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Abstract Quinoline derivatives are frequently found in natural prod-
ucts and biologically active compounds; however, construction of quin-
oline fused polyheterocycles is a challenging goal in synthetic organic
chemistry. In this regard, quinolinium salts meet the demand to a great
level, as they can be synthesized readily and employed effectively for
rapid construction of the condensed heterocyclic core. The present re-
view focuses on recent (2015-2021) applications of different quinolini-
um salts, which react with suitable partners to access diverse annulated
products. Most of the reactions discussed here involve easily available
starting materials, are operationally simple, offer high atom-efficiency,
and are environmentally benign. Mechanistic aspects of representative
transformations have also been highlighted to better understand the
reaction pathways.
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1 Introduction

Quinolines are privileged structural motifs due to their
widespread occurrence in natural products and pharma-
ceuticals. In fact, the quinoline ring system constitutes the
basic core of a number of alkaloids (Figure 1). For example,
cinchona alkaloids, such as quinine and cinchonidine,
which are found in cinchona bark, play a vital role in the
treatment of malaria.!? Camptothecin is a well-known
quinoline alkaloid isolated from the bark of Camptotheca
acuminata that exhibits anticancer activity.> Likewise,
dictamnine and 7y-fagarine, extracted from the roots of
Zanthoxylum wutaiense, were found to exhibit antitubercu-
lar activity.* Berberine, isolated from the stem of Berberis
aristata, displays activity against drug-resistant Helicobacter
pylari> Martinellic acid, extracted from the organic extract
of Martinella iquitosensis roots,® was identified as a brady-
kinin receptor antagonist, whereas marinoquinolines, ob-
tained from marine gliding bacterium, act as potent plas-
modium falciparum inhibitors.”8
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Figure 1 Biologically active natural products and pharmaceuticals containing a quinoline core

Additionally, the quinoline ring system has been used as
a central template for various drugs and pharmaceuticals
(Figure 1). Several antibiotic drugs, including norfloxacine
and levofloxacine, contain quinoline nucleus.®!° Tasquini-
mod is an orally active antiangiogenic drug used for the
treatment of prostate cancer.!! Likewise, pitavastatin (cho-
lesterol-lowering agent),'? tipifarnib (farnesyl transferase
inhibitor for lukemia),'* bedaquiline (anti-TB),'# lenvatinib
(kinase inhibitor for cancer)'® are other drug candidates
with important medicinal value.

Beside their strong biological profile, quinoline-embed-
ded compounds have ample applications in the field of bio-
organic and material sciences due to their remarkable opti-
cal properties.'®21 Moreover, the quinoline core is an im-
portant structural unit in some polymer materials.?223
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pyridines and quinolines using N-oxide chemistry.3> How-
ever, in recent years, a number of novel synthetic method-
ologies have emerged exploiting various quinolinium salts
to build diverse molecular frameworks. Therefore, a new di-
rection on this area seems to be appropriate. This review
highlights recent development (2015-2021) in annulation
reactions of various quinolinium salts with suitable reac-
tion partners to obtain different fused heterocyclic com-
pounds. In this review, the quinolinium salts employed for
annulations are: (1) N-alkyl quinolinium salts, (2) quinolin-
ium zwitterionic tosylate, (3) quinolinium zwitterionic thi-
olate, (4) quinoline-N-oxides, (5) N-iminoquinolinium salts,
and (6) miscellaneous cyclizations.

2 Annulation Involving N-Alkyl Quinolinium
Salts

2.1 Reaction with Alkenes

Cycloaddition of N-alkylquinolinium salts with different
kind of substituted alkenes is an important aspect of quino-
line chemistry. Generally, this type of reaction occurs
through a [3+2] cycloaddition pathway leading to the for-
mation of an N-containing fused heterocyclic skeleton. In
2019, Coldham and co-workers carried out the reaction of
quinolinium salts 1 with electron-deficient alkenes
(arylidene malononitriles) 2 in the presence of triethyl-
amine to afford pyrrolo[1,2-a]quinoline derivatives 3
(Scheme 1).3” The reaction proceeded via formal [3+2] cyclo-
addition with high regio- and stereoselectivity, producing a
single stereoisomer in good yields under mild reaction con-
ditions. The scope of the reaction was further expanded by
using N-methylmaleimide 4 as an effective dipolarophile to
obtain the corresponding tetracyclic scaffolds 5. The rela-
tive stereochemistry of the adducts were determined by
single-crystal X-ray diffraction studies. Notably, 6-
chloro/bromoquinolines were also well tolerated, resulting
the desired products with impressive stereoselectivity.
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Scheme 1 Annulation involving N-alkyl quinolinium salts with
arylidene malononitriles/N-methylmaleimide

Meanwhile, Wan’s group devised a method for the con-
struction of pyrrolo-quinoline scaffold 9 through in situ
generation of quinolinium salts from quinoline 6, diazo
compounds 7 and alkenes 8 by the action of copper cata-
lyst.>® A wide array of mono- and disubstituted electron-
deficient olefins, including acrylic ester and fumaric esters,
delivered the desired products in moderate to good yields
(up to 98%). In all the cases, different ester groups in the a-
diazo compounds reacted efficiently to generate the corre-
sponding annulated products 9 (Scheme 2). Mechanistical-
ly, it is conceivable that the copper carbene species A is ini-
tially formed by the reaction of diazo substrate 7 with cop-
per with dinitrogen extrusion. The nucleophilic attack by
quinoline 6 to the copper carbene species A gives quinolini-
um intermediate B. Intermediate C is formed via dissocia-
tion of copper salt B. Next, [3+2] cycloaddition reaction of
intermediate C with alkenes leads to intermediate D. Fused
quinoline product 9 is produced via oxidative aromatization
by copper/0,. It should be noted that both copper catalyst
and molecular oxygen are crucial factors for the oxidation

process.
o YT X
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CO,CH,(CF2)4CHF5, CO,CH,CH,0H, CN

18-98% yield

N X
P e O
//
A J
[Cu]
CuOg

Scheme 2 Copper-catalyzed annulation reaction of quinoline, diazo
compounds, and alkenes through in situ generation of quinolinium salts

A base-promoted 1,3-dipolar cycloaddition reaction be-
tween N-alkoxycarbonylmethylquinolinium bromide 10
and isatylidene malononitriles 11 was investigated by Sun,
Yan and co-workers.?® The reaction led to the formation of
spiro(indoline-3,2’-pyrrolo[1,2-a]quinolines) 12 as a mix-
ture of diastereoisomers (dr 0.50:0.50 to 0.62:0.38). Inter-
estingly, when N-(4-nitrobenzyl)quinolinium bromide 13
was allowed to react with isatylidene malononitriles 11, the
expected spiro(indoline-3,2'-pyrrolo[1,2-a]quinolines) 14
was produced as a single diastereoisomer (Scheme 3). The
better stereoselectivity might be due to steric effects of the
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p-nitrobenzyl group. X-ray crystal structure analysis re-
vealed that the p-nitrobenzyl group remained at the trans-
position of the phenyl ring of the oxindole system.

sol
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Scheme 3 1,3-dipolar cycloaddition reaction of N-alkoxycarbonyl-
methylquinolinium bromides with isatylidene malononitriles

Recently, Wang’s group carried out an unexpected
dearomative [3+2] cycloaddition/oxidative decarbonylation
sequence of quinolinium salts 15 and 3-alkenyl oxindoles
16, which provided highly functionalized n-extended pyr-
rolo-quinoline system 17.40 A variety of quinolinium salts
15, with different substitution patterns, were found to be
applicable in these transformations. Quinolinium salts
with electron-withdrawing groups (Ar = 4-FCgH,, 4-CICgH,,
4-NO,CgH,, etc.) delivered much better yields than those
with electron-donating groups (Ar = 4-MeCgH,, 4-OMeCgH,).
A plausible mechanism for the reaction pathway is depicted
in Scheme 4. Initially, [3+2] cycloaddition reaction between

RZOZC

: Hr“ @#

Ar= Ph, 4-FCgHg, 2-FCgH,, 4-CICgH,, 4-BrCgHy,

1) NaCOg3 (1.0 equiv)
MeCN, 40 °C, 5 h

DDQ (1.0 equiv), 12h

4-NO,CgHy, 4-MeCgHs, 4-OMeCgH,

R'=H, Me; R?= Me, Et, Bu

RG

H, F, Cl, Br, Me; EWG = Boc, COzEt, Ts

quinolinium salts 15 and 3-alkenyl oxindole 16, in the pres-
ence of Na,CO;, formed intermediate A, which, after dehy-
drogenation upon addition of DDQ, produced intermediate
B. The trace amount of water in the reaction system at-
tacked the carbonyl of intermediate B to generate C. Subse-
quent ring-opening (C — D), followed by decarboxylation
gave intermediate E. Finally, oxidation by air or excess DDQ
led to the formation of rearranged product 17. Notably, the
formation of intermediates A, B, C, D and E could be verified
by HRMS analysis.

