Open Access Article. Published on 27 November 2017. Downloaded on 1/11/2026 2:50:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

MINIREVIEW

View Journal | View Issue,

A lesson for site-selective C—H functionalization on
2-pyridones: radical, organometallic, directing
group and steric controls

{ ") Check for updates ‘

Cite this: Chem. Sci,, 2018, 9, 22

Koji Hirano 2 * and Masahiro Miura

A 2-pyridone ring is a frequently occurring subunit in natural products, biologically active compounds, and
pharmaceutical targets. Thus, the selective synthesis of substituted 2-pyridone derivatives through
decoration and/or formation of pyridone rings has been one of the important longstanding subjects in
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functionalization on 2-pyridone. The reported procedures are categorized according to the site

DOI: 10.1039/c75c04509¢ selectivity that is achieved, and the substrate scope, limitations, mechanism, and controlling factors are
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Introduction

2-Pyridone, the tautomer of 2-hydroxypyridine, is one of the
privileged heteroaromatic rings in natural products, bioactive
molecules, and pharmaceutical agents. Such well known
compounds include ciclopirox, milrinone, camptothecin,
(—)-cytisine, fredericamycin, and perampanel (Fig. 1)." Thus,
the decoration and construction of pyridone rings for the
preparation of multiply substituted 2-pyridone derivatives has

Department of Applied Chemistry, Graduate School of Engineering, Osaka University,
Suita, Osaka 565-0871, Japan. E-mail: k_hirano@chem.eng.osaka-u.ac.jp; miura@
chem.eng.osaka-u.ac.jp

Koji Hirano was born in Aichi,
Japan, in 1980. He received his
B.S. and Ph.D. degrees from
Kyoto University in 2003 and
2008 under the supervision of
Professor Koichiro Oshima. He
served as a JSPS postdoctoral
fellow, working with Professor
Tamio Hayashi at Kyoto
University  from  April to
September in 2008. He joined
the research group of Professor
Miura at Osaka University as an
assistant professor in October, 2008, and then was promoted to the
rank of an associate professor in 2015. His current research
interests are organic synthesis and organometallic chemistry,
especially the development of new synthetic reactions catalyzed by
transition metal catalysts.

22 | Chem. Sci., 2018, 9, 22-32

been a longstanding research subject in organic chemistry. To
date, synthetic chemists have developed numerous methodol-
ogies for the above purpose.

On the other hand, over the past two decades tremendously
rapid and explosive progress has occurred in the research field
of C-H activation because it can obviate the preactivation steps
of starting substrates, such as halogenation and stoichiometric
metalation, which are inevitable in traditional cross-coupling
technology, to increase the efficiency and atom and step
economy in chemical synthesis.> Although the C-H function-
alization strategy seems to be greatly beneficial for the prepa-
ration of substituted pyridones, there are four possible reactive
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Fig. 1 2-Pyridone rings in natural products, bioactive molecules, and
pharmaceutical agents.
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Fig. 2 Four possible reactive C—H bonds and electronic biases on the
2-pyridone ring.

C-H bonds on the pyridone ring (C3-C6), and thus control of
the site selectivity is the most important and challenging issue
(Fig. 2). Considering the resonance structures of 2-pyridone,
there are relatively large electronic biases; the C3 and C5
positions are more electron-rich and thus reactive toward
electrophiles. On the other hand, the reaction with nucleophiles
is more favoured at the C4 and C6 positions, which are of
a more electron-deficient nature. In this minireview, we focus
on recent advances in the site-selective C-H functionalization of
2-pyridone. The reported procedures are categorized according
to the reaction site, and the substrate scope, limitations,
mechanism, and site-selectivity controlling factors are briefly
summarized.

C3-Selective functionalization

In 2010, Yamakawa and co-workers reported a radical
trifluoromethylation reaction of some simple (hetero)arenes
with CF;I under Fenton-type conditions using FeSO, or Cp,Fe,
H,0,, and DMSO. In the substrate scope investigation, the
parent NH-pyridone (2-hydroxypyridine) was tested, and the
corresponding 3-trifluoromethylated pyridone was successfully
obtained with high site selectivity (Scheme 1).* To the best of
our knowledge, this is the first successful example of the
C3-selective radical C-H functionalization of 2-pyridone.
However, just a single substrate was employed, and the authors
did not specifically mention the observed unique site selectivity
in this report.

Radical-induced, more general C3-selectivity was observed in
the nickel-catalysed direct alkylation with a-bromo carbonyl
compounds developed by Hirano and Miura (Scheme 2).*

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The seminal example of C3-selective C—H functionaliza-
tion of 2-pyridone reported by Yamakawa.
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Scheme 2 Nickel-catalysed radical C3-selective alkylation of
2-pyridones with a-bromo carbonyl compounds.

Regardless of the electronic and steric nature of the substitu-
ents on the pyridone, perfect C3-selectivity was uniformly
observed. On the other hand, when the C3 position was blocked
with the methyl group, no reaction occurred.

Subsequently, the same research group developed Mn(m)-
based methodologies® for direct alkylation and arylation with
malonate esters and arylboronic acids, respectively (Scheme 3).°
Several 2-substituted diethyl malonates could be coupled with
2-pyridones to form the corresponding alkylated products in
moderate to good yields (Scheme 3a). In the case of arylboronic
acids, the reaction was compatible with a wide range of func-
tional groups including halogen, ester, ketone, aldehyde,
nitrile, and ether (Scheme 3b). Similar to Scheme 2, the exclu-
sive C3-selectivity was observed in all cases.

