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Quinolines beyond C2 Selectivity
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ABSTRACT: Quinoline is an important scaffold in many natural
products, biologically active compounds, and functional materials.
The C—H functionalization of quinoline scaffolds by transition
metal catalysis provides an efficient method for rapidly obtaining
substituted quinolines. This review summarizes recently reported
transition-metal-catalyzed site-selective C—H functionalization of
quinolines, excluding C2 selective reactions. A review of direct
functionalization of quinoline N-oxides at the C8 position also is
provided.
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1. INTRODUCTION

Quinoline is a versatile and important heterocyclic system
found in many natural products, pharmaceuticals, agro-
chemicals, functional materials, and ligands in transition metal
catalysts (Figure 1).'= Thus, the development of efficient
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Figure 1. Representative compounds containing a quinoline scaffold.

methods for synthesizing substituted quinolines is important in
organic synthesis; however, conventional methods of quinoline
synthesis, such as condensation of amines and carbonyl
compounds (e.g,, Skraup, Débner—Von Miller, Friedlinder,
Conrad—Limpach, and Combes syntheses), require harsh acidic
conditions that limit substrate scope.”

Substitution reactions involving a preformed quinoline
scaffold also are useful for preparing functionalized quinolines;
however, electrophilic aromatic substitution reactions are not
suitable for electron-deficient azaheteroarenes. In addition, their
sp>-hybridized nitrogen atoms often interact with electrophiles
or Lewis acids, decreasing reactivity. Thus, quinolines
preferentially undergo electrophilic substitution reactions at
the carbocyclic ring rather than the heterocyclic ring.
Metalation with organolithium or organomagnesium reagents
through metal—halogen exchange or direct deprotonation,
followed by trapping with electrophiles, causes problems with
functional-group compatibility and unfavorable nucleophilic
aromatic substitution.”® Recent progress inspired by classical
reactions of heteroarenes (e.g,, Chichibabin”® and Minisci”"’
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reactions) has resulted in the development of efficient methods
for late-stage functionalization.

Recent transition-metal-catalyzed C—H activation/function-
alization has received attention for organic synthesis that
involves atom- and step-saving processes with high functional
group compatibility. Thus, late-stage, site-selective C—H
functionalization of a preformed quinoline scaffold is desirable
for the straightforward synthesis of complex molecules with a
quinoline scaffold. A number of C2 functionalization reactions
of quinolines have been reported because of the intrinsic
reactivity of the C=N bonds and the effects of nitrogen-to-
metal coordination.'’ In contrast, only a few examples exist of
catalytic systems producing C3 and C4 functionalization,"”
whereas their reaction sites in the quinoline ring have relatively
acidic protons (Scheme 1)."* However, synthesis of quinoline
derivatives involves the challenge of controlling site selectivity
on the carbocyclic ring (C5—C8 positions).

This Review focuses on transition-metal-catalyzed, site-
selective C—H functionalization of quinolines outside of C2
selective reactions. The types of reactions can be classified as
follows: C—H functionalization without a proximity effect

Scheme 1. Site-Selective C—H Functionalization of
Quinoline and Its Calculated pK, Values in DMSO'**
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through heteroatom—metal coordination (eq 1), C8 function-
alization of quinolines (eq 2) and their N-oxides (eq 3), and
C—H functionalization with a directing effect of pendant
groups in coordination with metals (eq 4).
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2. SITE-SELECTIVE C—H FUNCTIONALIZATION OF
QUINOLINES WITHOUT RELYING ON PROXIMITY
DUE TO HETEROATOM—-METAL COORDINATION
(EQ 1)

2-1. Coupling with C(sp?)—X Electrophiles. Transition-
metal-catalyzed C—H activation of (hetero)arenes, followed by
coupling with C(sp?)—X electrophiles (X = halides, OR, etc.),
isa powerful method for generatmg carbon—carbon bonds. Yu
et al."* and Sames et al."” independently reported the Pd-
catalyzed oxidative arylation of azines at the C3 or C4 position.
As shown in Scheme 2, arylation of quinoline with iodobenzene

Scheme 2. Palladium-Catalyzed C3 Arylation of Quinoline
and Its Proposed Mechanism'*
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under conditions reported by Yu afforded 3-phenylquinoline
over the C2 isomer in a ratio of 3:1; however, a large excess of
azines was required for obtaining acceptable yields. The authors
proposed that N,N-chelating ligands promoted dissociation of
N-bound azine substrates from the Pd center due to the trans
effect, allowing conversion to z-bound states. The 7*-azine-Pd
complexes underwent C—H activation at the C3 position
through a concerted metalation-deprotonation (CMD) mech-
anism.'® Sames found that electron-withdrawing substituents

on the azines increased site-selectivity at the C3 or C4 position
(Scheme 3)."*

Scheme 3. Palladium-Catalyzed C3 and C4 Arylation of
Quinolines Containing Electron-Withdrawing Substituents'*
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2-2. Allylation. The Fe-catalyzed C4 or CS allylation of 8-
aminoquinolines, which are often employed as bidentate
direct1n§ groups in C—H activation/functionalization proto-
cols,"””"" was reported by Cong and Zeng.'” Specifically,
reactions between 8-aminoquinoline-bearing carboxyamides
and allyl alcohols catalyzed by FeCl; (10 mol %) at 140 °C
gave CS-allylation quinolines in useful yields (Scheme 4). In