Recently, Morofuji, Kano and co-workers investigated
protonation-enhanced reactivity of the triplet state in
dearomative photocycloaddition of quinolines to alkenes.*!
The reaction of quinolines 18 with trans-alkenes 19 in the
presence of [Ir[dF(CF;)ppy],(dtbbpy)]|PFs (PC, 5 mol%) as the
photocatalyst upon irradiation with a blue LED and subse-
quent treatment with Et;N resulted compound 20 (Scheme
5). Ph,S was employed to improve the reproducibility. Laser
flash photolysis (LFP) experiments revealed that the triplet
excited state of both neutral and cationic quinolines can be
generated through energy transfer from the triplet state of
the Ir photocatalyst. Density functional theory (DFT) calcu-
lations suggested that the protonation of quinolines im-
proved the reactivity of their triplet states towards alkenes.
Mechanistically it is conceivable that protonated quinoline
(A) is excited by the energy transfer from the photoexcited
Ir catalyst. Olefin 19 then rapidly reacts with the triplet
state of protonated quinoline B to form the corresponding
triplet diradicals C/C’ (highly electrophilic diradical). Subse-
quently, intersystem crossing produces singlet diradicals
D/D’, which enabled radical-radical coupling to afford the
desired compound 20. Importantly, when neutral quinoline

21 examples
up to 95% yield

Scheme 4 Dearomative [3+2] cycloaddition/oxidative decarbonylation of quinolinium salts and 3-alkenyl oxindoles

SynOpen 2022, 6, 86-109



THIEME

SynOpen S. Das

[Ir[dF(CF3)ppylodibbpy)PFe

(PC, 5 mol%) R
P R Ph,S (30 mol%)
—
S * m\ blue LED BN,
N R ue \N
0
K g 19 CHoCly, 23°C, 24 h 20
then EtsN R ="Pr, 98% yield (dr 1.7:1)
[X] = TIOH

v
Ir
=
G D @O
energy N
H

transfer

: 19 :
oSt K
3 \N energy no reaction i

transfer

R =Me, 89% yield (dr=2.1:1)

H ¢ H ¢
lISC
s T
R T R
3 .
= =
or

@ A,
N N
H D H p

Scheme 5 Protonation-enhanced reactivity of the triplet state in dearomative photocycloaddition of quinolines to alkenes

Q is employed, the triplet-state T-Q could be generated, but
the reaction with olefin 19 is very slow due to relatively
electron-rich diradical character of T-Q.

Meanwhile, the reaction of allenoates 22 with quinolini-
um salts 21 under metal-free conditions was studied by
Bakshi and Singh.#? The incorporation of C-2 alkyl substitu-
ents was achieved by employing allenoates as dipolarophile
via [3+2] cycloaddition reaction to result in pyrrolo[1,2-a]-
quinoline scaffold 23 (Scheme 6). Both quinoline and pico-
line reacted smoothly with allenoates to form the corre-
sponding fused heterocycles 23a-f in good to excellent
yields (up to 99%). The incorporation of C-2 benzyl or aryl
substituent could also be possible using suitable allenoates
(products 23c-d). Notably, the allenoates derived from iso-
valeryl chloride also participated in the reaction, affording
the corresponding C-alkylated products 23e-f.

2.2 Reaction with Alkynes/Arynes

In 2019, rhodium-catalyzed multicomponent and regio-
divergent cycloadditions of quinolines, donor-acceptor di-
azo compounds and electron-deficient alkynes was investi-
gated by Peng and co-workers.** When quinoline 6, dimeth-
yl acetylenedicarboxylate 24, and aryl diazoacetate esters
25 were subjected to react in xylene in the presence of
Rh,(OPiv), catalyst, five-membered indolizine derivatives
26 were obtained via [3+2] cycloaddition. Interestingly, the
use of a-diazoketones 25’ (instead of aryl diazoacetate es-
ters 25) yielded seven-membered 1,4-oxazepine com-
pounds 27. Both electron-donating and electron-withdraw-
ing groups were tolerated on aryl rings of the a-diazo-
ketones. A plausible mechanism is depicted in Scheme 7.
The reaction of diazo compound with rhodium complex

R R
\ R! KoCO3, DMF =
® + C=C= B —
Nig ¥ COEt air NN\, CO,Et
S H Ph 22 90°C,2h =
Br Of PhOC 23 CHRTR?
21 [3+2] cycloaddition 9 examples
________________________________________________ up 1o 99% yield
Me
Selected examples Me
N
( NN\~ CO,Et
x N7\, CO,Et N\\ CO,Et
= PhOC
PhOC
Me PH
23a (77%) 23b (99%) 23c (82%)

N7\, —CO,Et
Ny —COEt N0zt
PhOC
PhOC PhOC

23d (87%) 23e (87%) 23f (91%) Me

Scheme 6 Cyclization involving quinolinium salts and allenoates under
metal-free conditions

produces rhodium carbene species A with elimination of ni-
trogen. Afterward, rhodium species B is generated by the
nucleophilic addition of quinoline 6 to intermediate A. Dis-
sociation of rhodium salt forms intermediates C and C'.
Subsequently, 1,3-dipolar [3+2] cycloaddition of intermedi-
ates C with alkyne 24 leads to the formation of intermedi-
ate D, which could be transformed into compound 26 via
metal-promoted 1,3-ester migration process. On the other
hand, intermediate C' underwent 1,5-dipolar [5+2] cycload-
dition reaction with alkyne to accomplish seven-membered
1,4-oxazepines 27. Thus, quinolinium ylides derived in situ
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Scheme 7 Rhodium-catalyzed regiodivergent cycloadditions of quinolines, donor-acceptor diazo compounds and electron-deficient alkynes

from quinoline and donor-acceptor diazo compounds ex-  tion of the resulting scandium alkenyl species to the C=N
hibit distinct selectivity and reactivity for the above reac-  unit in the quinoline scaffold followed by protonation re-

tions. sulted in the desired spiroannulated product (B—28").
Stereoselective construction of three-dimensional mo- The thermal cycloisomerization of tethered triynes 29
lecular architectures from planar aromatics is of great im- leads to the formation of benzynes 30 under neutral condi-
portance from medicinal chemistry and drug discovery  tions in hexadehydro-Diels-Alder (HDDA) reaction mode.*>
perspectives. Very recently, Luo, Hou and co-workers devel- These short-lived reactive intermediates can participate in
oped the scandium-catalyzed (Sc-1) asymmetric dearoma- various trapping reactions. Hoye’s group studied different
tive [3+2] annulation of a wide range of 2-arylquinolines 6 pathways by which six-membered N-heterocyclic com-
with various alkynes 24 (Scheme 8).# In this transforma- pounds, such as, quinoline 6, react with the benzynes to de-

tion, spiro-dihydroquinolines 28, bearing a quaternary car- liver different products (Scheme 9).46 The authors revealed
bon stereocenter with an unprotected N-H group, was that initially formed 1,3-zwitterionic species A can collapse
achieved in high yields and enantioselectivity with 100% intramolecularly (via aryne 30a) to afford novel 1:1 adducts
atom-efficiency. Significantly, this transformation could be 31 (38% yield). The addition of electrophilic third compo-
achieved in an asymmetric fashion by using a chiral half-  nent 32a-c led to the formation of various functionalized
sandwich scandium catalyst (Ph-TMS-Sc) affording a series  heterocyclic products 33a-c in satisfactory yields. In this
of chiral spiro-hydroquinoline derivatives 28" in high activi- case, suitably reactive carbonyl compounds, isocyanates, or
ty and high enantioselectivity (up to 97:3 ee). Experimental  electron-poor alkenes could be employed as electrophiles.
and DFT studies suggested that the reaction proceeded via In some cases, formation of diastereoselective compounds
C-H activation of the 2-aryl substituent in the quinoline 33a-b was also observed. Utilization of diprotic nucleo-
substrate by a scandium alkyl species followed by alkyne philes e.g., B-dicarbonyl compounds 32d led to the forma-
insertion into the Sc-aryl bond to give scandium alkenyl tion of bridged polycyclic products 33d.