The radical intermediacy was supported by metal-free radical
reactions of N-methyl-2-pyridone (1) with xanthate 27 and
phenylazo(triphenyl)methane® (PAT, 3); both 2 and 3 readily
reacted with 1 under typical radical conditions to deliver the

corresponding  C3-functionalized  pyridones  selectively
a) Mn(lll)-mediated C3-selective C—H alkylation
) EtO,C_ CO,Et
A Mn(OAc)3+2H,0 (1.2 equiv) ;
R EtO,C.__CO.Et NayS,0g (1.2 equiv) I YR
N + - T
, PhCF3, 90 °C
Ve R ‘ N
) o
3.0 equiv R =H, Me, CF;, CI, Br, OMe ©  20-85%
R’ = Me, Bn, (CH,),CN, (CH,)sBr, cyclopentyl
b) Mn(lll)-mediated C3-selective C—H arylation R
1 \ i)
R /©/R Mn(OAG)3-2H,0 (3.0 equiv) 1 S
N0 + S [y
PhCFj, 90 °C
Me  (HOLB 3 Noo
5.0 equiv Me  23-58%

R =H, Me, CF3, Br, OMe
R’=H, Me, CFj, Cl, Br, |, CO,Me, COPh, CHO, CN, OMe

Scheme 3 Mn(i)-Mediated radical C3-selective alkylation and
arylation of 2-pyridones with malonate esters and arylboronic acids,
respectively.
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Scheme 4 Evidence of radical intermediacy and a proposed
mechanism for radical-mediated C3-selective functionalization.

(Scheme 4a). On the basis of these results, a homolytic aromatic
substitution® (HAS)-type mechanism is proposed (Scheme 4b).
The C3-selectivity is determined in the radical addition step and
controlled by resonance stabilization of the intermediate and
a SOMO/HOMO or a SOMO/LUMO interaction between the
radical species and pyridone; the larger coefficients of both the
HOMO and LUMO at the C3 position of pyridone are also sug-
gested by preliminary DFT calculations at the RB3LYP/6-31G(d)
level of theory. In the case of the nickel catalyst, single electron
transfer from the radical intermediate following the addition to
Ni(n) regenerates the starting Ni(i) species.

The nickel- and manganese-mediated processes showed
excellent C3-selectivity but still suffered from the elevated
reaction temperature (>90 °C) and use of excess Mn(u) salt.
Hirano and Miura partially addressed these problems by using
visible-light-promoted photoredox catalysis.' In the presence of
Ir(ppy)s photosensitizer, similar alkyl and aryl radical
species were generated from ethyl bromodifluoroacetate (4) and
diaryliodonium triflates 5, respectively, under blue LED irradi-
ation even at ambient temperature to deliver the substituted
2-pyridones (Scheme 5).* Again, exclusive C3-selectivity was
achieved irrespective of the substitution pattern on the pyr-
idone ring. The unsymmetrical Mes-I(u)-Ar reagent 6 could
also be employed; the bulky Mes substituent did not transfer at
all, and the desired Ar group was selectively incorporated.

After the stimulating work by Hirano and Miura, some
research groups reported greatly improved methodologies for
radical C3-arylation (Scheme 6)."> Maiti and co-workers devel-
oped an iron-based catalytic system in conjunction with the
K,S,0; terminal oxidant (Scheme 6a). This is a catalytic variant

24 | Chem. Sci, 2018, 9, 22-32
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a) C3-Selective C—H alkylation under visible-light-promoted photoredox catalysis

FF
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O + br "MeCN, ambient temp KN o °©
blue LEDs (2.4 W) Me 17-74%

5. 0 equw
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b) C3-Selective C-H arylation under visible-light-promoted photoredox catalysis
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R = H, Me, CFj, Cl, OMe
R’ = H, Me, -Bu, Br, CF3, CO,Me

Scheme 5 C3-Selective alkylation and arylation of 2-pyridones under
visible-light-promoted photoredox catalysis.

a) Iron-catalysed C3-selective C—H arylation with arylboronic acids
Fe(NO3)3

*9H,0 (10 mol%)
/l K2S,0g (4.0 equiv)
7R KyCOj3 (1.5 equiv)

H

l\llle (HO)

DCE/H,0 (1:1), 70 °C, air

3.0 equiv

R = H, Me, CF3, Cl, CN
R’=H, Me, CF3, F, Cl, Br, I, CO,Me, OMe

b) Transition-metal-free C3-selective C—H arylation with arylhydrazines R’
S R’
A
Q . /©/ K>COj3 (3.0 equiv) ||
g O HCIH,NHN DMSO, rt, air N"So
7 1.2 equiv R 71-88%
R=H, Me

R = HMeFCI Br, OMe

Scheme 6 Iron-catalysed and metal-free radical C3-selective aryla-
tion of 2-pyridones with arylboronic acids and arylhydrazines,
respectively.

of the Mn(m)-mediated protocol shown in Scheme 3b. Addi-
tionally, the 2-pyridone could be used as a limiting agent under
the iron catalysis, which is beneficial because of the possibility
of late-stage functionalization of 2-pyridones. More recently,
Yadav reported the transition-metal-free, K,CO3/O,-promoted
direct C3-arylation of 2-pyridone with arylhydrazine HCI salts 7
(Scheme 6b).** The reaction proceeded smoothly under very
mild conditions (at room temperature in air) to furnish
a diverse set of C3-arylated pyridones in good to high yields even
with the limiting pyridone substrates. Particularly notable is the
comparable yield of NH-pyridones.