Scheme 4. Iron-Catalyzed C5 Allylation of 8-

Aminoquinolines19
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contrast, C4-allylation products were obtained with a low-
valent Fe catalyst system, which was generated using an excess
of organomagnesium reagent (Scheme S). These unique site-

Scheme S. Iron-Catalyzed C4 Allylation of 8-

Aminoquinoline '’
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selective reactions occur through chelation-induced nucleo-
philic attack of the C4 or CS quinoline carbon to the z-allyl
species (Scheme 6). Similar CS functionalization of 8-
aminoquinoline derivatives using Cu catalysts also was reported
by Ertem and Stahl (Section 2-8).*

Scheme 6. Proposed Mechanism for Fe-Catalyzed C4 and
C5 Allylations of 8-Aminoquinolines'”
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2-3. Insertion of z-System. Insertion of 7-systems, such as
carbon—carbon and carbon—heteroatom unsaturated bonds,
into metal—carbon bonds formed via C—H bond activation is a
valuable strategy for preparing alkyl- and alkenyl-substituted
compounds from readily accessible substrates. In 2008, Nakao
and Hiyama reported the C2 alkenylation of pyridines with
alkynes by Ni(0)—Lewis acid cooperative catalysis."'* This
strategy was extended to the C4 alkylation of azines, including
quinolines, with alkenes by the same group (Scheme 7).”' The
use of the sterically hindered N-heterocyclic carbene ligand
(IPr) and Lewis acid (MAD) was crucial for C4 selectivity.

Scheme 7. C4 Alkylation of Quinoline with an Alkene by
Ni—Al Cooperative Catalysis>'
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Ong also reported the C4 alkenylation of azines with alkynes
through Ni—Al cooperative catalysis (Scheme 8). *2 A Ni(0)—
NHC complex bound to the pyridine—AlMe; adduct at the
C3—C4 positions was isolated and characterized by single-
crystal X-ray diffraction. This result indicated that the catalytic
cycle was initiated by 7 coordination of Al-bound azines toward
the Ni center. Subsequent oxidative addition of the C—H bond
at the C4 position, alkyne insertion, and reductive elimination
provided the C4 alkenylated products and regenerated the
Ni(0)—NHC species.

Matsunaga and Kanai reported that the Co-catalyzed C4
alkylation of quinolines with styrenes gave 4-alkylquinolines
with branched selectivity (Scheme 9).” The catalyst system
using Co(OAc), in combination with n-BuLi and pyridine,
which acted as reducing reagents to generate in situ active Co—
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Scheme 8. C4 Alkenylation of Quinolines through Ni—Al
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Scheme 9. Cobalt-Catalyzed C4 Alkylation of Quinolines™’
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H species, was optimized for quinoline substrates.”* The
sequence of hydrometalation, C4-selective nucleophilic addi-
tion, and rearomatization was proposed.

Li and Shi reported Ir-catalyzed C3-selective nucleophilic
addition of azines, including qulnohne to aldehydes in the
presence of HSiEt; (Scheme 10).”> The authors proposed that
a silyl iridium complex would be the active species in this
reaction.

2-4. Heck-Type Alkenylation. Yu stated that the Pd-
(OAc),/1,10-phenanthroline catalyst system allowed oxidative
Heck-type alkenylation of quinoline to give 3-alkenylquinoline
preferentially over the C2-alkenylated isomer (Scheme 11).”° A
reaction course similar to the Pd-catalyzed C3 arylation

Scheme 10. Iridium-Catalyzed C3 Addition of Quinoline to
Benzaldehyde in the Presence of HSiEt,*
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Scheme 11. Palladium-Catalyzed C3 Alkenylation of
Quinolines™®

Pd(OAc), (10 mol%)

X 1,10-phen (13 mol%) N3
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16 equiv DMF, air, 140 °C, 12h 440 (03102 3:1)

reported by the same group (Scheme 2) was proposed to be
initiated by ligand exchange of N-bound azine substrates to the
m-bound state due to the strong trans effects of N,N-chelating
ligands.16

2-5. Substitution with an Alkylzinc Reagent. Addition
of alkyl nucleophiles to azines, followed by oxidative
aromatization, was a useful strategy for introducing alkyl
substitutes on azaheteroarenes; however, the reaction sites of
the direct substitution reaction are limited to the position a to
the nitrogen atom due to the inherent reactivity based on the
C=N bonds."'* Tobisu and Chatani found that the copper
catalyst system Cu(OAc)/PCy; enabled C4 alkylation of 6-
phenylquinoline with i-Pr,Zn (Scheme 12).27%8

