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Reductive C2-Alkylation of Pyridine- and Quinoline-N-Oxides

Using Wittig Reagents

Sangil Han,®! Prashant Chakrasali,” ! Jihye Park,”® Hyunjung Oh,” Saegun Kim,"® Kyuneun Kim, <!
Ashok Kumar Pandey,®® Sang Hoon Han,®® Soo Bong Han,*® and In Su Kim*#!

Abstract: The ability to alkylate pyridines and quinolines is important
for their further development as pharmaceuticals and agrochemicals,
and for other purposes. Herein we describe the unprecedented
reductive alkylations of pyridine- and quinoline-N-oxides using Wittig
reagents. A wide range of pyridine- and quinoline-N-oxides was
used to provide a variety of C2-alkylated pyridines and quinolines
with excellent site selectivities and functional-group compatibilities.
The sequential C-H functionalizations of pyridine- and quinoline-N-
oxides highlight the utility of the developed method. Detailed labeling
experiments were performed in order to understand the mechanism
of this process.

The ability to C-H alkylate a pyridine is attractive from the
perspectives of organic and medicinal chemistry because
alkylated pyridines have remarkable therapeutic potentials.l' In
particular, C2-methylated pyridines and quinolines are
recognized as ubiquitous heterocyclic core units that are found
in a variety of pharmaceuticals and agrochemicals.”! Over the
past few decades, a range of transition-metal-mediated C-H
alkylation reactions of pyridines have been intensively studied.!
In addition, much attention has been directed toward radical-
mediated C-H alkylations of pyridines using metal catalysts,
photocatalysts, and stoichiometric oxidants.”! However, from a
synthetic point of view, the formation of residual metal impurities
and inseparable regioisomers can pose additional barriers to
industrial and pharmaceutical applications. Therefore, it is highly
desirable to develop mild and selective methods for the
construction of C2-alkylated pyridine derivatives under metal-
free conditions. Pyridine-N-oxides have been used as synthetic
precursors for the formation of C2-functionalized pyridine
derivatives.®”! A variety of synthetic transformations using halo,
cyano, amino, phenoxy, thioalkyl, and phosphoryl groups have
been disclosed. However, regioselective C2-alkylations of
pyridine-N-oxides have rarely been described. For example,
Nicolaou et al. reported the C2-methylations of pyridine-N-
oxides using Tebbe's reagent (Scheme 1).! Grignard reagents
have also been used to prepare C2-alkylated pyridines through
nucleophilic additions to pyridine-N-oxides followed by
elimination.”? Very recently, Cho and coworkers demonstrated
site-selective alkylations of pyridine-N-oxides using 1,1-
diborylalkanes as alkylating reagents, to give C2-alkylated
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pyridines.®

The Wittig reaction, which is based on the reaction of an
aldehyde or ketone with a phosphonium ylide, is ranked among
the most important reactions for C-C bond formation.® In
addition, Wittig reagents have also been used as C-nucleophiles
in Michael additions and other alkylation reactions.!"® Moreover,
phosphonium salts have been applied to organocatalytic
Mannich-type - processes to afford aza-Morita—Baylis—Hillman
adducts.""! However, to the best of our knowledge, there are no
reports on C-H alkylation reactions of (hetero)aromatic
compounds using Wittig reagents. Herein, we describe the
transition-metal-free C—H alkylations of pyridine- and quinoline-
N-oxides using phosphonium salts as alkylating reagents to
furnish C2-alkylated pyridines and quinolines.
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Scheme 1. Metal-free site-selective C—H alkylations of pyridine-N-oxides.

Our study was initiated by examining the coupling of 2,2'-
bipyridine-N-oxide  (1a) with  methyltriphenylphosphonium
bromide (2a) under alkaline conditions, as summarized in Table
1. We were pleased to observe that 1a coupled with 2a in the
presence of KO'Bu (2 equiv.) in toluene at 80 °C to provide the
deoxygenated 6-methyl-2,2"-bipyridine (3a) in 51% yield (Table 1,
entry 1). However, other bases such as NaO'Bu, NaOMe, and
DBU were less effective in this transformation (Table 1, entries
2-4). Interestingly, MTBE (t-butyl methyl ether) as the solvent is
unique in its ability to facilitate the coupling reaction to afford the
C2-methylated pyridine derivative 3a in 66% yield (Table 1,
entries 5-7). In addition, this reaction can be extended to other
methyltriphenyl phosphonium salts, such as MePPhsCl (2b) and
MePPhsl (2c). Notably, MePPhsl (2c) was found to deliver our
desired product 3a in 73% yield (Table 1, entry 9). Increasing
amount of KO'Bu to 3 equiv. provided a comparable yield (74%),
as shown in entry 10. The best result was obtained by treatment
with 2 equiv. of KO'Bu in MTBE at 110 °C under an atmosphere
of N to afford 3a in 81% yield (Table 1, entry 11).
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Table 1. Selected optimization of reaction conditions !