While limited in scope, a completely different approach to
the C3-arylation of pyridone was developed by Zografos and co-
workers (Scheme 7).** They focused on the unique enol-like
character of 4-hydroxy-2-pyridone 8, and developed a palla-
dium-catalysed oxidative arylation with arylboronic acids. Their
proposed catalytic cycle includes: (1) C-H palladation at the C3
position, (2) transmetalation with arylboronic acid, (3) reductive

This journal is © The Royal Society of Chemistry 2018
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a) Palladium-catalyzed C3-selective oxidative C—H arylation of 4-hydroxy-2-pyridones
with arylboronic acids

OH H A .
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b) Proposed mechanism and NMR experiments
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Scheme 7 Pd(i)-Catalysed oxidative C3-selective arylation of
4-hydroxy-2-pyridones with arylboronic acids.

elimination and (4) reoxidation with Cu(OAc),. The key
elementary step is the site-selectivity-determining, electrophilic
C-H palladation at the C3 position, which was supported by
NMR experiments without the arylboronic acid and Cu(OAc), in
DMSO-ds: in the presence or absence of K,COj3;, C3-palladated
pyridone was detected below 70 °C within 20 min.

A related MeO-directed ortho-metalation was reported in
1992 (Scheme 8).** The C-H lithiation of 4-methoxy-2-pyridones
9 at —80 °C was followed by trapping with electrophiles to
furnish various C3-functionalized pyridones in good yields.

C5-Selective functionalization

The first successful C5-selective functionalization was reported
by Itahara in 1984 (Scheme 9).'° Although a stoichiometric

OMe OMe
R . .~ R E
| N 1) BuLi, THF, 80 °C | = R = H, Me, Ph, 4-MeOCgH,
g E = D, Me, COOH, CH(OH)R’
N"So 2E N"So (OH)
Me o Me  24-92%

Scheme 8 MeO-Directed ortho-lithiation for C3-selective function-
alization of 4-methoxy-2-pyridones.

MeO,C.__~
AN o 2 A
Q + MeO,C__~ Pd(OAc); (100 mol%) V\(l
N AcOH, reflux

N0 NS0

Me 1 3.0 equiv Me
86%, C5-selective

Scheme 9 The first successful example of palladium-mediated
C5-selective alkenylation by Itahara.

This journal is © The Royal Society of Chemistry 2018
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amount of Pd(OAc), was essential, the Fujiwara-Moritani-type
direct alkenylation'” with acrylates occurred selectively at the C5
position.

After about 30 years, a catalytic variant was developed with the
aid of Cu(OAc), terminal oxidant by Li and co-workers
(Scheme 10).*® Styrene and allyl acetate as well as acrylates could
be employed for coupling with unsubstituted 1 at the C5 position
(Scheme 10a). Interestingly, when substituents were introduced
at any positions, the reaction site was completely switched to the
C3 position (Scheme 10b). In these cases, Ag-based oxidants gave
better isolated yields. The above intriguing phenomena can be
reasonably explained by the deuterium incorporation experiment
(Scheme 10c); C-H palladation reversibly occurred mainly at the
most electron-rich C5 position but also at the C3 position, and
thus the site selectivity can be determined by the insertion step of
the olefin to the Pd-C (pyridone) bond. Without any substituents
on the pyridone ring (R = H), the kinetically favoured C5-palla-
dated species 10 undergoes the insertion predominantly. On the
other hand, the substituent (R # H) can accelerate the insertion
of olefin into the C3-palladated pyridone 11 because the forma-
tion of the sixmembered palladacycle intermediate 12 is driven
by positive Thorpe-Ingold effects.

a) Palladium-catalyzed C5-selective alkenylation

N Pd(OAc), (10 mol%) R__~
| R Cu(OAc), (2.0 equiv) | N
+ \/ —_——
N (0] PivOH, 110 °C N0

Me 1 1.5 equiv I\Ille

R =CO,Bu 80%
R=Ph 83%
R = CH,OAc 78%

b) Palladium-catalyzed C3-selective alkenylation of substituted pyridones

Pd(OAG), (10 mol%) CO,t-B
N ( R t-Bu
R L+ s copsy ASOACEOca) R_./IV ’
i

NS0 PIvOH, 110 °C SN0

Me 1.5 equiv l\llle C3-selective

Me M C Bi CO,t-Bi

N COxtBU ° | R [ S
|

o ’\[}/‘l 0 Me I\l}:l o

1

Me  77% e s1% © 70%

c) Deuteration experiments and rationale proposed mechanism

(95% D)
D D (14% D)
@ Pd(OAC), (10 mol%) T\I
N"So  CD4COOD, 75 °C N"So
1
Me Me
Me (34% D) Me
D D (5% D)
Ei Pd(OAC), (10 mol%) \f\I
N"So CD,C00D, 90°C N"So
Me Me

R
XPd A XC0zBu BuO,C

A C5-alkenylated
R PdXz [ favoured PdX | — HPdX product
‘//f N0 whenR=H N0
@ 10 \e Me
N~ ~0
Me i CO,B
PdX x_CO,Bu 2BU
P;X\‘ | ~ N N __, CB8-alkenylated
2 favoured PdX — HPdX product
N 70 whenRzH N™~O
1 Me Me 12

Scheme 10 Palladium-catalysed C5- and C3-alkenylation of 2-
pyridones.