Scheme 12. Copper-Catalyzed C4 Alkylation of 6-
Phenylquinoline with iPr,Zn"’

Me _Me
Ph Cu(OAc) (5 mol%) .
N PCys (10 mol%) Ph X
J+ ProZn —— 3
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2-6. Silylation. Ohmura and Suginome reported that the
palladium catalyst system [PdCl(s*-allyl)],/PCy enabled 1,4-
silaboration of quinoline to give N-boryl-4-silyl-1,4-dihydroqui-
noline (Scheme 13).”” The dihydropyridine derivatives

Scheme 13. Palladium-Catalyzed 1,4-Silaboration of
Quinoline and Its Proposed Reaction Pathway””
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obtained through this catalysis were rearomatized by treatment
with benzaldehyde; therefore, the overall process represents C4
silylation of azines. The proposed mechanism is shown in
Scheme 13. The catalytic cycle was initiated by oxidative
addition of silylborane to a Pd(0) complex. Insertion of the N-
bound azines into the Pd—B bond, followed by reductive
elimination, provided 1,4-adduct products and regenerated the
Pd(0) species.

2-7. Borylation. (Hetero)arylboronic acid and derivatives
are versatile intermediates in organic synthesis because of their
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air and moisture stability and broad functional-group
compatibility. Transition-metal-catalyzed C—H borylation of
(hetero)arenes is a straightforward method to prepare organo-
boron compounds.” Bipyridine-based iridium catalysts re-
ported by Ishiyama, Miyaura, and Hartwig are widely used for
this transformation.”’ The site-selectivity of this reaction
generally was controlled by substrate steric factors: the less
congested positions underwent borylation preferentially.
Miyaura and Ishiyama reported that borylation of quinoline
(10 equiv) with bis(pinacolato)diboron in the presence of
[Ir(OMe)(cod)], (1.5 mol %) and 4,4'-di-tert-butylbipyridine
(dtbpy) (3 mol %) in octane at 100 °C occurred at the C3
position (Scheme 14).*** Marder and Steel found that

Scheme 14. Iridium-Catalyzed C3 Borylation of Quinoline*”
[IrCl(cod)]; (1.5 mol%)

o Bpin
N dtbpy (3 mol% N
m + pinB-Bpin u» 3
o~ o /
N octane, 100 °C, 16 h N
10 equiv 84%

microwave irradiation allowed a reduction in reaction time
(80 °C, 15 min) for complete conversion of quinoline
compared with the standard heating conditions (80 °C, 120
min), giving a mixture of 3,6- and 3,7-bisborylated quinolines
(Scheme 15).%*

Scheme 15. Microwave-Assisted Ir-Catalyzed C3 Borylation

of Quinoline**
inB Bpin
[Ir(OMe)(cod)], (1.5 mol%) N/

N . . dtbpy (3 mol%) +
+ pinB-Bpin > Bpin
X P
N {BuOMe, 80 °C (uW) m
pinB”? Vg

15 min
89% (1:1)

Marder and Steel presented practical guidelines for site-
selectivity in C—H borylation of quinolines with the Ir-dtbpy
catalyst.”> Again, site selectivity of this reaction was dominated
by steric factors, but an underlying electronic effect on
selectivity also was observed under mild conditions. The C—
H bonds of the azaheterocycle on the quinoline rings appeared
to be more reactive than those of the carbocycle. Representative
examples of the borylation are shown in Scheme 16. Double
borylation of 2-methylquinolines with the excess diboron
reagent gave a 68:32 mixture of 4,7- and 4,6-bisborylated
products. 4-Chloro-7-trifluoromethylquinoline underwent bor-
ylation at the C3 position, whereas no efficient borylation took
place for the 4-methyl analogue. Borylation of 2,6-dimethylqui-
noline occurred at the C4 position. Similarly, the C4 positions
of 2,7-disubstituted quinolines, such as 2,7-dimethylquinoline
and 2-methyl-7-trifluoromethylquinoline, underwent borylation
preferentially. The authors suggested that '"H and *C NMR
chemical shifts of the quinoline substrates could predict the
preferred reaction sites, which were deshielding (acidic) and
sterically accessible C—H bonds. The DFT calculations of pKa
values for the C—H bonds also supported these sites for the
borylation (Scheme 1).

2-8. Chlorination. Ertem and Stahl reported the Cu-
catalyzed oxidative C5 chlorination of 8-aminoquinolines under
acidic conditions (Scheme 17).° On the basis of detailed
experimental and computational studies, a single-electron-

DOI: 10.1021/acscatal.5b01143
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Scheme 16. C—H Borylation of Quinolines Catalyzed by the
Ir-dtbpy System®®
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Scheme 17. Copper-Catalyzed CS Chlorination of 8-
Aminoquinoline™’

o CuCl (20 mol%) o s Cl
LiCl (2 equiv)
N —_—> N
Ho L] o, am), acoH Hoj
100°C, 17 h 81%

transfer mechanism was proposed for the unique site selectivity
similar to that seen in the Fe-catalyzed C4 or CS allylation of 8-
aminoquinolines (Scheme 4)."