AN X
N | &N)/ Me—PPh;X base, solvent | N/ M
+ _ —_— e
2a (X = Br) o
1
LN &® g CCRET I (
1a 2c(X=1) 3a

entry base (equiv.) MePPhsX solvent yield®
1 KO'Bu (2) 2a toluene 51
2 NaO'Bu (2) 2a toluene 18
3 NaOMe (2) 2a toluene 36
4 DBU (2) 2a toluene N.R.
5 KO'Bu (2) 2a THF 53
6 KO'Bu (2) 2a Et,O 49
7 KO'Bu (2) 2a MTBE 66
8 KO'Bu (2) 2b MTBE 40
9 KO'Bu (2) 2¢ MTBE 73
10 KO'Bu (3) 2c MTBE 74
11 KO'Bu (2) 2¢ MTBE 81

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.6 mmol), base (quantity noted),
solvent (2 mL) at 80 °C for 12 h under N in a pressure tube. [b] Isolated
percent yield by flash column chromatography. [c] This reaction was carried
out at 110 °C. DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene. MTBE = tbutyl
methyl ether.

With the optimized reaction conditions in hand, the scope of
the reaction was examined with a variety of pyridine- and
quinoline-N-oxides and MePPhsl (2¢) (Table 2). To our delight,
2,2'-bipyridine-N-oxide 1b was smoothly coupled with MePPhsl
(2c) to provide the unsymmetrical dipyridyl compound 3b in 88%
yield with complete site-selectivity. Notably, this transformation
can readily be used to prepare unsymmetrical dipyridyl
ligands.'"? In addition, 2-phenyl pyridine-N-oxide (1¢) was
favored in this transformation, furnishing the C2-methylated
pyridine 3¢ in good yield. This reaction was also applicable to
pyrazole-containing pyridine-N-oxide 1d, albeit with relatively
decreased reactivity. Moreover, this reaction is only not limited
to pyridine-N-oxides. Under modified reaction conditions, a
variety of quinoline-N-oxides 1e-1k were converted into C2-
methylated quinoline derivatives 3e-3k in moderate to high
yields. Finally, isoquinoline-N-oxide 1l also underwent C-H
methylation to give 3l in 64% yield. The regioselectivity at the
C1-position was particularly noteworthy, and is possibly
ascribable to the higher electrophilicity of the benzylic iminium
carbon.

Inspired by these results, we further investigated the C-H
alkylation reaction of pyridine-N-oxide 1b with a variety of
phosphonium salts 2d-2i under the optimal reaction conditions
(Table 3). Linear alkyl phosphonium salts 2d-2f were smoothly
coupled with 1b to give the C6-alkylated products 4a (78%), 4b
(77%), and 4c (45%), respectively. The current protocol could be
applied to the alkoxymethyl phosphonium salt 2g, which
furnished 4d in 65% yield. Moreover, cyclopropyl and branched-
alkyl phosphonium salts 2h and 2i were also compatible with the
current reaction conditions.[®!
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Table 2. Scope of pyridine and quinoline N-oxides.?
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[a] Reaction conditions: 1e-11 (0.2 mmol), 2¢ (0.6 mmol), KO'Bu (3 equiv.),
THF (2 mL), 80 °C, 3 h under N, in pressure tubes.

Table 3. Scope of alkyl phosphonium salts.”?

Me Me

e, i ®
®, conditions

Me B ,},/ . ROPPhX _ AandB Me S N R
N 0° 2d-2i 2N
16 4a-4f
Me Me
® >
Me X N/ Me N I N
| =N I 2N Me

Me

4a,78% (X=1) “Me
condition B

4b, 77% (X = Br)
condition B

Me Me Me
X X A
Me\O/fN:H Me\@% Me\G/KNj\/Me
=N OMe =N =N Me
]

4d, 65% (X =Cl) 4e, 64% (X = Br) 4f, 35% (X =
condition A condition A condition B

4c, 45% (X = Br)
condition A

[a] Reaction conditions: condition A: 1b (0.2 mmol), 2f-2h (0.6 mmol, 3 equiv.),
NaOMe (3 equiv.), MTBE (2 mL), 110 °C, 12 h under N, in pressure tubes.
condition B: 1b (0.2 mmol), 2d, 2e and 2i (0.8 mmol, 4 equiv.), KO'Bu (4
equiv.), MTBE (2 mL), 110 °C, 12 h under N3 in pressure tubes.