Chem. Sci,, 2018, 9, 22-32 | 25


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7sc04509c

Open Access Article. Published on 27 November 2017. Downloaded on 1/11/2026 2:50:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a) Palladium-catalyzed C5-selective dehydrogenative arylation

Pd(OAG), (10 mol%)

| = Ag,CO;3 (2.0 equiv) Ar A
o +  H-AFF S(i-Pr), (5.0 equiv) |

' " 1,4-dioxane, 130 °C N= 0

Me 3.0 equiv
F F
F F NO,
F | N ‘ A
F N
1
72%  Me 84% Me 76%  Me 629% Me

b) Palladium-catalyzed C3-selective dehydrogenative arylation of substituted pyridone

F

F Pd(OAG), (10 mol%) F F
m F F Ag,CO; (2.0 equiv)
+ S(i-Pr), (5.0 equiv) AN F
_S(FPn), (50equv)
. N 0 H F 1,4-dioxane, 130 °C | F
Me F Me N o
3.0 equiv Me 48%

Scheme 11 Palladium-catalysed dehydrogenative C5- and C3-arylation
of 2-pyridones with polyfluoroarenes.

Additionally, Li succeeded in the palladium-catalysed dehy-
drogenative C5-arylation with polyfluoroarenes (Scheme 11a).
The use of Ag,CO; oxidant and S(i-Pr), additive efficiently
promoted the reaction. As in Scheme 10, substituent-dependent
site-selectivity switching was observed (Scheme 11b).

Another C5-selective functionalization is gold-catalysed
direct alkynylation with the hypervalent I(m) reagent TIPS-EBX
(Scheme 12).* Different from the palladium catalysis (Schemes
10 and 11), uniformly high C5-selectivity was achieved irre-
spective of the substitution pattern. Several control experiments
suggest that the mechanism involves electrophilic auration on
an Au(m) species generated from the reaction of the starting
Au(1) and TIPS-EBX, which occurs selectively at the most elec-
tron-rich C5 position. However, the authors cannot completely

TIPS
TIPS

7N AuCl (5 mol%) N B

—. _TFA(1.5equiv) _ Rt
1 4-dioxane, 80 'C N0

TIPS-EBX 1.2 equiv Me

a C5-selective
T]F’S\fips\(I Tlps\(i TlF’SYl

\(l Au'X
e ;D/
XAu'{(l

TIPS-EBX
TIPS

XAU”I

1

Scheme 12 Gold-catalysed C5-selective alkynylation of 2-pyridones
with TIPS-EBX.
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exclude the possibility of an alternative mechanism that
includes the nucleophilic attack of pyridone by the alkyne
moiety of TIPS-EBX, activated by gold (alkyne m-activation
mechanism).

C6-Selective functionalization

The C6 position is the most electron-deficient site of the
2-pyridone, and its selective C-H functionalization thus
requires completely different strategies to those for C3- and
C5-selective C-H activation. In 2009, Nakao and Hiyama re-
ported the first successful example of Cé6-selective alkenylation
with internal alkynes under elegantly designed Ni/Al coopera-
tive catalysis (Scheme 13a).*° By using Ni(cod),/P(i-Pr); and
AlMe; catalysts, a variety of 2-pyridones could be directly
coupled with alkynes to form the corresponding C6-alkenylated
products with high (E)-selectivity. A small amount of 4,6-dia-
lkenylated products (~5%) was also formed, but substantially
high Cé6-selectivity was generally observed. Subsequently, the
same research group succeeded in direct alkylation with unac-
tivated olefins (Scheme 13b).>* The simple change of ligand and

a) C6-Selective alkenylation with internal alkynes under Ni/Al cooperative catalysis

Ni(cod), (5 mol%)
N P(i-Pr) (10 mol% /l
lN o + Pr———~Pr AlMe3 (20 mol%) Pr/Y\
the 1.2 equiv toluene, 80 °C Pr Me
C6- and (E)-selective
|:)r/\((l /\;I
0 Pr 0
Pr  Me Pr ’T‘ °

Pr Me

90% 62% 88% 29%

b) C6-Selective alkylation with unactivated alkenes under Ni/Al cooperative catalysis

R2 Nicod), (3 mol%) 2
7N IPr (3 mol%) R 1_-/1
10 R
R (Nlo + st\ MAD (12 mol%) SJ\/'\N o
| ' toluene, 80 °C ! !

Me i
1.1 equiv C6- and linear selective

Ci Hza/\/(lo /\/(I /\/(i
Ci1Hzg CiiHas

92% s29, Me o4 Me

Me

A)\\/l /\/k/(i | h

CyH
117123 5% Me - e [}j (0]

Me g,

N/—\ Me Bu Bu Me

N
N \@O,AL Q
Bu Me u
IPr MAD
c) C4-Selective alkylation with C6-substituted 2-pyridone
CqH.
Ni(cod), (3 mol%) nrs
| A IPr (3 mol%) N
" N0 + CpHoy” X MAD (12 mol%) |
(5] o
Ve 1.1 equiv toluene, 100 °C Me™ "N” O
Me  779%
Scheme 13 Ni/Al-co-catalysed C6-selective alkenylation and
alkylation.
This journal is © The Royal Society of Chemistry 2018
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aluminum species to IPr and MAD allowed for efficient and
linear selective coupling with terminal alkenes, 1,1-disubsti-
tuted alkenes, and the even more challenging internal alkene. If
the most reactive C6 position was blocked by the substituent,
the secondary electron-deficient C4 C-H was selectively alky-
lated (Scheme 13c). Such a reactivity trend is in marked contrast
to that observed in the above radical and electrophilic metal-
ation processes.