3. C—H FUNCTIONALIZATION AT THE C8 POSITION
OF QUINOLINES (EQ 2)

Development of C—H functionalization at the C8 position of
quinolines is important because of the broad utility of C8-
substituted quinolines in medicinal chemistry and materials
science.' > However, only a few studies have been reported on
the transition-metal-catalyzed C8 functionalization of quino-
lines without a dependence on exocyclic directing groups.

3-1. Coupling with C(sp?)—X Electrophiles. Chang
reported the C8 arylation of quinolines with bromoarenes
catalyzed by Rh—NHC complexes (Scheme 18).° A wide
variety of quinolines and aryl bromides participated in this
transformation to give the corresponding C8 arylation
products. The authors proposed a reaction pathway via base-
assisted concerted proton abstraction and metalation by a
bimetallic or monomeric Rh—NHC species (Scheme 19). This
catalytic protocol complements Bergman and Elman’s C2
arylation of azines with bromoarenes catalyzed by the electron-
deficient Rh complex [RhCI(CO),],.""""

3-2. Borylation. The easy handling and diverse reactivity of
the boronic acid derivatives 8-quinolinylboronates make them
attractive intermediates for 8-substituted quinoline syntheses.
Steel, Marder, and Sawamura reported a C8 borylation of
quinolines with bis(pinacolato)diboron using an immobilized Ir
catalyst system based on a silica- sup}gorted trialkylphosphine
ligand Silica—SMAP (Scheme 20).”" This heterogeneous
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Scheme 18. C8 Arylation of Quinolines with Aryl Bromides
Catalyzed by the Rh-NHC System™®
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Scheme 19. Proposed Reaction Pathway for Rh-Catalyzed
C8 Arylation of Quinolines*
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Scheme 20. C8 Borylation of Quinolines via Silica—SMAP—
Ir Catalysis®”
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“Conditions: (a) NaBO;4H,0 (3 equiv) in THF/H,0 (1:1), rt. (b)
(Boc),0 (2 equiv), DMAP (0.1 equiv) in THF, rt.

catalysis tolerated considerable steric hindrance around the
reacting C—H bond to provide the sterically congested 8-
quinolinylboronates. The authors suggested that the C8
selectivity was due to the Silica-SMAP ligand, which favored
monoligation to metal centers. The reaction was initiated by
coordination of the quinoline nitrogen atom to the Ir center,
followed by C—H bond cleavage via a four-membered
iridacyclic reaction pathway. This method complements the
site selectivity of the bipyridine-based Ir catalyst systems
(Schemes 14—16).3>3%%

The C8-borylated quinoline derivative obtained using the
Silica-SMAP—Ir catalyst system can be used for various
transformations, including oxidation, one-carbon-homologa-
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tion/oxidation, Rh-catalyzed Heck-type reaction, and Pd-
catalyzed Suzuki—Miyaura coupling (Scheme 21). The syn-

Scheme 21. Transformations of the C8-Borylated Quinoline
Derivative®’*

A
B Oxidation/ Heck-type P
Protection Reaction N~ "Me
X
OBOC ° @) \ / ()
92% 92% CO,Bu
Z A
s N "Me .
(©).(a) Bpin (e) N™ "Me
N 65% / \ 94% O
~Z
N" "Me Homologation/ Suzuki-Miyaura
Oxidation Coupling
CO,Me

“Conditions: (a) NaBO;-4H,0 (3 equiv) in THF/H,O (1:1), rt, 3 h.
(b) (Boc),O (2 equiv), DMAP (0.1 equiv) in THF, rt, 1 h. (c)
Bromochloromethane (2 equiv), n-BuLi in hexane (1.7 M, 1.7 equiv)
in THF, =78 °C to rt, 1 h. (d) n-Butyl acrylate (S equiv),
[Rh(OH)(cod)], (2.5 mol %) in 1,4 dioxane/H,O (50:1), 90 °C,
16 h. (e) Methyl 4-bromobenzoate (1.5 equiv), Pd(PPh,), (5 mol %),
K;PO, (3 equiv) in THF/H,0 (5:1), 60 °C, 12 h.

thesis of a corticotropin-releasing factor; (CRF,) receptor
antagonist based on a late-stage C—H borylation strategy was
performed to demonstrate the utility of the C8 borylation
(Scheme 22).