species A. Subsequent asymmetric dearomative 1,2-addi-

SynOpen 2022, 6, 86-109
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Scheme 8 Scandium-catalyzed dearomative spiro-annulation of 2-arylquinolines with alkynes
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Scheme 9 Reaction of thermally generated benzynes with quinoline and electrophiles/nucleophiles

2.3 Reaction with Phenolic Compounds

Zhang’s group developed a ruthenium-catalyzed reduc-
tive dearomative tandem functionalization of quinolinium
salts 34 involving phenols 35 and paraformaldehyde 36 for
the diastereoselective construction of fused heterocycles
37.47 A wide array of functionalities (-F, Cl, -Br, -CF;, -Me,
-OMe, -SPh, -NHCOMe, -CO,Me, -CN, -NMe,) on quinolinium
salts and phenols were well tolerated. Generally, phenols
bearing electron-donating groups offered higher yields than
those with electron-withdrawing groups. The reaction also
holds good for 2-naphthols 38, resulting in the correspond-

ing pentacyclic derivatives 39 in moderate to good yields.
Importantly, the fused heterocycles comprised a cyclic syn-
N,O-acetal motif, frequently found in many natural prod-
ucts. The products are formed via a tandem sequence of
pyridyl Cs;-benzylation and hydroxymethylation followed
by C,-aryloxylation of N-heteroarenium salts. A plausible
reaction mechanism is offered in Scheme 10. In the pres-
ence of base, addition of MeOH or water to formaldehyde
followed by Ru-catalyzed B-hydride elimination of the ace-
tal, generates metal hydride species [HRu"X] and formate
ester. Hydride transfer from [HRu'X] produces dihydro-
quinoline intermediate A and its enamine tautomer A'.
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Scheme 10 Ruthenium-catalyzed reductive dearomative tandem functionalization of quinolinium salts with phenols and paraformaldehyde

Meanwhile, formaldehyde addition to phenol/naphthol 38
gives intermediate B, followed by ruthenium-catalyzed al-
cohol dehydrogenation generates 2-hydroxy-1-naphthalde-
hyde species B' and [HRu"X]. After that, nucleophilic addi-
tion of A’ to B forms intermediate C, which is followed by
dehydration to give B-alkenyl iminium intermediate D.
Again, hydride transfer from [HRu"X] to intermediate D in
1,4-conjugate addition mode provides intermediate E,
which, upon addition with HCHO (at the B-site), generates
hydroxymethyl iminium intermediate F. Finally, intramo-
lecular cyclization involving the —-OH group to the iminium
motif from the side opposite to the hydroxymethyl group,
leads to the formation of annulated product 39. The catalyt-
ic transformation proceeds under mild conditions, employs
readily available feedstocks, demonstrates wide substrate
scope and good functional group tolerance, and high atom
efficiency.

N-Alkyl quinolinium salts 40 can be exploited in the
asymmetric dearomative multiple functionalization reac-
tion with o-hydroxybenzylideneacetones 41 (Scheme 11).48
In this process, fused heterocyclic architectures 42 were
generated under the catalysis of cinchona-derived primary

amines (mandelic acid used as additive) through dearoma-
tive addition of the enamine intermediates and consecutive
trapping of the reactive enamine intermediates and aminal
formation. Quinoliniun salts with cyano or nitro functional-
ities (electron-withdrawing) exhibited good reactivity.
Therefore, an array of polyheterocyclic architectures show-
ing high molecular and stereogenic complexity were con-
structed with high levels of enantioselectivity (up to 89%
ee).

Catalyst (20 mol%)
Additive (20 mol%)

‘ NayHPO, (1.2 equiv) (\ g f
A
EWG DCE rt, 48-60 h N O N
42 H &,
15 examples
up to 83% yield, 89% ee

EWG = NO,, CN
R =H, Me, OMe, F, Cl, Br,
benzofusion

OH
COzH

Additive

Catalyst HzN

Scheme 11 Asymmetric dearomative tandem aminocatalysis reaction
of quinolinium salts with o-hydroxybenzylideneacetones
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2.4 Reaction with Cyclic/Acyclic Diketones

The use of cyclic diketones as bifunctional nucleophiles
and in situ generated quinolinium salts for the efficient
construction of bridged benzo[d][1,3]oxazocine scaffold
was developed by Xie and co-workers.*® Under irradiation
with visible light, 2-aminochalcone derivatives 43 would
undergo tandem cyclization with cyclohexa-1,3-dione 44 to
afford benzo[d][1,3]oxazocine 45 in excellent yields (up to
99%). Under similar reaction conditions, 4-hydroxycouma-
rin 46 and resorcinol derivatives 48 delivered the corre-
sponding products 47 and 49. A probable mechanism for
the cascade reaction is shown in Scheme 12. Initially, the E
to Z isomerization of 2-aminochalcone (to give intermedi-
ate A), followed by cyclization, gave N,0-acetal intermedi-
ate B. Subsequently, rearomatization led to the formation of
quinolinium intermediate C and hydroxide, which depro-
tonated cyclohexa-1,3-diene to form an enolate D. After-
wards, nucleophilic attack of enolate D to the C4 of quino-
linium salt C generated coupled product E. The intramolec-
ular proton transfer from the enol to the enamine moiety of
E produced iminium F, which, after intramolecular cycliza-
tion, resulted in bridged ring system 45. It should be men-
tioned that no conversion of 2-aminochalcones or cyclo-
hexa-1,3-dione into the desired products was observed
when the reaction was carried out in the dark.

buelep . RI= \
4AMS, 1t, 10 min N (o]
a5 B R
OH 13 examples
up to 99% yield
HO RS / \
48
R®
2
7 N\ 13 examples
R! up to 99% yield
N d R' = Me, CI, Br
B Rz 49 R2 = Ph, 2-OMeCgHg, 4-OMeCgHa, 4-MeCgHs,

20 examples 4-ClCgHg, 4-BrCgHy, 4-FCgH4, Me, Bu, Bu

3 _
up to 98% yield R®=OH, H, Me
— R2 N ™
(\ \ blue LED \ S ( -
N
Bn double bond ‘/ \/ R L OH

NH O cyclization
1

/Q WL

isomerization A Bn

O Q
= N
45 <-— | ® ,)4— ( A|
2 4 2
NJ R - R2 -
I l
F E Bn D 0 Bn c

Scheme 12 Visible-light-driven tandem cyclization involving 2-amino-
chalcones and cyclic 1,3-diones

Recently, Zhang’s group described an iridium-catalyzed
reductive annulation involving quinolinium salts 50, form-
aldehyde 36, and cyclic 1,3-diones 44/4-hydroxycoumarins

46.°° The reaction efficiently led to syn-selective formation
of fused poly heterocycles 51/52 in good yields with atom
efficiency. A plausible mechanism is depicted in Scheme 13.
Initially, the base-promoted methanol addition to formal-
dehyde followed by anion exchange with the iridium com-
plex and B-hydride elimination results in methyl formate
and metal hydride species [HIr'"X,L,]. Next, hydride trans-
fer from [HIr"X,L,] to quinolinium salt 50 gives dihydro-
quinolines A and its enamine tautomer A'. The -nucleo-
philic addition of A’ to formaldehyde and subsequent base-
promoted deprotonation at the site adjacent to the iminium
motif of C forms hydroxymethyl enamine D. In the mean-
time, the aldol condensation of 44 with HCHO forms enone
B. Finally, the [4+2] cycloaddition between enone B and
enamine D through endo or exo m-m stacking furnishes
product 51 with exclusive syn-selectivity.

