of the base used: NaHCO3 gave
92% NMR yield, Li2CO3 0%, K2CO3 40 %, NaOtBu 0%, and
no base 0%. When the reaction was carried out at 140 88C, 2a
was obtained in 88% NMR yield, along with recovered 9%
1a. It was found that PhMe3N

+Br¢ showed comparable
reactivity; using PhMe3N

+Br¢ gave 2 a in 90 % yield of
isolated product, along with a small amount of recovered 1a.
No reaction occurred when PhMe3N

+PF6
¢ was used. Curi-

ously, tetramethylammonium iodide also showed no reactiv-
ity.

Scheme 1. Cross-coupling reactions with aryltrimethylammonium salts.

Scheme 2. Phenyltrimethylammonium iodide as the C¢H methylation
reagent in the Ni-catalyzed reaction of aromatic amides.
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The scope of this methylation reaction with respect to the
amides was investigated (Table 1). The reaction shows
a broad substrate scope and high functional-group tolerance.
A wide variety of functional groups, such as methoxy,
benzyloxy, siloxy, acetoxy, fluoride, chloride, iodide, ketone,
and trifluoromethyl groups, were tolerated. In the case of
meta-substituted aromatic amides, the less hindered C¢H
bond was methylated exclusively.

The present system was applicable to the methylation of
C(sp3)¢H bonds (Scheme 3). The addition of MesCOOH
resulted in an increased product yield. The reaction of 20 gave
the methylation product 21 in 68% yield of isolated product,
along with 4% dimethyl isomer 22 and 14 % recovered 20.
The phenylation product 23 was not formed.

The deuterated amide 1a-d7 was reacted with PhMe3NI
for 0.5 h under otherwise standard reaction conditions
(Scheme 4). As observed in the case of C¢H alkylation and
arylation reactions,[14, 23, 24] a significant amount of H/D
exchange occurred at the ortho position (52 %H) in the
recovered amide, even after 0.5 h. This result indicates that
cleavage of the C¢H bonds is fast and reversible and thus
unlikely to be the rate-determining step in the reaction.

The reaction is not completely inhibited by the addition of
the radical trapping reagent TEMPO. When 1 equivalent of
TEMPO was used, 2a was produced in 53 % yield along with
19% recovered 1 a. Even when 3 equivalents of TEMPO were
used, 2a was obtained in 16% yield along with 31%
recovered 1a. In both cases, the methyl TEMPO ether was
not detected and an as yet unidentified product was formed in
small amounts. The results suggest that an intermediate free-

Table 1: Ni-catalyzed methylation of C¢H bonds with phenyltrimethyl-
ammonium iodide.[a]

Amide Product[b]

[a] Reaction conditions: amide (0.3 mmol), PhMe3NI (0.6 mmol), Ni-
(OTf)2 (0.03 mmol), PPh3 (0.06 mmol), Na2CO3 (0.6 mmol) in toluene
(1 mL) at 160 88C for 14 h. [b] Yield of isolated product. [c] Isolated by GPC
after column chromatography. [d] At 140 88C. [e] For 24 h.

Scheme 3. Phenyltrimethylammonium iodide as the C¢H methylation
reagent in the Ni-catalyzed reaction of aliphatic amide 20.

Scheme 4. H/D exchange when using 1a-d7.
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radical species does not appear to be involved in this
methylation system.

A proposed mechanism involving a NiII/NiIV catalytic
cycle is shown in Scheme 5, which is essentially the same as
that proposed for C¢H alkylation and arylation reac-
tions.[14, 23,24] The coordination of the N(sp2) atom to the NiII

complex followed by ligand exchange on the N(sp3) atom
gives complex B. Cleavage of the ortho C¢H bonds gives the
nickelacycle C, and this step is accelerated by Na2CO3.
Oxidative addition of PhMe3NI, followed by reductive
elimination to give E, which undergoes protonation, results
in the formation of the methylation product with regeneration
of the NiII species.