The initially proposed reaction mechanism is shown in
Scheme 14. The carbonyl of 2-pyridone 1 is coordinated to the
Lewis acidic Al center to increase the electrophilicity of the C6
position. The activated C6 C-H bond oxidatively adds to the
electron-rich Ni(0) species (oxidative addition) to form a Ni-H
intermediate. The formation of the Cé6-alkenylated product then
follows from alkyne insertion and reductive elimination.
However, recent computational studies based on DFT suggest
that a ligand-to-ligand H transfer mechanism without forma-
tion of the Ni-H species is more likely.*

Cramer subsequently developed intramolecular versions of
the nickel-catalysed  Cé6-selective  alkylation  reaction
(Scheme 15).>* Notably, ligand-controlled regiodivergency was
observed; from the single starting substrate 13, the combina-
tion of the cod ligand and AlMe; afforded the corresponding
exo-cyclization product 14 whereas the endo-cyclization product
15 was selectively formed in the presence of the IPr ligand

and AlMe; (Scheme 15a). Moreover, enantioselective
| X
Pro | X
Pr Me T}l/ OAIMe3
LN|
Pr | =
+
Pr\/\vi " o AlMes ~
" Me +
Hoy 'T‘/ o AlMes
" Me
Pr Pr

Scheme 14 The initially proposed mechanism for Ni/Al-co-catalysed
C6-selective alkenylation with alkynes.

a) Ligand-controlled regiodivergent intramolecular alkylation (cyclization)

Ni(cod), (10 mol%) N
| A IPr (15 mol%) Q Ni(cod), (10 mol%) | N
AlMe; (40 mol%) N Yo AlMe; (40 mol%)
[© R — TR — N (0]
toluene, 80 °C toluene, 80 °C
15 = 13 14
70% 80%

exo/endo = 6:94 exo/endo > 95:5

b) Preliminary asymmetric catalysis

| = Ni(cod), (10 mol%)
L* (15 mol%)

N™ ~O  AIMe; (40 mol%)
)u 16 toluene, 80 'C

Scheme 15 Ligand-controlled regiodivergent Ni-catalysed intra-
molecular C6-selective alkylation.

: ng}
Pr °

70%, 78.5:21.5 e.r. | L*
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endo-cyclization of 16 was possible by using the chiral NHC
ligand L*, while still preliminary (Scheme 15b).

The more robust Cé-selectivity is induced by a suitable
directing group. In 2014, Hirano and Miura designed N-(2-pyr-
idyl)-2-pyridones 17 and successfully performed copper-medi-
ated Cé6-selective dehydrogenative heteroarylation with
1,3-azoles (Scheme 16a).** The reaction system was
compatible with oxazole, thiazole, and imidazole, and Cé6-ary-
lated 2-pyridones were exclusively formed without any
contamination of regioisomers. Additionally, the use of
molecular oxygen rendered the reaction catalytic in copper
(Scheme 16b). The 2-pyridyl directing group was essential for
obtaining the reactivity as well as C6-selectivity, but could be
readily removed by quaternarization-driven alcoholysis after the
coupling event (Scheme 16c). The plausible mechanism
includes: (1) initial cupration of the more acidic 1,3-azole C-H,
(2) second cupration of the pyridone C6 C-H assisted by the
coordination of a pyridyl group, (3) oxidation into a Cu(um)
species with additional Cu(u) salt (disproportionation), (4)
productive reductive elimination and (5) dissociation of the
Cé-arylated product and reoxidation to the starting Cu(u) by
molecular oxygen and AcOH (Scheme 17). Both of the C-H cup-
ration steps are reversible, and the cross-coupling selectivity is
thus determined in the oxidation or reductive elimination step.

By using the attachable and detachable directing group
strategy, Hirano and Miura then developed a related

a) Pyridine-directed Cu-mediated C6-selective heteroarylation

X
gAY = ~Z~N Cu(OAc), (3.0 equiv) R
QN o + - U\ PivOH (1.0 equiv) —z'N\W/\N o
| o-xylene, 150 ‘C &ONY IPy
Py 17 2.0 equiv ) _— )
Py = 2-pyridyl v C6-selective
ﬂ \ b
N
X N (0] N I}I
S3Racs
75% 79%
N CF3 66%
|
N
N No
\Sio) Py N
Me
o T @
Me 47°/ 34%
(5.0 equiv azole, 110 °C)
b) Cu/O,-Catalyzed C6-selective heteroarylation ~CFs
CF N |
N 3 | \> Cu(OAc), (20 mol%) N
| . o AcOH (1.0 equiv) Q S N0
l}l (¢} o-xylene, 150 °C 0 Py
Py MeO 2.0 equiv ar 82%
OMe
MeO OMe

c) Removal of directing group by quaternarization-driven alcoholysis

| b ﬂ
N N
X N~ ~O X N” ~O
\ o ) MeOTf KO-t-Bu \ o '11

P
y CHyClo, it Et,O/EtOH, rt

60%

Scheme 16 Pyridine-directed, Cu(i)-promoted C6-selective hetero-
arylation and removal of the pyridine directing group.
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& v By w ALY

ACOH, ozy L,Cu(OAc), ‘A\% AcOH

25N
v g S—Ccu(0Ac)L,
7 ooy
& Z”\.l -
LCu I P 17
AcO k AcOH
N ~7-N |— /K/\/\l\
~ R Z
| i Cu N (0] S
k\‘“:/J\Y N NS
AcO NI AN | _
=
Cu(OAc),

Cu(OAc)

Scheme 17 Plausible mechanism for
C6-heteroarylation.