The authors also developed an unprecedented iridi-
um/acid co-catalyzed transfer hydrogenative annulation re-
action of nonactivated quinolines 6 with 1,2-diketones
53/55, which allows direct access to fused indole deriva-
tives 54/56.°! Quinoline substrates containing functional-
ities such as -Me, -OMe, -F, -Cl, -Br, -CO,Me, and -Ph, were
successfully applied in this transformation. However, quin-
olines bearing a strong electron-withdrawing group (-NO,,
-CN) failed to provide the desired products. A plausible
mechanism is offered in Scheme 14. Initially the metal hy-
dride species [IrH,] is generated by the action of iridium
catalyst and hydrogen donor HCOOH. After two rounds of
transfer hydrogenation (TH) by [IrH,], quinoline 6 is con-
verted into tetrahydroquinoline A. Meanwhile, hydroxy-
ketone intermediate B is formed by TH of diketone 53/55.
Afterward, A and B condense to produce coupling adduct C,
which, upon tautomerization, forms a-amino ketone D.
Subsequent protonation (affords quinolinium salt E), fol-
lowed by intramolecular cyclization between the electron-
rich aryl ring and carbonyl group produces intermediate F.
Final products 54/56 were obtained by dehydration-in-
duced aromatization followed by deprotonation. Notably,
the reaction also holds good for the gram-scale production
of desired indole-fused heterocycles, which are important
structural units of many natural products.

2.5 Reaction with Amines|Cyclic Amines

A palladium-catalyzed, three-component regioselective
reaction of quinolinium salts 57, aromatic amines 58, and
diazo compounds 59 was reported by Hu et al.>> When N-
alkylquinolinium salts without a substituent a substituent
at the C-3 position were employed, the reaction underwent
an uncommon 1,4-conjugate addition/intramolecular cy-
clization sequence to afford bridged medium-ring 1,3-ben-
zodiazepine derivatives 60/60’ in moderate diastereoselec-
tivities (up to 82:18 dr). Interestingly, when the C-3 posi-
tion was substituted with a -CO,Et group, 4-substituted
1,4-dihydroquinolines 61 were obtained in good yields and
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Scheme 13 Iridium-catalyzed reductive annulation of quinolinium salts, formaldehyde and cyclic 1,3-diones/4-hydroxycoumarins
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Scheme 14 Iridium/acid co-catalyzed transfer hydrogenative annula-
tion reaction of nonactivated quinolines with 1,2-diketones

diastereoselectivities (up to 95:5 dr). Mechanistically, it is
conceivable that initially [PdCl(n3-CsH;)], decomposes di-
azo compounds 59 to form electrophilic palladium carbene
intermediates A, which reacts with amines 58 to form pal-
ladium-associated ammonium ylide intermediate B and
their enolate counterparts C (Scheme 15). The resulting
ylides B or C are immediately trapped by quinolinium salts

57 through 1,4-conjugate addition to generate 1,4-dihydro-
quinolines 61, along with HX (X = Br, I), and regenerate the
palladium catalyst. The enamine part of 61 (R? = H) is pro-
tonated by the released HX, resulting in iminium intermedi-
ate D. Finally, intramolecular nucleophilic cyclization in-
volving the amino group affords the bridged compound
60/60’. For R? = CO,Et, 1,4-dihydroquinolines 61 cannot un-
dergo further intramolecular cyclization due to the stabili-
zation of the enamine moiety by the electron-withdrawing
ester group.

A fascinating reaction of quinoline derivatives 62 with
amines 63 under electrocatalytic conditions was studied by
Wang and co-workers.”? In this transformation, a library of
1,3-disubstituted imidazo[1,5-a]quinolines 64 are generat-
ed under the mediation of NH,I in aqueous medium at
room temperature in the absence of metal and external oxi-
dants. Under similar conditions, various a-amino acids 65
delivered the corresponding products 66 in acceptable
yields. The mechanism of the tandem electrosynthesis is
depicted in Scheme 16. First, anodically in situ generated
molecular iodine reacts with substrate 62 to form the io-
dinated intermediate A, which, after reaction with amino
acid 65, generates intermediate B. Then, molecular iodine
mediated oxidation of intermediate B affords intermediate
C and D. Intermediate D is unstable and undergoes decar-
boxylative/oxidative amination/aromatization, resulting in
the final product (E — 66). Meanwhile, the proton is re-
duced on the cathode surface with the liberation of hydro-
gen gas. The practicability of the reaction was confirmed by
gram-scale production of the desired products.
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Scheme 15 Palladium-catalyzed, three-component reaction of quinolinium salts, aromatic amines and diazo compounds
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Scheme 16 Electrocatalytic cyclization of quinoline derivatives and amines/amino acids

Wang and co-workers reported an unprecedented chiral
Brensted acid-promoted enantioselective reaction of 2-
methylquinoline-3-carbaldehydes 67 with 1,2,3,4-tetrahy-
droisoquinolines 68 (Scheme 17).>* Differently substituted

2-methylquinoline-3-carbaldehydes and tetrahydroiso-
quinoline derivatives were well tolerated for the reaction,
with good yields (up to 91%) and up to 92:8 e.r. Toluene was
selected as best solvent for this reaction to give high yield
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and enantiocontrol. The reaction proceeded via chiral
Brensted acid-catalyzed formation of intermediate A, fol-
lowed by a redox process to generate intermediate B. Final-
ly, Mannich cyclization accomplished chiral isoquinolin-
onaphthyridines 69. Importantly, the structures of the syn-
thesized compounds are similar to biologically relevant
tetrahydroprotoberberines.

Catalyst 7z X
P | . ~CHO f ) (30 mol%) ( L N
—_— Vs
SN cH * S NH  toluene g~ N u /|
R 67 N R° 68 60°C, 18 h 13 examples \\F{2
Catalyst ,. upto 91% yield 89

up to 92:8 e.r.

9
&o
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Chiral
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ONE| o
® o AN
N
(\j\/e\r’\‘ Ar=35-(C HOLCeH s ke rg
S, r=23,5- S
R‘/\ N . 6Hs)2CeH3 R‘/ NN |
H o — H 3
73 ) K
A R2 redox process _N- R
0,87 780 B

R = H, Br, Cl, OMe, Ph, benzofusion
R'=H, OMe, Br, O-CH,-O

Scheme 17 Chiral Brgnsted acid-promoted enantioselective annula-
tion of 2-methylquinoline-3-carbaldehydes with 1,2,3,4-tetrahydroiso-
quinolines

Chang and Wu carried out a double condensation reac-
tion of substituted 2-formyl quinolines 70 with cyclic
amines 71 in refluxing toluene to access pyrrolo[1,2-a]-
quinolines 72 in moderate to good yields.>> This one-pot
protocol allowed direct o,B-difunctionalization of cyclic
amines 71 followed by intramolecular cross-coupling of the
resulting iminium ion (Scheme 18). Only two equivalents of

water are produced as a by-product during the overall cy-
clocondensation procedure. Notably, a catalytic amount of
acetic acid is enough for the cyclocondensation process.
Therefore, this strategy provides a highly efficient annula-
tion via two carbon-nitrogen and one carbon-carbon bond
formations.

2.6 Reaction with Enamines

The reaction of N-alkyl quinolinium salts with enam-
ines was investigated by Wang, Bu and co-workers.>® The
base  (1,1,3,3-tetramethylguanidine, = TMG)-promoted
dearomatization reaction of quinolinium salts 73 and
enamines 74 led to the formation of diverse bridged poly-
heterocycles 75 with multiple stereocenters in a highly re-
gio- and diastereoselective manner (up to >20:1 dr). The
trifunctionalized dearomatization product 75 was precipi-
tated out from the reaction mixture (MeCN, 60 °C) in excel-
lent yields (up to 99% yield). The reaction proceeded via a
Michael/Mannich/oxa-Mannich sequence. In this process,
although the product contained four contiguous tertiary
stereocenters including two bridgehead centers, only one
diastereoisomer was obtained. Interestingly, the synthe-
sized trifunctionalized product 75 could be readily trans-
formed into the corresponding bifunctionalized product 76
by acid (trifluoroacetic acid, TFA)-catalyzed reaction, and
also via a two-step, one-pot approach with high stereose-
lectivity (Scheme 19). The key feature of the strategy is the
use of easily accessible and bench-stable quinolinium salts
to achieve maximum reactive sites for dearomative multi-
component cascade cyclizations.