Scheme 22. Synthesis of a CRF; Receptor Antagonist Based
on a Late-Stage C—H Borylation Strategy®’

NSNS [IOMe)(cod)], (1 mol%)

4 steps

’C‘NHZ MeO’C: :‘

Silica-SMAP (2 mol%)

pinB—Bpin (1.1 equiv)
Me 1BuOMe, 60 °C, 12 h

NSNS
Pd(PPhg), (5 mol%)

A
NSNS | 4BrCgH C Q .
i M N M
N (1.5 equiv) e0 e
2 K3PO, (3 equiv)
MeO™ Y, "N "Me | THiEn,0 (5:1)
Bpin 60°C,15h 57%

Cl (2 steps)
CRF, receptor antagonist

4. C8 FUNCTIONALIZATION OF QUINOLINE
N-OXIDES (EQ 3)

Pyridine N-oxides and related compounds are useful because of
their synthetic utility and biological activity. A number of
transition-metal-catalyzed ortho-C—H functionalizations of N-
oxide compounds have been reported via coordination of the
oxygen atoms with the metal centers.”® Recent advances have
made quinoline N-oxides suitable substrates for their C8
functionalizations. The N-oxide moiety worked as a directing
group to form five-membered metallacyclic intermediates at the
C8 position, which subsequently reacted with the appropriate
reagents to give C8-substituted quinoline N-oxides (Scheme
23). Reduction of the N—O bonds provided the corresponding
quinoline derivatives. Thus, the overall process represents the
C8 functionalization of quinolines.

4-1. Coupling with iodoarenes. Larionov reported the
Pd-catalyzed C8 arylation of quinoline N-oxides with
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Scheme 23. Metal-Catalyzed C8 Functionalization of
Quinoline N-Oxides and Subsequent Reduction

[M] N A
+/ +/ +J —> Z
Y N o1 3 °N
R O R

iodoarenes under acidic aqueous conditions (Scheme 24).*
Various functional groups were suitable on both quinoline N-

"reagents“

—[M]

Scheme 24. Palladium-Catalyzed C8 Arylation of Quinoline
N-Oxides with Iodoarenes®

R2 Pd(OAc), (5 mol%) A
X =[=\ AgsPO, (0.5 equiv) R'T _
R1% P + |_@ — >
N AcOH (30 equiv)
(') 3equiv HyO (40 equiv) gl
- 120°C, 16 h (c8/C2)
A
+2
r;l Me
5-
86%
Me (>20:1)
A
+ -
N
o-
N O 82%
Me (16:1)

oxides and on iodoarenes. Mechanistic studies based on
experimental and computational observations showed that the
use of Pd(OAc), and aqueous AcOH was crucial for C8—H
bond cleavage. This reaction complements the Pd-catalyzed C2
arylation of quinoline N-oxides reported by Fagnou’s group
with respect to regiochemistry.*’ Later, Larionov reported the
Pd-catalyzed oxidative C8 homocoupling of quinoline N-oxides
under conditions similar to those of the above C8 arylation but
with AgOAc as an oxidant.”!

4-2. Insertion of Alkynes. Shibata and Matsuo reported
that a cationic Rh(I)-xyly]BINAP catalyst promoted C8
alkenylation of quinoline N-oxides with diarylalkynes (Scheme
25).% However, the alkenylated products underwent E/Z
isomerization during the reaction. Mechanistic studies showed
that this reaction involved reversible C—H bond cleavage of
quinoline N-oxide at both the C2 and C8 positions. The
alkenylated N-oxide compound was reduced by treatment with
PCl,, to give the corresponding quinoline derivative (Scheme
26).

Li (Scheme 27)* and Chang (Scheme 28)** independently
reported the Rh-catalyzed reaction between quinoline N-oxides
and internal alkynes to provide 2-(quinolin-8-yl)-ethanones
through C—H activation of quinoline N-oxides at the C8
position, followed by alkyne insertion and intramolecular
oxygen atom transfer. In this redox-neutral transformation,
the N-oxide moiety acted not only as a directing group but also
as an internal oxidant. Moreover, Li found that the use of
Zn(OTf), (20 mol %) improved the reactions with alkyl aryl
acetylenes to give a-arylacetophenone derivatives with exclusive
regioselectivity (Scheme 27)."

A reaction pathway proposed by Li and co-workers is shown
in Scheme 29.* The first step was formation of five-membered
rhodacycle A via C—H bond cleavage at the C8 position of the
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Scheme 25. Rhodium-Catalyzed C8 Alkenylation of
Quinoline N-Oxides with Diarylalkynes**

Y [Rh(cod),]OTf (10 mol%) R+
RL _+s (S)-xylylBINAP (10 mol%)
N~ + Ar——Ar >
o PhCl, 135 °C, 14 h Ar
- Ar
OO e
PAr,
PAr, Ar=-$
(S)-xylylBINAP Me
I I
- PRy - PRy -
R =Ph, 82% (E/Z7:1) 64% (E/26-1) R = Me, 84% (E/Z7:1)

R = 4-MeOCqgHj, 75% (E/Z 14:1)
R = 4-CF3CqHj, 47% (E/Z>20:1)

R = OMe, 61% (E/Z 10:1)
R = Cl, 84% (E/Z 20:1)
R = NO,, 67% (E/Z6:1)