Cu(i)-catalysed directed

a) Rhodium-catalyzed C6-selective borylation

@

[Rh(OMe)(cod)],
N" "0 i[ B— B ﬁ (2 mol%)
THF rt
| pinB—Bpin

1.5 equiv

other examples

K)j 83%
e AX
| o
o\_B N0 i g N
O/ \"l\@ (0] \"N/ |
| X
N « &

32% 63% 84%
(THF, 150 °C, uw) (o-xylene, 150 °C) (THF, reflux)

b) Derivatization and removal of directing group
Pd(OAc), (10 mol%)

X
\ P[3,5-(CF3),CeHsls
(o} N o | (20 mol%)
i ;B\ + K3PO, (4. 0 equiv)
0 N7 | toluene, 120 °C
N 72%
X
1) MeOTf, CH,Cly, 1t |
2) NaBH,, MeOH, rt E 0
77%

Scheme 18 Rh-Catalysed directed C6-borylation and application to
Suzuki—Miyaura coupling.

Cé-selective C-H functionalization including rhodium-
catalysed borylation (Scheme 18)* and nickel-catalysed alkyl-
ation (Scheme 19)** with bis(pinacolato)diboron (pinB-Bpin)
and dienes/activated alkenes, respectively. The former rhodium
catalysis provided various Cé-borylated pyridones in moderate
to good yields, although the reactivity was highly dependent on
the steric and electronic nature of the substituents (Scheme
18a). The Suzuki-Miyaura cross-coupling reaction was followed
by the removal of the directing group to form the 6-phenyl-NH-
pyridone in a good overall yield (Scheme 18b). The latter nickel
catalysis promoted unique ring-contracting C-H coupling with
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Ni(cod), (20 mol%)
K3POy, (2.0 equiv)

1,4-dioxane, 110 °C

X 2.0 equiv

64%, 76:24 dr

Scheme 19 Ni-Catalysed directed C6-alkylation.

1,8-cyclooctadiene (cod), which was accelerated by the addition
of K3PO, (Scheme 19).

The above seminal work by Hirano and Miura prompted
several groups to join this research field. Liu and co-workers
reported the Cp*Rh(m)-catalysed oxidative coupling of N-(2-
pyridyl)-2-pyridones 17 with organotrifluoroborates
(Scheme 20a).”” The Cp*Rh(u1)/Ag,O catalysis was tolerated with
not only arylborons but also alkylborons to deliver various C6-
functionalized 2-pyridones in good yields. More recently,
a related annulation reaction with two alkyne molecules was
developed by Patra, leading to multi-substituted isoquinolinone
derivatives 18 (Scheme 20b).>® The reaction is considered to

a) Cp*Rh(lll)-catalyzed oxidative coupling with organotrifluoroborates
[Cp*RhCly), (5 mol%)

R b R'—BF4K /Qgsob';? & m9l;%) RE
+ — .5 equiv
N0 3 M, R’)\N 0
ﬁ’y 3.0 equiv DCF 40 © 'I°V
17 g ! = 2-pvri
Py = 2-pyriyl C6-selective
B Br
X - Me QBn F
| | f\l N L
Me' N O Me N (@]
Py Py  Me” NS0 Me” NSO Me g o
91% 92% Py Py 81;
93% 81% °
0 | N | = X R =H 81%
LN | R”=Me 91%
T}l (6] N (0] N 0 E" = 81':1/' 75%
Y= 79%
Py Py Py mIgle
n = 83%
75% 71% R °
b) Cp*Rh(lll)-catalyzed oxidative annulation with alkynes
[CP*RNCly, (2 mol%) R "
AgOAc (10 mol%) R’ A
L R Cu(OAc), (2.0 equiv) L
2.2 equiv Mel?ol-lg(; I;(t;OH R’ ’T‘ o)
P ’
Vo7 Py = 2-pyridyl R Py 18
Ph Py Ph Py
92% 96% O
Pr
Pr \
Pr N0 59%
Pr Py application to nitroarene detector

R
<
co'Rh( = cprrn N Ouﬁ% —L

» .
P
g 197

Scheme 20 Cp*Rh(i)-Catalysed directed oxidative coupling at the C6
position.
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proceed via (1) a pyridine-directed first C-H rhodation at the C6
position, (2) insertion of one alkyne, (3) metalacycle 19 forma-
tion via a second C-H rhodation at the C5 position, (4) insertion
of another alkyne and (5) reductive elimination. Additionally,
the naphthalene-substituted highly m-extended product can be
applied to a nitroarene detector.

Das also developed a similar oxidative arylation reaction by
using a Ru(u) catalyst combined with Cu- and Ag-based oxidants
(Scheme 21).*°

The Cp*Rh complexes also catalysed the redox-neutral C-H
coupling with diazo compounds (Scheme 22). Samanta reported
Cé-selective alkylation with diazomalonates (Scheme 22a).*° The
same authors subsequently developed a related coupling with
quinone diazides to introduce the phenol substituents at the C6
position (Scheme 22b).** Also in these cases, the C6 selectivity
was high independent of the substitution pattern on the
pyridone ring.

Directed alkynylation was also possible. With TIPS-EBX,
which is the same as was used in Scheme 12, the N-(2-pyridyl)-2-

[RuCly(p-cymene)], (5 mol%)

/l (OH), Cu,0 (1.0 equiv) R A
AgOTf (1.0 equiv)
O/ LN N0
1,4-dioxane, 100 °C R'— _ F',
Py 17 3.0 equiv Py = 2-pyridyl s selecﬁve
R =H, Me, Ph, Cl, Br 59-85%

R’=H, Me, OMe, NO,, F, Cl, Br

Scheme 21 Ru(i)-Catalysed directed C6-arylation.

a) Cp*Rh(lll)-catalyzed C6-alkylation with diazomalonates

X . o AN
i MeO,C.__N [Cp*RNCl,]5 (1 mol%) R
R + ZIF T AgSbF (4 mol%) MeOZC%N o
N0 MeO,C DCE, 40 °C !
Py 17 1.2 equiv Py = 2-pyridyl MeO:C Py
) Y = -pyricy C6-selective
MeO, C\H\/l ¢ | b
€0 MeO,C
N7 SoMeO; OMe0,C MeOzC o
MeOL Py Meo,C Py © Meo,C Py
92% 81% MeO.C PV
91% 88%
b) Cp*Rh(lll)-catalyzed C6- arylation with quinone diazides
\
|
O
y DCE, 40 °C | DCE, 40 C
2:;5 Py 94%
° Py = 2-pyridyl

[Cp*RhClo, (2 mol%)

Scheme 22 Cp*Rh(m)-Catalysed directed coupling with diazo
compounds at the C6 position.