X v Z N
HOAc N2
gl I = + E D I > S J + 2H0
2, _ N )n toluene R+ P N
R/ N ) Ili reflux, 3 h n
70 (¢] 7
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HOAc AcO N7 )
-H.O N7
X |
s
H |

17 examples
up to 95% vyield

Scheme 18 HOAc-mediated double condensation of substituted 2-formyl quinolines with cyclic amines
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Scheme 19 Diastereoselective dearomative cyclization of N-alkyl quin-
olinium salts with enamines

Very recently, the same authors developed an efficient
and rapid approach to assemble quinolinium salts 77 and
1,5-diazapentadienium salts 78 for the diastereoselective
construction of complex bridged azaheterocycles 79
through a dearomative cyclization strategy.’” All the reac-
tions went to completion within 30 min in the presence of
base (DBU), the resulting corresponding bridged N,N-ketals
79, bearing partially and fully saturated quinoline moieties,
were formed in 40-90% yields (Scheme 20). The aromatic
rings of enamines 78, containing both electron-donating
and electron-withdrawing substituents, were well tolerat-
ed. In these transformations, two equivalents of quinoliuni-
um salts were employed, thus obtaining the trifunctional-
ization product through a sequence of Michael addition fol-
lowed by double Mannich reaction. This dearomative
strategy comprises short reaction time, simple operation,
high bond/ring forming efficiency, and enables challenging
ring construction.

O?;i

Bn HCI

R=H,Br
R'=H, Me, Et, F, Cl, Br; NO,

QNM Q) e

2.7 Reaction with Isocyanoacetates

During their synthetic programme, Karkds, Wang and
co-workers developed an unprecedented [4+1] annulation
of alkylpyridinium/quinolium salts with isocyanoacetates
that provided two kinds of 1,2-disubstituted indolizines in
good to excellent yields.”® They observed that the reaction
of 1-(2-oxo0-2-arylethyl)pyridinium bromides 80 with iso-
cyanoacetate 81 in the presence of Ag,CO; in DMF afforded
isocyano substituted indolizine derivatives 82 (Scheme 21).
The use of the corresponding quinoline salts resulted indol-
izine carboxylate derivative 83. According to the mecha-
nism, initially the abstraction of the a-proton from isocya-
nide 81 by base leads to the formation of Ag-coordinated in-
termediate A or its tautomer A’. The alkylpyridinium cation
80 then experiences nucleophilic attack by A to generate in-
termediate B, which, after deprotonation, forms ylide C. In-
tramolecular nucleophilic addition in ylide C produces an-
nulated product D, which, after protonation, gives interme-
diate E. The loss of a molecule of water generates the key
intermediate F. It is noteworthy that the chemoselectivity-
determining step depends on the amount of silver salt, the
solvent, and the temperature. The use of 1.5 equiv of the sil-
ver salt provides product 83 upon deprotonation and elimi-
nation of AgCN from intermediate F. Product 82 is formed
via a hydrolysis, decarboxylation, and aromatization se-
quence.

2.8 Reaction with Cyclopropanes

The reaction of donor-acceptor (DA) cyclopropanes 85
with quinolines 84 was investigated by Waser and co-work-
ers.> This dearomative reaction occurred via an ytterbium-
catalyzed [3+2] annulation process affording tetrahydroin-
dolizine derivatives 86 with high diastereoselectivities
(>20:1 dr). The fine modulation of the reactivity by the
phthalimide group is essential for success of the process
(Scheme 22). According to the mechanism, coordination of
cyclopropane 85 by the Lewis acid led to activated interme-
diate A. Only sufficiently electron-rich quinolines (pK,y >
0.5) are nucleophilic enough to react with resulting inter-
mediate C. If the heterocycle is sufficiently electron-poor
(pK,y < 2.5) the reversible ring closure can occur to form co-

DBU (3 eqmv)

MeCN, 35 °C
30 min

Bn~ N
R\
Y
p
10 examples N
79
R~ p
\

up to 90% yield
up to 16:1 dr

Scheme 20 Base-promoted dearomative cyclization of quinolinium salts with enamines
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Scheme 21 Silver-promoted [4+1] annulation of alkylpyridinium/quinolinium salts with isocyanoacetates

ordinated product D. If this is not the case, decoordination
of the Lewis acid would free zwitterion B. Finally, the cata-
lytic cycle is closed to afford product 86 via ligand exchange
on ytterbium. The reaction constitutes the first example of
the dearomatization of electron-poor, six-membered het-
erocycles via [3+2] annulation with DA cyclopropanes.
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Scheme 22 Dearomatization of quinolines via [3+2] annulation with
donor-acceptor cyclopropanes

2.9 Ring Expansion Reactions

An interesting approach to access azepine scaffold via
dearomative photochemical rearrangement of quinoline N-
ylides and their analogues 87 was developed by Beeler et
al.%® Deprotonation of quaternary ammonium salts with
1,8-diazabicyclo[5,4,0Jundec-7-ene (DBU) or N,N,N',N'-te-
tramethylguanidine (TMG) under visible-light irradiation
provides benzoazepine derivatives 88. The reaction pro-
ceeded well for aromatic N-ylides containing electron-
withdrawing groups (such as, -CO,Et, -CO,'Bu, -CN) to pro-
duce the corresponding ring-expanded products in moder-
ate to good yields. A plausible mechanism is depicted in
Scheme 23. First, deprotonation by base (DBU or TMG)
forms ylide A, which, in the presence of visible light, is pro-
moted to singlet state B. Following this, radical recombina-
tion from the singlet state generates aza-norcaradiene in-

DBU (or TMG)
440 520 nm LEDs =~ -~ _
B ; n
@
MeCN (10 mM) -
=N Vi
20°C,3h N Ewa
5 examples

EWG = CO,Et, CO,'Bu, CN 32-72% yield

[base]
8 .
EW ~-NQO EWG = .

e ‘ a z N
Aoy BN NYEWG
A

M H B H
PN H -transfer
¢ J = EWG
- V.
N TEWG Q(N .
88

Scheme 23 Visible-light-mediated dearomative ring expansion of
quinolinimm salts
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termediate C, which rapidly undergoes 6m-electrocyclic ring
opening, affording azepine core D. Finally, proton transfer
leads to end product 88.

By employing dihydroquinolines 89 and TMSCHN, (as
soft nucleophile), Manchefio’s group carried out a metal-
free, oxidative ring-expansion approach for the construc-
tion of benzo[b]azepine derivatives 90.%' Dihydroquinolines
bearing electron-donating as well as electron-poor groups
reacted smoothly with TMSCHN, to produce the corre-
sponding azepine derivatives in the presence of trityl per-
chlorate (hydride-acceptor type oxidant). The ring-expan-
sion reaction can easily be scaled up. According to the
mechanism, after hydride abstraction and nucleophilic at-
tack of the diazomethane on the iminium ion intermediate
A, the in situ generated diazo compound B undergoes nitro-
gen liberation upon nucleophilic attack (on the olefinic car-
bon in 3-position or the N-atom), leading to the cyclopro-
pane cationic intermediate C or the aziridinium intermedi-
ate D, respectively. Then rearrangement and ring expansion
results in the formation of the seven-membered cationic in-
termediate E or F, respectively. Finally, expulsion of TMS* as
the leaving group results the benzazepine 90 (Scheme 24).
The authors also successfully carried out quantum chemis-
try calculations in support of two competitive mechanisms
for the ring expansion step.