The most curious issue is why phenylation does not take
place in this system, since aryltrimthylammonium salts are
known to serve as arylation reagents in various cross-coupling
reactions with the aid of a Ni catalyst.[2–6] Our experimental
results indicate that phenylation did not take place under the
reaction conditions when using the NiII complex as the
catalyst precursor, and the reported fact that phenyltrime-
thylammonium salts function as phenylation reagents in
various cross-coupling reactions when using Ni0 complexes
suggest that Ni0 is not a key catalytic species in the present
methylation reaction. The Ph¢N bond in PhMe3N

+I¢ does not
undergoes oxidative addition to the NiII center in complex C,
probably because the NiII species is not sufficiently nucleo-
philic to participate in the oxidative addition compared to Ni0.
Instead, a Me¢N bond undergoes oxidative addition through
an SN2-type mechanism. Alternatively, oxidative addition of
MeI, which may be generated by the thermal decomposition
of PhMe3N

+I¢ , cannot be excluded as a possibility.[25]

The 8-aminoquiloline moiety in 19 was easily removed by
hydrolysis under basic conditions to give the corresponding
carboxylic acid 24 in 88% yield of isolated product
(Scheme 6).

In summary, we report the development of a highly
efficient process for the methylation of C¢H bonds using

phenyltrimethlammonium bromide or iodide as the methyl-
ation reagent. A combination of a NiII catalyst and an 8-
aminoquinoline directing group facilitates the reaction. The
reaction displays a broad substrate scope and high functional-
group tolerance.

Experimental Section
2-methyl-N-(8-quinolyl)benzamide (1a, 78.7 mg, 0.3 mmol),
PhMe3NI (158 mg, 0.6 mmol), Ni(OTf)2 (10.7 mg, 0.03 mmol), PPh3

(15.7 mg, 0.06 mmol), Na2CO3 (63.6 mg, 0.6 mmol) and toluene
(1 mL) were added to an oven-dried 5 mL screw-capped vial in
a glove box. The mixture was stirred for 14 h at 160 88C followed by
cooling. The resulting mixture was filtered through a celite pad and
the filtrate concentrated in vacuo. The residue was purified by column
chromatography on silica gel (eluent: hexane/EtOAc = 20:1) to
afford the desired methylated product 2a (73.1 mg, 88 %) as a white
solid.

Acknowledgements

This work was supported, in part, by a Grant-in-Aid for
Scientific Research on Innovative Areas “Molecular Activa-
tion Directed toward Straightforward Synthesis” from The
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and by JST Strategic Basic Research Programs
“Advanced Catalytic Transformation Program for Carbon
Utilization (ACT-C)” from Japan Science and Technology
Agency.

Keywords: C¢H activation · chelation assistance · methylation ·
nickel · phenyltrimethylammonium iodide

How to cite: Angew. Chem. Int. Ed. 2016, 55, 3162–3165
Angew. Chem. 2016, 128, 3214–3217

[1] Recent reviews on cross-coupling reactions: a) A. Suzuki, Y.
Yamamoto, Chem. Lett. 2011, 40, 894; b) E. Negishi, Angew.
Chem. Int. Ed. 2011, 50, 6738; Angew. Chem. 2011, 123, 6870.

[2] a) E. Wenkert, A.-L. Han, C.-J. H. Jenny, J. Chem. Soc. Chem.
Commun. 1988, 975; b) The same coupling with a palladium
catalyst: J. T. Reeves, D. R. Fandrick, Z. Tan, J. J. Song, H. Lee,
N. K. Yee, C. H. Senanayake, Org. Lett. 2010, 12, 4388; c) K. R.
Buszek, N. Brown, Org. Lett. 2007, 9, 707; d) The same coupling
with an iron catalyst: W.-J. Guo, Z.-X. Wang, Tetrahedron 2013,
69, 9580.

[3] S. B. Blakey, D. W. C. MacMillan, J. Am. Chem. Soc. 2003, 125,
6046.

[4] a) L.-G. Xie, Z.-X. Wang, Angew. Chem. Int. Ed. 2011, 50, 4901;
Angew. Chem. 2011, 123, 5003; b) X.-Q. Zhang, Z.-X. Wang, J.
Org. Chem. 2012, 77, 3658; c) Q. Zhang, X.-Q. Zhang, Z.-X.
Wang, Dalton Trans. 2012, 41, 10453; d) X. Yang, Z.-X. Wang,

Scheme 5. Proposed mechanism.

Scheme 6. Hydrolysis of the methylation product.