Scheme 26. Reduction of a Quinoline N-Oxide Derivative**

o o
+- Pz
N N
Py O- PRy, 95%
Ph Ph

Scheme 27. Rhodium-Catalyzed Reaction between
Quinoline N-Oxide and an Internal Alkyne, Reported by Li

PCl3 (1.2 equiv)

toluene, rt., 15 min

et al.*®
N [RhC1,Cp*], (4 mol%)
AgSbFg (16 mol%)
N Zn(OTH), (20 mol%)
o_ AcOH (2 equiv)
1.5 equiv 1,4-dioxane, 110 °C, 20 h Ph  74%

Scheme 28. Rhodium-Catalyzed Reaction between
Quinoline N-Oxide and an Internal Alkyne, Reported by

Chang et al.*
Cu(OAc),*H,0 (5 mol%)

o
F\‘]/+Ph Ph —m— 3 N

1 DMF, 110°C, 24 h 0
0]

1.25 equiv

A

o~

[RhCI,Cp*], (2.5 mol%)

Ph
Ph 89%

quinoline N-oxide. Insertion of the alkyne into the Rh—C bond
followed by reductive elimination of a C—O bond generated
cationic heterocyclic compound C along with a Rh(I) species.
Oxidative addition of C to the Rh(I) center provided enolate D,
which was tautomerized to isolable Rh(III)-7>-benzyl complex
E. Finally, the desired product was obtained through cyclo-
metalation of the new incoming substrate, causing regeneration
of the catalytically active rhodacycle A. Li and Lan later
reported a computational study related to the mechanism
shown in Scheme 29.*

4-3. Carbene Insertion and Alkynylation. Chang
reported various types of C8 functionalization of quinoline
N-oxides via formation of metallacyclic intermediates. For
carbon—carbon bond formation, cationic Rh(III) catalyst
systems enabled C8-alkylation and -alkynylation with diazo
compounds and an alkynylated hypervalent iodine reagent
(TIPS-EBX), respectively (Schemes 30 and 31).* These
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Scheme 29. Proposed Reaction Pathway of the Rh-Catalyzed
Reaction between Quinoline N-Oxides and Internal

44
Alkynes
A
+) + [RhCp™X]*
N

\ 1
Nig °-
o —HX * C-H activation
R
! ST a=—n
B +
+ N
N RhwO_ insertion
(o} Cp* A
O L +
: CI:p s N |
¢ “N-Rh H
A== 1%
5 5 R \ Hh Cp
: Ph” 0 g |
1 isolable 1
:‘ intermediate |
R=Ph oxidative reductive
addition elimination
R [RhCp*]

Scheme 30. Rhodium-Catalyzed C8 Alkylation of Quinoline
N-Oxides with Diazo Compounds*®

[RhCI,Cp*l, (2 mol%)
it ) N AgSbFg (8 mol%)
AT + Jl\
N R2" R®  PivOH (20 mol%)
O_  11equiv CICHCH.CI i, 12h
= H, 96% Br SN
= CHO, 60% +y
._ = CHo(OCH,CH50), 64% ?‘_ CH,
MeO,C COZMe = N(Boc),, 64% MeO,C COzMe 87%
+/ 4'/
:, 5 COgMe COzEt
98% 90%

Scheme 31. Rhodium-Catalyzed C8 Alkynylation of
Quinoline N-Oxides with TIPS-EBX*®

X
[RRCp*(MeCN);](SbFq), R

RE Y N+ 0—! SiPrs (4 mol%)
1 + -
4 N/ o
5 1.1equiv  pjyOH (20 mol%), MS 4A
TIPS-EBX
_ ( ) CICH,CH,Cl, 1t, 12 h SiPr
N MeO,C N
+- + 2
N N
[~ e,
65% 72%
SiiPra SiPra

reactions proceeded at room temperature with high functional
group compatibility. Kinetic isotope studies showed that the
C—H bond cleavage was involved in the rate-determining step
in both reactions (KIE > 2.7). Later, Chang reported the
Ir(III)-catalyzed C8 arylation using aryldiazonium tetrafluor-
oborates, which served not only as an aryl reagent but also as an
internal oxidant.*’
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4-4. Formation of C—X (X = I, N) Bonds. Chang et al.
extended the above strategy to carbon-heteroatom bond-
forming reactions. lodination with N-iodosuccinimide (Scheme
32) and amidation of quinoline N-oxides with sulfonyl azides

Scheme 32. Rhodium-Catalyzed C8 Iodination of Quinoline
N-Oxides with N-Iodosccinimide**

XYY ! [RhCI,Cp*] (4 mol%) N
Re ) oﬁo AGNTE, (18 mol%) Ry >
> 8
S CICH,CH,CL,50°C, 12h | {4
- 1.5 equiv -
R CHO
N R=H,82% N \
X? R=Me, 77% N NP ph
| & R=COMe78% | ¢ -

R = N(Boc),, 60%

93% 44%

(Scheme 33) were achieved with cationic Rh and Ir catalyst
systems, respectively.”® Both reactions proceeded with exclusive
site selectivity under mild conditions.