A

x PhaC*CIO, (1.0 equiv) |

MeCN, rt, 30 min .,

R1
o RO o)
89 25 examples
R = Me, Et, Bn, CH,Cls up to 97% yield
R' = H, Me, OMe, Br, Cl, NO,, CO;Me, CgH17, CF3

I
HT

N N

A

¢}

TMSCHNS (2.4 equiv)

RO t,1h

-

®N
D RO’&O ™S

Scheme 24 Metal-free, oxidative ring-expansion of dihydroquinolines
involving TMSCHN,

3 Annulation Involving Quinolinium Zwitter-
ionic Tosylates

3.1 Reaction with Alkynes/Arynes

Quinolinium zwitterionic tosylates, as important nitro-
gen-containing compounds, have recently been applied to
the synthesis of various fused heterocycles. In 2020, Baik,

Yoo and co-workers devised a copper-catalyzed dearoma-
tive [5+1] cycloaddition of quinolinium zwitterionic to-
sylate 91 with terminal alkynes 92 to afford pyrazino[1,2-a]-
quinoline skeleton 93.52 The proposed mechanism is shown
in Scheme 25. The diisopropylethylamine (DIPEA)-promot-
ed deprotonation produces nucleophilic copper acetylide
intermediate A, which undergoes the dearomative addition
to the quinolinium zwitterions 91. Both electrophilic C2
and C4 positions in 91 are possible attack sites; however,
the C2 position is kinetically favored over the C4 position.
To push the reaction forward, C-C coupled intermediate B
then experiences 6-exo-dig cyclization involving the B-car-
bon of the alkyne to generate the heterocyclic intermediate
C. Finally, protonation of the intermediate C produces de-
sired product 93. Importantly, binding of copper-catalyst
with amide nitrogen was the most significant factor that
determined the regioselectivity of the process. The authors
successfully carried out density functional theory (DFT)
calculations in support of the mechanism. The reaction
could also be applicable for the enantioselective formation
the corresponding products employing suitable chiral cata-

lyst.
| TR Cul (5 mol%) | T CO.R
L~ ﬁ/ R + = COR DIPEA (0.5 equiv ) R{/ N >
o
RZJ\/NTS 92 CH,Clp, 25 °C, 4 h RZJ\/N‘TS

R = Me, Et, Bu, Ph, 2-naphthyl, menthyl, NMe, 25 examples
R' = H, Me, OMe up to 99% yield
R? = Ph, 4-OMeCgHg, 4-CF3CgHa, 4-FCgHy, 4-CICgH,, 4-BrCgHa, etc.

93 =—CO.R
[5+1] cycloadduct 92
cul DIPEA
[©]
DIPEA-H o _IG
@ COzR
Ny CO. R_I DIPEA-H 2
| : 7
1P P 1—Cu A
R
RZJ\/N‘TS _‘Ie
c N COzR 91
R4 | o |5
6-e/)‘ro-¢‘1ig 7 N/ “Cul 1,2-dearomative
cyclization B R2J\/ N {s addition

Scheme 25 Copper-catalyzed dearomative [5+1] cycloaddition of
quinolinium zwitterionic tosylates with terminal alkynes

Yoo et al. also introduced cycloadditive ring construc-
tion of quinolinium zwitterionic tosylate 91 and alkynes 94
by the action of copper catalyst to obtain pyrrolo[1,2-
alquinolines 94.5% As depicted in Scheme 26, initially, the
reaction between alkene 94 and copper catalyst generates
copper acetylide A, which regioselectively attacks quinolin-
ium zwitterions 91 to form intermediate B. Subsequently,
7-endo-dig cyclization leads to the formation intermediate
C. The fully conjugated 1,4-diazepine intermediate D, is
formed by detosylation of intermediate C. Intermediate D
which is an unstable 8m-electron system, lies in dynamic
equilibrium with its valence tautomers E and F. Compound
95 is expected to be produced as the final product (instead
of stable compound E) if the retro-[2+2] cycloaddition of F,
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accompanied by the evolution of HCN gas, is a driving force
for the overall reaction (promptly encouraged by silver salt
as the Lewis acid). The developed method employs valence
tautomerizations of fully conjugated 1,4-diazepines, which
are affected by temperature. This strategy offers diverse
aryl- or alkyl substituted pyrrolo[1,2-a]quinolines, whereas
conventional reactions predominantly produce pyrazino-
[1,2-a]quinolines.

(\ ®\ Cul (10 mol%) A
R{\/ N/ o + =R AgoCO3 (0.5 equiv ) R‘// NN
R X NTs 94 DMF, 100 °C, 16 h o = .
91 R' = H, OMe, Br, CO,Me 95
R2 = Ph, 4-OMeCgHs, 4-CFaCqHg, 2-FCgHy, 3,5-(CFa)sCeHg 2% ©Xamples

-81% Vi
R = Ph, 4-MeCgHs, 4-OMeCgHg, 4-BuCgHy, 4-PhCqHa, 50-81% yield

4-BrCgHj, 4-CNCgHy, 4-NO,CgHj, 3-CF3CgHy, 2-CICgH4,
2-naphthyl, 2-pyridyl, thien-3-yl, (CH,)sMe, CH,Ph, CHoNTsMe

=—R
LA 95 94
HCN cu(l) ®
retro H J
[2+2]
AN
R1_;/ / | N
s NN Y P ﬁ/
F
R? R 1,2-dearomative ~ _NTs
=N, addition RZJM\/
LA
4n-electro- \
cyclization
XX
) N R
do-di RZJ\/ENTS
NS y

R F N
A\ ®
R H
AN
c QTS

Scheme 26 Cycloadditive ring construction of quinolinium zwitterion-
ic tosylate and alkenes

Meanwhile, a mild and efficient approach to polycyclic
1,4-benzodiazepines 97 via cascade [5+2]/[2+2] cycloaddi-
tion between zwitterions 91 and arynes 96 was investigat-
ed.®* A wide array of pyridinium/quinolinium zwitterions
and 2-(trimethylsilyl)phenyl triflate participated in the re-
action under ambient conditions. In this process, the ben-
zyne intermediate generated in situ from 2-(trimethylsi-
lyl)phenyl triflate 96 in the presence of fluoride source re-
acted with N-heterocyclic zwitterions (Scheme 27).
Mechanistic investigations revealed that zwitterions 91 act
as 1,5-dipoles in [5+2] cycloadditions with arynes A for the
construction of 1,4-benzodiazepines B (slow step), which
further underwent [2+2] cycloaddition reaction (fast step)
resulting the fused polycyclic system. Notably, one C-N
bond and three C-C bonds are formed in the one-pot reac-
tion.

3.2 Reaction with Allenes/Ketenes
A fascinating gold-catalyzed [5+2] cycloaddition of

quinolinium tosylate 91 and allenamides 98 was reported
for the construction of 1,4-diazepine derivatives 99.5> This

PRI '/\\
H [5+2] [2+2]
¢ \::’J\/QNJ 5 \_/‘ —> g7
slow fast
)\/Ns

Ph

TN OMe
e U -
<N
/K' OMe
Ph™N\\ N
B Ts

Scheme 27 Cascade [5+2]/[2+2] cycloaddition between pyridini-
um/quinolinium zwitterions and arynes

ligand-free higher order cycloaddition method efficiently
resulted a variety of 1,4-diazepines in a stereospecific man-
ner (only E-stereoisomer) in excellent yields. A plausible
mechanism is depicted in Scheme 28. The gold catalyst ini-
tially activates the allenamide 98 to form a Au-bound allylic
cation A. Following this, nucleophilic attack by nitrogen of
quinolinium zwitterion 91 on cation A generates a tethered
intermediate B. Finally, intramolecular cyclization delivers
seven-membered diazepine skeleton 99 with regeneration
of catalyst. The potentiality of the protocol was certified by
gram-scale production of the target products. It should be
mentioned that ketenes generated in situ from ketone 100
also underwent a similar type of cyclization with zwitter-
ions 91 to accomplish corresponding diazepines 101
(Scheme 28).%6

X ™ XX R
| ® R AuCI (5 mol%) | N
, AP + N —_— Z 72
N o 207N 1N EWG
R J\/ Ewg THF,25°C,4h R
R2 o NTs R2™\\ N
91 9 99 L
Ts
R" = H, Me, OMe, CO,Me, Br, Cl 32 examples
R? = Ph, 4-MeCgHg, 4-BrCgHg, 2-FCgHa, 2-CF3CgHq4 up to 98% yield
EWG =Ts, Ms only E-isomer
R = H, Ph, 4-MeCgHg, 4-OMeCgHj, 4-Br-CgHy, 2-FCgH,, (CHp)sMe
99 o~ -R
Au(l 207 N
[5+2] \& ®
XX
[ Lo g
S N/ [Au] R N
R! N T EWG
R27N\ N EWG 91 A
B Ts ~ S
2 o DIPEA A
O + Me\)]\ l = Me
N o Cl CH,Cly, 25°C, 4 h N
(0]
Ph/I\/NTS 542 PNy
92% yield