Angewandte
ChemieCommunications

3164 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 3162 –3165

http://dx.doi.org/10.1246/cl.2011.894
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/ange.201101380
http://dx.doi.org/10.1039/c39880000975
http://dx.doi.org/10.1039/c39880000975
http://dx.doi.org/10.1021/ol1018739
http://dx.doi.org/10.1021/ol063027h
http://dx.doi.org/10.1016/j.tet.2013.09.039
http://dx.doi.org/10.1016/j.tet.2013.09.039
http://dx.doi.org/10.1021/ja034908b
http://dx.doi.org/10.1021/ja034908b
http://dx.doi.org/10.1002/anie.201100683
http://dx.doi.org/10.1002/ange.201100683
http://dx.doi.org/10.1021/jo300209d
http://dx.doi.org/10.1021/jo300209d
http://dx.doi.org/10.1039/c2dt30886j
http://www.angewandte.org


Organometallics 2014, 33, 5863; e) D. Wu, J.-L. Tao, Z.-X. Wang,
Org. Chem. Front. 2015, 2, 265.

[5] X.-Q. Zhang, Z.-X. Wang, Org. Biomol. Chem. 2014, 12, 1448.
[6] H. Zhang, S. Hagihara, K. Itami, Chem. Eur. J. 2015, 21, 16796.
[7] F. Zhu, J.-L. Tao, Z.-X. Wang, Org. Lett. 2015, 17, 4926.
[8] P. Maity, D. M. Shacklady-McAtee, G. P. A. Yap, E. R. Sirianni,

M. P. Watson, J. Am. Chem. Soc. 2013, 135, 280.
[9] a) Quite recently, tetrabutylammonium tribromide was reported

as a bromination reagent in the Ru-catalyzed reaction of meta
C¢H bonds in 2-arylpyridine: C. J. Teskey, A. Y. W. Lui, M. F.
Greaney, Angew. Chem. Int. Ed. 2015, 54, 11677; Angew. Chem.
2015, 127, 11843; b) Tetramethylammonium triflate can be used
for cyclopropanation: S. A. Kînzi, J. M. Sarria Toro, T. den Har-
tog, P. Chen, Angew. Chem. Int. Ed. 2015, 54, 10670; Angew.
Chem. 2015, 127, 10817.

[10] Recent selected reviews on the chelation-assisted functionaliza-
tion of C¢H bonds: a) K. M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu,
Acc. Chem. Res. 2012, 45, 788; b) D. A. Colby, A. S. Tsai, R. G.
Bergman, J. A. Ellman, Acc. Chem. Res. 2012, 45, 814; c) P. B.
Arockiam, C. Bruneau, P. H. Dixneuf, Chem. Rev. 2012, 112,
5879; d) G. Rouquet, N. Chatani, Angew. Chem. Int. Ed. 2013,
52, 11726; Angew. Chem. 2013, 125, 11942; e) F. Mo, J. R. Tabor,
G. Don, Chem. Lett. 2014, 43, 264; f) M. Zhang, Y. Zhang, X. Jie,
H. Zhao, G. Li, W. Su, Org. Chem. Front. 2014, 1, 843; g) N. Kuhl,
N. Schrçder, F. Glorius, Adv. Synth. Catal. 2014, 356, 1443;
h) S. D. Sarkar, W. Liu, S. I. Kozhushkov, L. Ackermann, Adv.
Synth. Catal. 2014, 356, 1461; i) F. Zhang, D. R. Spring, Chem.
Soc. Rev. 2014, 43, 6906; j) G. Qiu, J. Wu, Org. Chem. Front.
2015, 2, 169; k) L. C. Misal Castro, N. Chatani, Chem. Lett. 2015,
44, 410.

[11] A review on the methyl effect: H. Schçnherr, T. Cernak, Angew.
Chem. Int. Ed. 2013, 52, 12256; Angew. Chem. 2013, 125, 12480.

[12] a) S. J. Tremont, H. U. Rahman, J. Am. Chem. Soc. 1984, 106,
5759; b) J. S. Mccallum, J. R. Gasdaska, L. S. Liebeskind, S. J.
Tremont, Tetrahedron Lett. 1989, 30, 4085.