R R——1—20 [CP*RNCly], (3 mol%)
lN 0t o _Zn(OTN, (15 mol) /
Py T DecEsoC
17 Py = 2-pyridyl
1.2 equiv y = 2-pyridy C6-: selectlve
R = H. Me, OMe, OBn, CF, 51-99%

R’=TIPS, TBDPS, +-Bu

Scheme 23 Cp*Rh(i)-Catalysed directed C6-alkynylation with EBX
reagents.
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pyridones 17 underwent Cé6-alkynylation in the presence of the
[Cp*RhCl,], catalyst and Zn(OTf), additive (Scheme 23).** Also
note that TBDPS- and t-Bu-substituted EBXs could also be
employed.

A Rh/Cu-promoted domino reaction including Cé6-alkynyla-
tion was developed by Li and co-workers (Scheme 24a).*?
Rhodium-catalysed oxidative alkynylation with the propargyl
alcohol 20, as the masked terminal alkyne, was followed by
copper-mediated oxygenative rearrangement to furnish imida-
zodipyridinium-4-olates 21 in good yields. Very recently, the
same research group reported that a similar imidazodipyr-
idinium 21 could be synthesized from N-(2-pyridyl)-2-pyridones
and o-bromoacetophenones under aerobic Co/Cu cooperative
catalysis (Scheme 24b).** The reaction pathway includes the
N-alkylated intermediate 22, and subsequent Co-promoted
intramolecular conjugated addition and Cu/O,-mediated
oxidative aromatization could occur.

A Mn(i)-catalysed Ceé-allylation with 3-bromo-2,2-difluor-
opropene (23) was also developed by Zhang (Scheme 25).>* The
reaction proceeded site-selectively and regioselectively to deliver
the 3,3-difluoroallylation products 24 in good yields. The
successful introduction of a difluoromethylene unit deserves
much attention from the pharmaceutical point of view because
of the unique steric and electronic nature of fluorine in
medicinal applications.”® The reaction occurs through (1)
coordination-assisted C6-C-H manganesation, (2) regiose-
lective insertion of olefin and (3) B-Br elimination.

a) Rh/Cu-promoted C6-alkynylation followed by oxygenative rearrangement

N o
| on [RRCIcod)l; (1.5 mol%)  Ph =
N~ O + Ph—— Cu(OAc),*H,0 (2.2 equiv) =\
N7 T toluene, 125 °C, air i NN
\ | 20 2.0 equiv _— ¢
l 21 86%
cat. Rh I
A Cu O,
-/
cu, Ph
/// N0 N\ 0, PN\ (\
Ph \N Z N: N N* N
| | o} RS
X = _— o
(o] [¢]
Ph — Ph
N__N-/ CFs N N+/ N /N+/ N+/
U o I / o U / o

91% 73% 1%

b) Co/Cu-co-cataIyzed reaction of N-(2-pyridyl)-2-pyridone with a-bromoacetophenone

CoCl, (5 mol%) 0
Cul (10 mol%) Ph =
Cs,CO3 (3.0 equiv) =\
N__N*
gj toluene, 130 °C, air 1 Z

o
=
3.0 equiv 21 85%
-H0
Co,
@ (L el ¢
Ph == Ph ==
" N0 N0 ) cuo, chg—(?
~ — + +
\n/\N+ PhY\N+, N\ N — s { N\ N i
o X _ O~ _ O

Scheme 24 Rh/Cu-co-catalysed domino alkynylation/oxygenative
rearrangement and related Co/Cu aerobic catalysis.
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q Py = 2-pyridyl C6-selective
R =H, Me, CF5, F, Cl, Br, OBn 24 43-90%

MnBrL, 17
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Scheme 25 Mn()-Catalysed directed C6-3,3-difluoroallylation.

¢

Cu(OAc), (20 mol%) g

X
R— s
[ + ([R— 0-PBA (20 mol%)
N"~0 Z
) toluene, 130 °C, air

Py 17

S50
Py

1.0 equiv Py = 2-pyridyl Cé-selective
R =H, Me, CF3, F, Cl, Br, OBn 73-93%
R’ =H, Me, OMe, NO,, F, CI
@ Cu(OAG), (20 mol%) /L m
Yo + s—s o-PBA (20 movl/o) ' 7N Yo
) )— toluene, 130 °C, air B
Py g Py = 2-pyridyl
1.0 equiv 65%

Scheme 26 Cu(i)-Catalysed directed C6-thiolation.

Although chemists have mainly focused on the development
of C-C forming reactions at the C6 position, Cé6-selective
heteroatom-functionalization is also possible. Jiang and Liu
reported a Cu(u)-catalysed thiolation with disulfides
(Scheme 26).%° Both diaryl- and dialkyldisulfides participated in
the reaction, and the corresponding Ceé-thiolated pyridones
were obtained in good to high yields. Similar to in Scheme 16,
the acidic additives had positive effects on the reaction, with
2-biphenylcarboxylic acid (0-PBA) proving to be optimal in the
C-H thiolation.