Scheme 28 [5+2] Cycloaddition of quinolinium tosylate and allen-
amides/ketenes
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3.3 Reaction with Aldehyde-Amino Acid (Azome-
thine Ylide)

The reaction of aldehydes and amino acids with quino-
linium zwitterions led to the formation of polycyclic fused
pyrrolizidines via a [3+2] cycloaddition process.5” Aromatic
aldehydes bearing electron-donating and electron-with-
drawing groups were well tolerated. Not only the five-
membered L-proline, but also four- and six-membered ami-
no acids 103 reacted with the zwitterions 91 and aldehydes
102 resulting in the formation of corresponding cyclic
products 104 under mild reaction conditions (Scheme 29).
Isoleucine (an acyclic amino acid) 105 also underwent the
cycloaddition to provide the desired product 106 in 41%
yield. Mechanistically, it is conceivable that nucleophilic at-
tack of azomethine ylide A (generated in situ from aldehyde
and amino acid) to the C4 position of quinolinium moiety
generated intermediate B. Afterward, the ring-closing step
for the construction of the pyrrolizidine core, followed by
intramolecular cyclization occurred to give intermediate C.
Finally, detosylation resulting from removal of the acidic
aminal proton from C afforded compound 104.

)

x
MeCN
RCHO n -
(:(@j * + N~ YCOH
H 80°C, 16 h

103

N 102 H
A )\/NTS N
" 91 16 examples 104 ):/

up to 90% yield Ar

n=01,2

R = Ph, 4-MeCgHj,
4-OMeCgHg, 4-CNCgHa,
4-NO,CeHy

Ar = Ph, 4-CF5CgHy
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Scheme 29 [3+2] cycloaddition of aldehydes and amino acids with
quinolinium zwitterions

3.4 Reaction with Sulfonium Salts

Yoo’s group investigated the reaction of sulfonium
ylides with quinolinium zwitterions to obtain cyclopro-
pane-fused polycyclic compounds.%® In the presence of
strong base (NaH) in DMF solvent, the reaction of trimeth-
ylsulfoxonium iodide 107 with 91 provided cycloadduct
108 (Scheme 30). The reaction proceeded through a [2+1]
cycloaddition of zwitterion 91 and sulfur ylide A (which
was generated in situ from 107 and base) followed by a for-
mal [5+1] cycloaddition process. Importantly, this dearo-
mative cyclopropanation reaction accomplished a single
diastereoisomer in good yields. Furthermore, the successful
development of the asymmetric cyclopropanation (product

110) of chiral sulfonium salt 109 with quinolinium zwitter-
ions demonstrated the potential applications of N-aromatic
zwitterions in organic synthesis.

H

X e 35
| ® + @51 Natt > = "
AP T | H
R © 107 DMF SN
RQJ\/NTS o 25°C,18h R’ I
91 ® Re Mg
; —°70 N [2+1)5+1] 108
R'=H, Me, OMe A 17 examples

R? = Ph, 2-FCgHa, 3-FCgH4, 3-CF3CgHa,
4-MeCgH,, 4-OMeCgHa, 4-BuCeHa,
4-BrCgHy, 4-CF3CgHa, 2,3-(CF3)2CgHs

up to 89% vyield
single diastereomer

| s ?& NaH H -
aZ v o " doTo  weon e
e NTS R( OTf d0%c,1n v,
91 109 110 R?
R = Ph, 4-GF3CeHs, 4-CICgHy, 2-MeCeHs 9 examples

up to 90% yield
up to 97% ee,
up to > 20:1 dr

R' = H, Me, OMe
R2 = Ph, 2-MeCgH,, 4-OMeCgHj, 4-BuCgH,

Scheme 30 Dearomative cyclopropanation reaction of quinolinium
zwitterions and sulfonium salts

3.5 Reaction with Diazoacetate

The reaction of diazoacetates 111 with quinolinium
zwitterions 91 at room temperature in the presence of sil-
ver catalyst accomplished dearomative ring expansion
product, viz. azepines 112.%° The entire catalytic reaction
was driven by the ability of diazoacetate species to regiose-
lectively undergo 1,4-dearomative addition. The authors
also successfully carried out gram-scale synthesis of the de-
sired products without significant loss of yield. The catalyt-
ic mechanism for the skeletal restructuring is proposed in
Scheme 31. Initially, diazoacetate 111 is converted into the
anionic form, which regioselectively attacks the quinolini-

| N Ny AgX _C0R
® + &z
L o
AZONT o H)l\COZR THF o
RZJ\/NTS 111 385°C,12h TSy
NTs
91 X = 0,C(3,5-(NO,),CeHg) R X
R'=H, Br, F, OMe 112
R2 = Ph, 4-BuCgHy, 4-CF3CgH4, 3-OMeCgH, 21 examples

3-FCgH4, 2-FCgHy, 3,5-F2CgHy,
R = (CHy)sMe, CH2Ph, /P, cyclohexyl, Bu, p-anisyl

up to 85% yield

--------------------------------------------------------- CO:R
)Ni 111 RO.C. N, ] -
H” “COsR ® N /—112
® z H X
H ﬂ o A Ag(h) s NHTs
w9 RN e " b
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ol N e X NTs
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Scheme 31 Silver-catalyzed ring expansion of quinolinium zwitterions
and diazoacetates
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um zwitterions 91 to form intermediate A. Subsequently,
the reaction of silver catalyst accompanied by nitrogen ex-
pulsion results silver-carbenoid intermediate B (intermedi-
ate A or intermediate B can be converted into a separable
by-product). Intermediate B is then transformed into inter-
mediate C via intramolecular cyclopropanation process.
Then, ring expansion occurs via the neutralization of imini-
um-type intermediate C along with regeneration of the sil-
ver catalyst to generate intermediate D. Finally, intermedi-
ate D experiences intramolecular hydroamination to fur-
nish the final product 112.

4 Annulation Involving Quinolinium Zwitte-
rionic Thiolates

4.1 Reaction with Sulfonium Salts

N-Aromatic 1,4-zwitterionic thiolates, as a novel kind of
sulfur-containing synthon, have been applied to the syn-
thesis of various fused heterocyclic skeletons. In 2021, Zin,
Zhang and co-workers devised an efficient one-pot, two-
component method for the synthesis of functionalized sul-
fone analogues of 9b,10,10a,10b-tetrahydro-1H-cyclopro-
pa[c][1,4]thiazino[4,3-a]quinolines 114/116.7° Diverse
functionalized molecular scaffolds 114/116 were accom-
plished by cyclopropanation of quinolinium zwitterionic
thiolates 113 with suitable sulfonium salts 107/115
(Scheme 32). The reaction pathway involved the formation
of a [2+1] cycloaddition intermediate followed by a [5+1]
cycloaddition.

H
NN o) 1) NaH, DMF =
\ noo |
PP * ®g | - P wH
N o AR o
R 8 2) m-CPBA, CH,Cl, R o é;o
R20,C 107 RZOZC/H/ S
2 -
113 COzR [2+1]-[5+1, 114 R20.C
CO,Et
Y Y-
® WH
/56\/(3025‘ 1) NaH, DMF H{/ N »,rCOZE‘
Br Phia
15 5 mCPBA, CH,Cl,  R?0.C %
116 RPOC

Scheme 32 Dearomative cyclopropanation reaction of quinolinium
zwitterionic thiolates with sulfonium salts

4.2 Reaction with Sulfenes

Cheng, Wang and Zhai investigated the reaction of pyri-
diniun/quinolinium 1,4-zwitterionic thiolates with sulfonyl
chlorides in the presence of base (DIPEA).”! They observed
that the reaction of alkylmethanesulfonyl chlorides 117 (R!,

= alkyl) with N-aromatic zwitterionic thiolates 113 yield-
ed 3H-1,2-dithiole-2,2-dioxides 118 through a formal [3+2]
pathway with elimination of pyridine moiety. On the other

hand, under similar reaction conditions, the use of aryl-
methanesulfonyl chloride 117 (R! = H, R? = aryl) afforded
1,9a-dihydropyrido[2,1-c][1,4]thiazines 119 via a stepwise
[(5+2)-1] pathway (Scheme 33). It was believed that
sulfenes A generated in situ from sulfonyl chlorides play the
crucial role in this cycloaddition processes. Notably, thi-
azine compounds 119 could be readily converted into the
corresponding ring-contracted products 120 by the action
of oxidant (DDQ).