[13] a) D. Shabashov, O. Daugulis, J. Am. Chem. Soc. 2010, 132, 3965;
b) M. J. Jang, S. W. Youn, Bull. Korean Chem. Soc. 2011, 32,
2865; c) Y. Zhao, G. Chen, Org. Lett. 2011, 13, 4850; d) L. D.
Tran, O. Daugulis, Angew. Chem. Int. Ed. 2012, 51, 5188; Angew.
Chem. 2012, 124, 5278; e) S.-Y. Zhang, G. He, W. A. Nack, Y.
Zhao, Q. Li, G. Chen, J. Am. Chem. Soc. 2013, 135, 2124; f) S. Y.
Zhang, Q. Li, G. He, W. A. Nack, G. Chen, J. Am. Chem. Soc.
2013, 135, 12135; g) L. C. Misal Castro, N. Chatani, Chem. Eur. J.
2014, 20, 4548; h) R.-Y. Zhu, J. He, X.-C. Wang, J.-Q. Yu, J. Am.
Chem. Soc. 2014, 136, 13194.

[14] Y. Aihara, J. Wîlbern, N. Chatani, Bull. Chem. Soc. Jpn. 2015,
88, 438.

[15] X. Chen, J.-J. Li, X.-S. Hao, C. E. Goodhue, J.-Q. Yu, J. Am.
Chem. Soc. 2005, 127, 78.

[16] B: a) R. Giri, N. Maugel, J.-J. Li, D.-H. Wang, S. P. Breazzano,
L. B. Saunders, J.-Q. Yu, J. Am. Chem. Soc. 2007, 129, 3510;
b) H.-X. Dai, A. F. Stepan, M. S. Plummer, Y.-H. Zhang, J.-Q.
Yu, J. Am. Chem. Soc. 2011, 133, 7222; c) J. A. Romero-Revilla,
A. Garc�a-Rubia, R. G. Array�s, M. ß. Fern�ndez-Ib�Çez, J. C.
Carretero, J. Org. Chem. 2011, 76, 9525; d) S. R. Neufeldt, C. K.
Seigerman, M. S. Sanford, Org. Lett. 2013, 15, 2302; e) B. R.
Rosen, L. R. Simke, P. S. Thuy-Boun, D. D. Dixon, J.-Q. Yu, P. S.
Baran, Angew. Chem. Int. Ed. 2013, 52, 7317; Angew. Chem.
2013, 125, 7458.

[17] a) Q. Chen, L. Ilies, N. Yoshikai, E. Nakamura, Org. Lett. 2011,
13, 3232; b) K. Graczyk, T. Haven, L. Ackermann, Chem. Eur. J.
2015, 21, 8812.

[18] R. Shang, L. Ilies, E. Nakamura, J. Am. Chem. Soc. 2015, 137,
7660.

[19] L. Ilies, S. Ichikawa, S. Asako, T. Matsubara, E. Nakamura, Adv.
Synth. Catal. 2015, 357, 2175.

[20] Y. Zhang, J. Feng, C.-J. Li, J. Am. Chem. Soc. 2008, 130, 2900.
[21] a) B. Yao, R.-J. Song, Y. Liu, Y.-X. Xie, J.-H. Li, M.-K. Wang, R.-

Y. Tang, X.-G. Zhang, C.-L. Deng, Adv. Synth. Catal. 2012, 354,
1890; b) F. Pan, Z.-Q. Lei, H. Wang, H. Li, J. Sun, Z.-J. Shi,
Angew. Chem. Int. Ed. 2013, 52, 2063; Angew. Chem. 2013, 125,
2117; c) J. Gui, Q. Zhou, C.-M. Pan, Y. Yabe, A. C. Burns, M. R.
Collins, M. A. Ornelas, Y. Ishihara, P. S. Baran, J. Am. Chem.
Soc. 2014, 136, 4853.

[22] Phenyltrimethylammonium hydroxide is used in GC on-column
methylation: F. Shadkami, R. Helleur, J. Anal. Appl. Pyrolysis
2010, 89, 2.