Scheme 33. Iridium-Catalyzed C8 Amidation of Quinoline
N-Oxides with Azides™

[IrCI,Cp*]> (2 mol%) I
X 130
d o R
Rl ) v n-re AgNTf; (8 mol%) - -8/ ?\-l/
N ACOH (30 mi%) RHN O
O_  11equiv CICH,CH,CI, 50 °C, 12 h -
OSiiPrg
R! N, R'=H,89% ~CHO N
+] R!=Me, 90% . ‘.
N™  R!=CO,Me, 63% N N
1 ’ 0, 1 0
TsHN O R'=N(Boc) 55% TeHN O 87% N o 8%
A R2 = SO,Me, 82%
N N) R2=S0,CH,Ph, 78%
TSHN CI) O F\f R2 = 10-camphorsulfonyl, 87%
Si
- R2 = SO,(2-BrCgH,), 53%
8% RZHN (')_ 2(( 6Ha), 53%

R2 = CO(4-NO,CgHy), 62%

5. C—H FUNCTIONALIZATION OF QUINOLINES USING
THE DIRECTING EFFECT OF
METAL-COORDINATING PENDANT FUNCTIONAL
GROUPS (EQ 4)

5-1. Coupling with C(sp?)—X Electrophiles. Yu reported
the Pd-catalyzed amido-directed C3 or C4 arylation of
quinolines with bromoarenes (Scheme 34).*" Reactions of 4-
carbamoylquinolines and aryl bromides in the presence of a
Pd(OAc),/PCy,tBu-HBF, catalyst gave the corresponding 3-
arylquinolines. In the reaction of 3-carbamoylquinoline, a
mixture of C4- and C2-arylated products was obtained in favor
of the C4 isomer.

5-2. Insertion of Alkenes. Jung and Chang reported the
Rh-catalyzed double hydroarylation of carbon—carbon unsatu-
rated bonds with N,N-chelating molecules, such as 2,2'-
biquinolines (Scheme 35).”° Gaseous ethylene also was
involved in this transformation. Experimental and theoretical
studies showed that the strong trans effect of the NHC ligand
weakened the N—Rh bond to facilitate a rollover cyclo-
metalation pathway of N,N-chelating molecules.

5-3. C—H/C—H Coupling with Heteroarenes. Oxidative
C—H/C—H coupling has become a straightforward strategy to
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Scheme 34. Palladium-Catalyzed C3 Arylation of 4-
Carbamoylquinolines*’

PhHN__O
& *
o
N

PhHN

(0]
Cftfm
>
N

Scheme 35. Rhodium-Catalyzed Bis-hydroarylation of
Alkenes®’

PhHN__O

Pd(OAc); (10 mol%)

PCy,tBurHBF, (10 mol%) Ar

3

ArBr

Cs,COg3 (3 equiv), MS3A

A
. Z
1.5 equiv toluene, 130 °C, 48 h N

Ar = 4-MeCgH,4, 89%
Ar = 3-FCgHy, 82%

Ar = 4-FCgH,, 88%

Ar = 3-MeOCgH,, 94%
Ar =2-MeOCgHy, 71%
Ar = 4-MeO,CCgHy, 83% N NHPh
Ar = 2-naphthyl, 92% e

Ar = 9-phenanthryl, 68% N 'p-Tol 14%

p-Tol O
4

A NHPh

N7 50%

+ (0]

Rh(acac)z (1-3 mol%)
IMes*HCI (1-3 mol%)
NaOBu (30 mol%)

toluene, 130 °C, 2-4 h

R = Bu (5 equiv) R = fBu. 96%

R=H t
O (5 atm) R=H, 99%
Rollover Cyclometalation Pathway
T PN PSS
u u u
z ‘ Z Y Z Y’
| | c-H |
H NN NHC H7 XN NHC activation 7 x~N, NHC
H /Rh\ —_— Flh\ —_— Rh\
ZN X trans N¥\py X N X'
™ I . effect A4 . I Z
! f i
Gl LY L L]

pRAY ~ 2%

synthesize (hetero)biaryl compounds from unmodified
(hetero)arenes. Su reported the Rh(III)-catalyzed amide-
directed dehydrogenative heteroarylation of azines, including
quinolines. Reaction of 4-carbamoylquinoline and 2-methyl-
thiophene afforded the corresponding C3-arylated quinoline
through dual C—H bond cleavage (Scheme 36).”" Likewise, 3-
carbamoylquinoline provided the C2 arylation product in high
yield.