To highlight the utility of this protocol, a series of synthetic
transformations were performed, as shown in Scheme 2. First,
we envisaged the sequential syntheses of unsymmetrical 2,2'-
dipyridyl ligands using our developed protocol. To our delight,
2,2"-bipyridine-N-oxide 1b was readily converted into our desired
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product 5b. Moreover, the Ir(l11)-catalyzed C-H
functionalization™ of 1e with tosyl azide provided C8-aminated
quinoline-N-oxide 6a, which was subjected to C—H methylation
conditions to afford the 8-aminoquinoline derivative 6b in 87%
yield. Moreover, scale-up of one-pot reaction involving 7a
resulted in the direct formation of 2-methylquinoline (3e) in 50%
yield.

a) sequential C-H alkylations

Me
[>—PPhsgr
(3 equiv.) B
Me NaOMe (3 equiv.) Me B N7
_—
MTBE, 110 °C 2N

m-CPBA (1.2 eqiuv.)
—_—

CHClp, 1t, 12 h
12h. N 4e, 64% yield
Me
S
MePPhgl (3 equiv.) Me I P
KOBu (2 equiv.) | N N
MTBE, 110 TMTBE, 110°C N
12h, N, Me

5a, 74% yield 5b, 50% yield

b) sequential C-H funtionalizations

N3-Ts (1.5 equiv.)

[IrCp*Cl2] (2 mol %) Xy MePPhgl (5 equiv.)
XY AgNTF; (10 mol %) e/ KOBu (5 equiv.
_
27 AcOH (30 mol %) W de THF, 80 °c
Je  DCE50°C,12h Ts” 3h, Ny
1e 6a, 92% yield Gb, 87% yield

c) large-scale one-pot reaction
@ i) m-CPBA (1.5 eqiuv.), CHyCly, rt, 12 h
—
N ii) MePPhsl (3 equiv.), KO'Bu (3 equiv.)

7a THF, 80°C, 7 h
(1.3 g, 10 mmol)

L,

3e, 50% yleld

Scheme 2. One-pot and sequential transformations.
11% D
X
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N Me
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KO'Bu, THF

+  Me—PPhsl
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oe 2c
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@(j\ KO'Bu, THF
+ Me—PPh3I — .~

80°C, 3h, Ny
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35% D
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N Me

deuterio- 1e, 98% D deuterio-3eb, 53%

5% D

CD30D (3 equiv.)
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3e
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Scheme 3. Mechanistic investigation.

To gain mechanistic insight into this process, a series of
labeling experiments were performed (Scheme 3). Treatment of
deuterio-1e with MePPhsl (2c) resulted in 11% deuterium
incorporation on the methyl group of the product, deuterio-3ea
(eq. 1). The reaction of deuterio-1e with 2¢ in the presence of
CDsOD also resulted in 35% deuterium incorporation on the
methyl group (eq. 2). In addition, the methyl group on compound

3e was partially deuterated using CDsOD under the standard
reaction conditions (eq. 3). These results suggest that the
intramolecular migration of the C2-deuterium might be
completely excluded in the reaction pathway, and the formation
of a phosphonium ylide as an intermediate might be involved.

With the above mechanistic information in mind, a plausible
reaction pathway is outlined in Scheme 4. Initially, the
phosphonium salt (MePPhsl) reacts with KOBu to form the
phosphonium ylide, which subsequently undergoes an
intermolecular [3+2] annulation reaction to afford intermediate I.
Finally, aromatization by an external base leads to the formation
of the C2-methylated product 3e. The eliminated
triphenylphosphine  oxide was observed by 'H NMR
spectroscopy of the crude reaction product in each cases.

ﬁ/ 1e N (H
Me—PPhl ° e de N JHO’Bu
+ HyC—PPhy ———————> 1N —> 3e
KO'Bu : O~PPhy

)
HO'Bu intermediate |

Scheme 4. Proposed reaction mechanism.

To further confirm whether phosphonium ylides are potential
intermediates in this process or not, we performed the reaction
of 1a with bromoalkylphosphonium salts under the standard
reaction conditions (Scheme 5). To our delight, cyclopropylated and
cyclobutylated pyridine derivatives 8a and 8b were formed. This
observation is rationalized through the initial formation of
phosphonium ylides from the bromoalkylphosphonium salts 2k and
2l that then undergo cyclization to afford cyclopropyl and cyclobutyl
phosphonium salts, which then further react with a base to generate
the corresponding ylide intermediates.