Very recently, Knochel reported a methoxyethoxymethyl
(MEM)-directed  Cé6-selective  zincation with TMP,Zn-
2LiCl-2MgCl, (Scheme 27).*” The zincation reaction proceeded
smoothly under mild conditions, and subsequent trapping with
I, afforded 6-iodo-2-pyridone, which is a useful building block

N R
EI TMP,Zn-2LiCl2MgCl,
N0 THF,-10°C

MEM

cat. Pd(dba),
cat. P(2-furyl)

(R=CN)

Scheme 27 MEM-Directed C6-selective zincation.

30 | Chem. Sci,, 2018, 9, 22-32

View Article Online

Minireview

for further elaboration. Negishi cross-coupling of zincated
pyridone was also possible.

Sterically controlled site-selective C-H borylation

Iridium-catalysed nondirected C-H borylation is now recog-
nized to be one of the most powerful and reliable strategies for
the introduction of functional groups to various aromatic and
heteroaromatic compounds.®® However, the site-selective C-H
borylation of 2-pyridones remained underdeveloped until the
seminal work by Hirano and Miura (Scheme 28) was reported.*
By a judicious choice of catalyst and solvent, the C3-, C4-, and
Cé6-substituted pyridones were borylated, and the correspond-
ing C5-, C6-, and C4-borylated products were formed with high
site-selectivity (dtbpy = 4,4,-di(tert-butyl)-2,2'-bipyridine, bpy =
2,2-bipyridine). Particularly notable is the successful C-H
-borylation at the C4 position (Scheme 28c), which is otherwise
difficult to access by other C-H activation strategies; just
a single example under Ni/Al cooperative catalysis was reported,
mentioned in Scheme 13c. Additionally, Boc-protected
(—)-cytisine was also successfully borylated, giving a single
isomer. The obtained borylated products were readily

a) C—H Borylation of C3-substituted pyridones

~ R [Ir(OMe)(cod)], (2 mol%) pinB R
| i . dtbpy (4 mol%) |
+ pinB—Bpin -
'Tl o 1.5-2.0 equiv THF, 40°C N 0
Me Me

pianCFa meT\IBr pinBTICI
l}l (0] '}l 6} N (@)

(0]
Me
81% (1,4-dioxane) 51% 61% 39%
C5/C6 =97:3 >99% C5 >99% C5 >99% C5
b) C—H Borylation of C4-substituted pyridones
R
N [Ir(OMe)(cod)] (2 mol%)
| + pinB—Bpin _dtopy (4 mol%)
N0 2.0 equiv THF, 80 °C pinB
Me
OMe
pinB pinB pinB
59 32% 39% 66%
06/05 =937 C6/C5 = 80:20 >99% C6 C6/C5 = 35:65
c) C-H Borylation of C6-substituted pyridones Bpin

[Ir(OMe)(cod)]> (2 mol%)
bpy (4 mol%)

/E\/'\L /f\l
+ pinB—Bpin
o g P R N o

RN 2.0 equiv 1,4-dioxane, 40 °C
Me
Bpin i Bpin
pl Bpin p! NBoc o
O, 00 A&
Me” NS0 o "N"So  Me0,C7 N0 \_¢
1
Me Me Me Bpin
64% 58% 43% 77%
>99% C4 C4/C5 =94:6 >99% C4 >99% site selectivity
Scheme 28 Ir-Catalysed nondirected site-selective C—H borylation.
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\ . @B KsPOy (2.0 equiv) |
r
N0 1,4-dioxane/H,0 (4:1) N"~0
Me 1.0 equiv reflux Me g79,
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Pd,(dba)3*CHCI; (2.5 mol%)
B XPhos (5.0 mol%) X
K3POy, (2.0 equiv) |

1,4-dioxane/H,0 (4:1) Me N (¢]
Me 1.0 equiv reflux Me

95%

Pdy(dba)g (5.0 mol%) Me
P(t-Bu)g (20 mol%)

O KOH (3.0 equiv) | A

pinB THF/H,0 (10:1), rt N0
1.1 equiv l\llle

55%

Scheme 29 The Suzuki—Miyaura cross-coupling of borylated 2-
pyridones.

manipulated by Suzuki-Miyaura coupling to deliver the corre-
sponding arylated 2-pyridones in good yields (Scheme 29).

The site-selectivity was mainly controlled by steric factors,
and most sterically accessible positions were selectively bory-
lated. However, the reaction of the C5-substituted pyridones
and unsubstituted pyridones resulted in much lower conversion
and/or nonselective multi borylation. Further developments are
still awaited.

Conclusions

In this minireview, we have demonstrated the recent progress of
site-selective C-H functionalization of 2-pyridones, which are
privileged structural motifs in many important bioactive
molecules. Due to its conjugated enone-like structure, the
pyridone ring has large electronic biases, and thus site selec-
tivity can be controlled by optimization of the electronic nature
of the catalyst (organometallic control). However, some reaction
sites are often competitive (e.g. C3 vs. C5, see Scheme 10). In
such a case more robust strategies, namely those involving
radicals or directing groups, are still essential. The steric
control protocol is also powerful in specific cases. However, we
currently have no solution for the substituent-independent
C4-selective C-H functionalization of general 2-pyridones,
involving parent unsubstituted ones. Additionally, applications
to complex molecule synthesis still remains elusive. We believe
that the development of completely new methodologies and/or
concepts addresses the current problems and enables the truly
useful, productive, and reliable synthesis of multi-substituted,
highly functionalized pyridones, which can open a door to new
drug molecules based on 2-pyridone.
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