Scheme 36. Rhodium-Catalyzed C—H/C—H Coupling of 3-
or 4-Carbamoylquinolines and 2-Methylthiophene®"

[RhCI,Cp*] (1.5 mol%)
(0] AgSbFg (6 mol%)

S Cu(OAc), (2 equiv;
L+ UMe (OAc); (2 equiv)
K3PO4 (1 equiv)

PhHN PhHN

N/ 3 equiv 1,4-dioxane N 58%
130°C, 24 h
NHPh
wo + @,Me as above
Z
N 3 equiv

5-4. Oxidative Coupling with z-Systems. Li stated that
the Rh(III) complex [RhCl,Cp*], allowed oxidative annulation
of 4-carbamoylquinoline upon addition of 2 equiv of
diphenylacetylene in the presence of Cu(OAc), as an oxidant
(Scheme 37).%* 2-Fold C—H activation at both the C2 and C3
positions of the quinoline ring occurred to provide the
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Scheme 37. Rhodium-Catalyzed Oxidative Annulation of 4-
Carbamoylquinoline with Alkyne or Acrylate®>**

H
p-Tol N

99 \ i
Ph

73% Ph

(@) O

p-ToI’N
e [RhCI,Cp*], (2 mol%)
+ Ph—= Ph—>

Cu(OAc);, (2.2 equiv)

22equiv acetone, 120 °C, 6 h

ZT

pTol

O,
p-Tol” o
RhCI,Cp*], (2 mol%)
e [RhCICp*],
* \)LOtBu >
1.5 equiv Cu(OAc), (4.2 equiv)

MeCN, 110°C, 12 h

66%

corresponding acridine derivative. When acrylate was employed
instead of alkyne, tricyclic compounds containing an exocyclic
alkene moiety were obtained via C3 selective alkenylation,
followed by oxidative amidation (Scheme 37).°° Shi also
reported oxidative C7 alkenylation of 8-aminoquinolines with
styrenes or electron-poor alkenes in the presence of the cationic
Rh(III) catalyst system (Scheme 38).°* Reaction of 2-

Scheme 38. Rhodium-Catalyzed Oxidative C7 Alkenylation
of 8-Aminoquinolines with Alkenes®*

N [RhCI,Cp*], (5 mol%) B
P AgSbFg (20 mol%) P
N + AN ——— Y7 N
O _NH Cu(OAc);, (2 equiv) O _NH
Y 1:5-38quiV GICH,CH,CI Y
Bu 100-120 °C, 24 h Bu
R N
R NHPi i i
iv NHPiv Et0,C7 N
R=H,71% R = CO,Me, 94% 71%  NHPiv
R = 4-Me, 74% R = CO,Et, 60%
R = 4-F, 66% R = CO,nBu, 78% N CO:E
R =3-F, 82% R = PO(OEt),, 54%
R = 4-OAc, 79% NHPiv
R =4-Br, 71% quant‘

aminoquinoline derivatives gave the C3 alkenylated products
exclusively. A quinoline-2-carboxyamide derivative also was a
suitable substrate for the oxidative Rh(III)-catalyzed C3
alkenylation.>

5-5. Alkoxycarbonylation. Heteroatom-directed alkoxy-
carbonylation of C—H bonds through Pd catalysis is an
attractive strategy for site- selectlve addition of oxygen
functionalities to organic molecules.”® Blakemore reported the
efficient synthesis of 7,7’-dihydroxy-8,8’-biquinoline (azaBI-
NOL) through Pd-catalyzed double C—H alkoxycarbonylation
of 8,8'-biquinolines at both the C7 and C7’ positions followed
by saponification (Scheme 39).”

6. SUMMARY AND OUTLOOK

This review summarizes the recent progress in transition-metal-
catalyzed C—H functionalization of quinoline, which realized
not only carbon—carbon bond formations but also carbon—
heteroatom bond formations, such as C—B, C—Si, C—N, C—0,
C—Cl, and C-L Site-selectivity of the C—H bond at the C2
position of the quinoline ring was the main target of
functionalization in the past because of intrinsic reactivity of
the C=N bonds and proximity effects via nitrogen-to-metal
coordination. However, more recent progress has made
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Scheme 39. Synthesis of azaBINOL through Pd-Catalyzed
Double C—H Alkoxycarbonylation of 8,8'-Biquinoline,
Followed by Sponification®’

N, Pd(OAc), N N
. (5 mol%) /
N~ PhI(OAc), R(O)CO KOH HO
2.5 equiv
Ny (2.5 equiv) H(O)COT Ny » HO
CI RCO,H-CHCl, Cl MeOH O
Z 80°C, 20-36 h Z t2h Z
R = Me, 64% R M 85%
R=nBu52% (=Me) . amINOL

selective C—H bond functionalization possible at different
positions in the quinoline ring. In addition, quinoline N-oxide
derivatives have become useful substrates for selective reactions
at the C8 position. However, only a few studies on site-selective
C—H functionalization reactions in the C5—C7 region in the
carbocyclic portion of quinoline have been reported. Site-
selectivity in these reactions relied on the directing effect of
exocyclic metal-coordinating auxiliary groups. Improvement in
quinoline functionalization methods will be facilitated by new
reactions and strategies based on better understanding of the
chemical properties of quinolines.
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