Br Br
A (/\ A
| K/\F’F’haar PPhyBr |

| N N/ 2k (3 equiv) 21 (3 equiv) A N
2N KO'Bu, MTBE KO'Bu, MTBE 2N
8a, 50% 110°C, 12h 110°C, 12h 8b, 33%

Scheme 5. Alkylation using bromoalkyl phosphonium salts.

In  conclusion, we disclosed the unique reactivities of
phosphonium salts in the C-H alkylations of pyridine- and
quinoline-N-oxides. This protocol provides a facile route to the
formation of C2-alkylated pyridine and quinoline derivatives
under mild reaction conditions. High levels of site selectivity and
functional-group tolerance were observed. In particular, the
scaled-up one-pot reactions and sequential C—H transformations
of pyridine- and quinoline-N-oxides highlight the utility of the
developed method. A number of labeling experiments were
carried out to understand the mechanism of this transformation.

Acknowledgements

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.201807159
WILEY-VCH

This work was supported by the National Research Foundation  [11] Y. Zhang, Y.-K. Liu, T.-R. Kang, Z.-K. Hu, Y.-C. Chen, J. Am. Chem.
of Korea (NRF) grant funded by the Korea government (MSIP) Soc. 2008, 730, 2456-2457.

(Nos. 2016R1A4A1011189 and 2017R1A2B2004786) [12] C. Kaes, A. Katz, M. W. Hosseini, Chem. Rev. 2000, 100, 3553-3590.
’ ' [13] Wittig reagents such as EtO,CCH,PPhsl, BnPPhsl, CH,=CHCH,PPhsl,

. . o . and CF,HPPhsl did not provide the corresponding products under the

Keywords: Alkylation « Methylation « Pyridine-N-oxide * current reaction conditions, presumably due to the less nucleophilicity
Regioselectivity « Wittig reagent of delocalized carbanion.

[14] H. Hwang, J. Kim, J. Jeong, S. Chang, J. Am. Chem. Soc. 2014, 136,

[1] For recent reviews, see: a) J. C. Lewis, R. G. Bergman, J. A. Ellman, 10770-10776.

Acc. Chem. Res. 2008, 41, 1013-1025; b) Y. Nakao, Synthesis 2011,
3209-3219; ¢) S. Pan, T. Shibata, ACS Catal. 2013, 3, 704-712.

[2] a) J. S. Carey, D. Laffan, C. Thomson, M. T. Williams, Org. Biomol.
Chem. 2006, 4, 2337-2347; b) S. D. Roughley, A. M. Jordan, J. Med.
Chem. 2011, 54, 3451-3479.

[3] For selected examples of metal-catalyzed C-H alkylation of pyridines
(or N-oxides): For rhodium, see: a) J. C. Lewis, R. G. Bergman, J. A.
Ellman, J. Am. Chem. Soc. 2007, 129, 5332-5333; b) J. Ryu, S. H. Cho,
S. Chang, Angew. Chem. Int. Ed. 2012, 51, 3677-3681; Angew. Chem.
2012, 124, 3737-3741; For Ni, see: ¢) Y. Nakao, Y. Yamada, N.
Kashihara, T. Hiyama, J. Am. Chem. Soc. 2010, 132, 13666-13668; For
Pd, see: d) 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,
1890-1896; e) B. Xiao, Z.-J. Liu, L. Liu, Y. Fu, J. Am. Chem. Soc. 2013,
135, 616-619; For Cu, see: f) Q. Xiao, L. Ling, F. Ye, R. Tan, L. Tian, Y.
Zhang, Y. Li, J. Wang, J. Org. Chem. 2013, 78, 3879-3885; g) O. V.
Larionov, D. Stephens, A. Mfuh, G. Chavez, Org. Lett. 2014, 16, 864-
867; Others, see: h) T. Andou, Y. Saga, H. Komai, S. Matsunaga, M.
Kanai, Angew. Chem. Int. Ed. 2013, 52, 3213-3216; Angew. Chem.
2013, 7125, 3295-3298; i) T. Shibata, H. Takano, Org. Chem. Front.
2015, 2, 383-387.