[23] Y. Aihara, N. Chatani, J. Am. Chem. Soc. 2013, 135, 5308.
[24] A. Yokota, Y. Aihara, N. Chatani, J. Org. Chem. 2014, 79, 11922.
[25] The reaction in the absence of the substrate 1a under otherwise

standard reaction conditions quantitatively gave PhNMe2. The
generation of MeI was observed, however, the amount could not
be confirmed because of its low boiling point. The use of MeI in
place of PhMe3NI gave a mixture of the expected product 2a and
the N-methylation product. In sharp contrast, the reaction of 1a
with PhMe3NI did not give the N-methylation product.

Received: December 3, 2015
Published online: January 28, 2016

Angewandte
ChemieCommunications

3165Angew. Chem. Int. Ed. 2016, 55, 3162 –3165 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/om500452c
http://dx.doi.org/10.1039/C4QO00321G
http://dx.doi.org/10.1039/c3ob41989d
http://dx.doi.org/10.1002/chem.201503596
http://dx.doi.org/10.1021/acs.orglett.5b02458
http://dx.doi.org/10.1021/ja3089422
http://dx.doi.org/10.1002/anie.201504390
http://dx.doi.org/10.1002/ange.201504390
http://dx.doi.org/10.1002/ange.201504390
http://dx.doi.org/10.1002/anie.201505482
http://dx.doi.org/10.1002/ange.201505482
http://dx.doi.org/10.1002/ange.201505482
http://dx.doi.org/10.1021/ar200185g
http://dx.doi.org/10.1021/ar200190g
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1246/cl.131154
http://dx.doi.org/10.1039/C4QO00068D
http://dx.doi.org/10.1002/adsc.201400197
http://dx.doi.org/10.1039/C4CS00137K
http://dx.doi.org/10.1039/C4CS00137K
http://dx.doi.org/10.1039/C4QO00207E
http://dx.doi.org/10.1039/C4QO00207E
http://dx.doi.org/10.1246/cl.150024
http://dx.doi.org/10.1246/cl.150024
http://dx.doi.org/10.1002/anie.201303207
http://dx.doi.org/10.1002/anie.201303207
http://dx.doi.org/10.1002/ange.201303207
http://dx.doi.org/10.1021/ja00331a073
http://dx.doi.org/10.1021/ja00331a073
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.5012/bkcs.2011.32.8.2865
http://dx.doi.org/10.5012/bkcs.2011.32.8.2865
http://dx.doi.org/10.1021/ol201930e
http://dx.doi.org/10.1002/anie.201200731
http://dx.doi.org/10.1002/ange.201200731
http://dx.doi.org/10.1002/ange.201200731
http://dx.doi.org/10.1021/ja312277g
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1021/ja406484v
http://dx.doi.org/10.1021/ja508165a
http://dx.doi.org/10.1021/ja508165a
http://dx.doi.org/10.1246/bcsj.20140387
http://dx.doi.org/10.1246/bcsj.20140387
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja201708f
http://dx.doi.org/10.1021/jo2018137
http://dx.doi.org/10.1021/ol400888r
http://dx.doi.org/10.1002/anie.201303838
http://dx.doi.org/10.1002/ange.201303838
http://dx.doi.org/10.1002/ange.201303838
http://dx.doi.org/10.1021/ol2011264
http://dx.doi.org/10.1021/ol2011264
http://dx.doi.org/10.1002/chem.201501134
http://dx.doi.org/10.1002/chem.201501134
http://dx.doi.org/10.1021/jacs.5b04818
http://dx.doi.org/10.1021/jacs.5b04818
http://dx.doi.org/10.1002/adsc.201500276
http://dx.doi.org/10.1002/adsc.201500276
http://dx.doi.org/10.1021/ja0775063
http://dx.doi.org/10.1002/adsc.201101009
http://dx.doi.org/10.1002/adsc.201101009
http://dx.doi.org/10.1002/anie.201208362
http://dx.doi.org/10.1002/ange.201208362
http://dx.doi.org/10.1002/ange.201208362
http://dx.doi.org/10.1021/ja5007838
http://dx.doi.org/10.1021/ja5007838
http://dx.doi.org/10.1016/j.jaap.2010.05.007
http://dx.doi.org/10.1016/j.jaap.2010.05.007
http://dx.doi.org/10.1021/ja401344e
http://dx.doi.org/10.1021/jo501697n
http://www.angewandte.org