[4] For selected examples of radical-mediated C-H alkylation of pyridines,
see: a) G. Deng, K. Ueda, S. Yanagisawa, K. Itami, C.-J. Li, Chem. Eur.
J. 2009, 15, 333-337; b) A. P. Antonchick, L. Burgmann, Angew. Chem.
Int. Ed. 2013, 52, 3267-3271; Angew. Chem. 2013, 125, 3349-3353; c)
D. A. DiRocco, K. Dykstra, S. Krska, P. Vachal, D. V. Conway, M.
Tudge, Angew. Chem.Int. Ed. 2014, 53, 4802-4806; Angew. Chem.
2014, 7126, 4902-4906; d) J. Jin, D. W. C. Macmillan, Angew. Chem. Int.
Ed. 2015, 54, 1565-1569; Angew. Chem. 2015, 127, 1585-1589; e) W.
Sun, Z. Xie, J. Liu, L. Wang, Org. Biomol. Chem. 2015, 13, 4596-4604.
f) J. Jin, D. W. C. Macmillan, Nature 2015, 525, 87-90; g) T. McCallum,
L. Barriault, Chem. Sci. 2016, 7, 4754-4758; h) G.-X. Li, C. A. Morales-
Rivera, Y. Wang, F. Gao, G. He, P. Liu, G. Chen, Chem. Sci. 2016, 7,
6407-6412; i) T. McCallum, S. P. Pitre, M. Morin, J. C. Scaiano, L.
Barriault, Chem. Sci. 2017, 8, 7412-7418; j) J. K. Matsui, D. N. Primer,
G. A. Molander, Chem. Sci. 2017, 8, 3512-3522; k) F. J. R. Klauck, M. J.
James, F. Glorius, Angew. Chem. Int. Ed. 2017, 56, 12336-12339;
Angew. Chem. 2017, 129, 12505-12509.

[5] H. Schenherr, T. Cernak, Angew. Chem. Int. Ed. 2013, 52, 12256-
12267; Angew. Chem. 2013, 125, 12480-12492, and references therein.

[6] K. C. Nicolaou, A. E. Koumbis, S. A. Snyder, K. B. Simonsen, Angew.
Chem. Int. Ed. 2000, 39, 2529-2533; Angew. Chem. 2000, 112, 2629-
2633

[7] a) H. Andersson, F. Almgvist, R. Olsson, Org. Lett. 2007, 9, 1335-1337;
b) H. Andersson, T. S.-L. Banchelin, S. Das, R. Olsson, F. Almqvist,
Chem. Commun. 2010, 46, 3384-3386; c) F. Zhang, X.-F. Duan, Org.
Lett. 2011, 13, 6102-6105.

[8] a) W. Jo, J..Kim, S. Choi, S. H. Cho, Angew. Chem. Int. Ed. 2016, 55,
9690-9694; Angew. Chem. 2016, 128, 9842-9846; b) C. Hwang, W. Jo,
S. H. Cho, Chem. Commun. 2017, 53, 7573-7576.

[9] B. E. Maryanoff, A. B. Reitz, Chem. Rev. 1989, 89, 863-927.

[10] For selected examples, see: a) H. J. Bestmann, F. Seng, Angew. Chem.
1962, 74, 154-155; b) J. Asunskis, H. Shechter, J. Org. Chem. 1968, 33,
1164-1168; ¢) M. Von Strandtmann, M. P. Cohen, C. Puchalski, J.
Shavel, Jr. J. Org. Chem. 1968, 33, 4306-4309; d) D. T. Connor, M.
Von Strandtmann, J. Org. Chem. 1973, 38, 1047-1049.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

Entry for the Table of Contents

Key Topic: Alkylation of pyridine-N-oxides

COMMUNICATION

<

R2 - /R2
PP 3 YA
K R KO'Bu, MTBE 1~ r
R'—. ]ﬂ;/J s YPPhx ———— > Ry, LA re
AN R4 110 °C, 12 h, N N
de X=1,Br R*
20 examples

» metal-free aromatic alkylation up to 88% yield

* mild conditions & good yielding

« diverse synthesis of bipyridyl ligands

« post-funtionalization and scale-up

Alkylated pyridines & quinolines: The unprecedented reductive alkylation of pyridine-
and quinoline-N-oxides using Wittig reagents is described. A wide range of pyridine- and
quinoline-N-oxides was used to provide a variety of C2-alkylated pyridines and
quinolines with excellent site selectivities and functional-group compatibilities.

10.1002/anie.201807159

WILEY-VCH

Sangil Han, Prashant Chakrasali, Jihye
Park, Hyunjung Oh, Saegun Kim,
Kyuneun Kim, Ashok Kumar Pandey,
Sang Hoon Han, Soo Bong Han,* and In
Su Kim*

Page No. — Page No.

Reductive C2-Alkylation of Pyridine-
and Quinoline-N-Oxides Using Wittig
Reagents

This article is protected by copyright. All rights reserved.