R R
NG DIPEA S
e, RJ\ cl 1
v A B2 t R S\ CH20|2 t, N
YN
o O 2-3 min
RS R'=H EWG‘J\/S
EWG 117 (20 7, EW .
113 EWG? R 119 G
Ao
DIPEA R? ;S‘ro bba
CHClort, | [3+2] o
i R
2-3min ‘O\f
- | S
2 o1 "
ewal R RT=H; RZ=alkyl S SN
[ 0 R'= R=alkyl 120 _
S3 /
ewg? s © 118 EWG EWG2
9 examples 14 examples

up to 99% yield up to 96% yield

Scheme 33 Reaction of pyridiniun/quinolinium 1,4-zwitterionic thio-
lates with sulfenes

4.3 Reaction with Arynes

The authors also explored the dearomative cyclization
reaction of pyridinium/quinolinium 1,4-zwitterionic thio-
lates 113 and arynes with two pathways ([5+2] and [3+2]),
which afforded benzopyridothiazepines 122 and benzo-
thiophenes 123 under ambient conditions.”> The arynes
were generated in situ from trimethylsilyl phenyl triflate
121 in the presence of KF in the crown ether 18-C-6. As
shown in Scheme 34, benzopyridothiazepines 122 were
generated from a 1,5-dipolar cycloaddition reaction of thio-
late 113 with aryne A. On the other hand, the minor
product benzothiophene 123 was produced via a [3+2] cy-
clization reaction through cascade S-nucleophilic addition,
C-Michael addition and retro-Michael addition (B — 123).
Notably, the [5+2] reaction mode for this type of zwitter-
ionic thiolates was first disclosed by the authors.

5 Annulation Involving Quinoline N-Oxides

5.1 Reaction with Diynes and Ynones

Quinoline N-oxides could be synthesized readily from
simple starting materials under mild reaction conditions.
Li's group disclosed a new route for the synthesis of pyrro-
lo[3,4-c]quinoline N-oxides 127 that involved a stepwise
[3+2] cycloaddition/reductive cyclization from readily
available 2-nitrochalcones 124 and activated methylene
isocyanides 125.7 Significantly, no external reducing agent
is required in this reaction, and the in situ generated inter-
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Scheme 34 Cycloaddition involving pyridiniun/quinolinium 1,4-zwitterionic thiolates and benzynes

mediate dihydropyrroline 126 acts as a reductant to con-
vert the nitro into nitroso, and final compounds 127
(Scheme 35). The developed chemistry proceeds with the
merits of operational simplicity, atom efficiency, broad
substrate scope, and applicability for streamline synthesis
of functional molecules.

o EIOZC
stepwise
X X R2 cycllzanon
|/ P +  CON"COEt (
R NO, 125 20 examp/es
124 —
127
AgoCO3 DBU
(0.3 equiv) (0.5 equiv)
EtOH ( EtOAc
CO Et
25°C,05h /\ NO, © 100°C,5.0h
up to 92% yield 26 up to 75% yield

Scheme 35 [3+2] Cycloaddition/reductive cyclization reaction involv-
ing 2-nitrochalcones and methylene isocyanides

An efficient, metal-free reaction of quinoline N-oxides
128 with 1,4-diynes 129 was reported by Wang et al. to ac-
cess 2,3-dihydro-1H-pyrido[1,2-a]quinoline derivatives
130 in good yields.”* The reaction proceeded through the
formation of electron-poor alkyne, which underwent [3+2]
cycloaddition reaction with quinolinium N-oxide resulting
the desired polycyclic compound 130. A plausible mecha-
nism is depicted in Scheme 36. In the presence of base,
diyne 129 is tautomerized to alkyne intermediate C (via in-
termediates A and B). This activated intermediate then un-
dergoes [3+2] cycloaddition with 128 to generate isoxazole
intermediate D. Ring opening, followed by 1,2-proton shift
affords intermediate E, which undergoes a 1,4-addition of
amine to o,f-unsaturated imine, resulting in intermediate
F. Subsequent proton transfer from the ammonium moiety
to the TsN- moiety forms intermediate G and tautomeriza-
tion delivers final product 130. Interestingly, when 1-en-4-
yn-3-ones 131 were employed as activated alkyne, the cor-

responding cycloadducts 132 were obtained via cascade
C=0/C=C/C-N bond formation. Mechanistic studies revealed
that an activated alkyne moiety is crucial for this transfor-
mation. Importantly, the nitrogen atom of N-oxides was in-
volved in the C-N bond formation in alkyne oxidation. Sig-
nificantly, the products displayed promising green-blue flu-
orescence in DMSO medium.
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g Ao + et S e Sl
H Yo o . //129 ;2 MeCN,1t05h RS R!
128 5 examples 130
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R =H, Me, OMe, CI 4 examples
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Scheme 36 Metal-free reaction of quinoline N-oxides with 1,4-
diynes/1-en-4-yn-3-ones

Wang's group disclosed a catalyst-free annulation of
quinoline N-oxides 128 and ynedione 133 leading to the
formation of pyrrolo[1,2-a]quinolines 134.7> Quinoline N-
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oxides bearing electron-donating groups (Me, OMe) as well
as electron-poor groups (such as Cl, NO,, CO,Me) were well
tolerated and reacted with 1,4-diphenylbut-3-yne-1,2-di-
one 133, delivering the target compounds in moderate to
excellent yields (Scheme 37). The reaction proceeded
through a sequential [3+2] cycloaddition, ring opening, fol-
lowed by N-nucleophilic addition process. This protocol ex-
hibited high regioselectivity and atom economy under ad-
ditive-free conditions. Moreover, the suitability of gram-
scale reaction for the synthesis of the desired products en-
hances the usefulness of this method.

=
134
7 examples
up to 96% yield

Scheme 37 Catalyst-free annulation of quinoline N-oxides and ynedi-
one

5.2 Lactonization Involving Acrylate

Azacoumarin scaffolds are valuable structural units
with rich biological profile. Wang, Wu and co-workers car-
ried out lactonization reaction to afford 8-azacoumarins
136 employing readily accessible trans-acrylic acid linked
pyridine/quinoline N-oxides 135.7% The key lactonization
step required acetic anhydride as both the activation agent
and the solvent. Interestingly, the double-bond geometry
was converted from trans to cis directly during the reaction.
As shown in Scheme 38, the activated acetate B was gener-
ated from salt A in the first step. Afterward, conjugate addi-
tion of acetate anion or hydroxide ion gave intermediate C.
Nucleophilic attack of the carboxyl oxygen anion to the C2
position of C generated lactone D. Rearomatization of D un-
der basic conditions followed by elimination of acetic acid
or water provided final product (E — 136). Notably, some of
the synthesized compounds exhibited attractive fluores-
cent properties with large stokes shifts.

6 Annulation Involving N-Iminoquinolinium
Salts

6.1 Reaction with Allenoates

Azomethine imines are an important class of synthetic
precursors for cycloaddition reaction to construct diverse
heterocyclic skeletons. Guo et al. devised an efficient phos-
phine-catalyzed [4+3] cycloaddition of N-acetyliminoquin-

H‘
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N (¢]

R
- G o
P ~]T\\ﬁ)\(COQH K»COs, H,O r:’f\l v
L\ @ 2 —_— > ]/\
- '}‘/e A A0, reflux, 12 Sa-
[e] 135 -

R = H, F, Cl, Br, Me, OMe, Ph, COEt, CF3 19 examples
R'=H, Me, Ph; R%2=H, Me, 3,4-(OMe),CgHs  up to 92% yield

OR

CoK © = o
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N Ze () = |(a))]
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|
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/
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136 o

Scheme 38 Cyclization involving pyridine/quinoline N-oxides linked
with trans-acrylic acid

olinium ylide 137 with allenoates 138, resulting dinitrogen-
fused heterocyclic compounds 139 under mild reaction
conditions.”” In this conversion, two diastereoisomers are
formed in almost equal amounts (Scheme 39). When N-
acetyliminophenanthridine ylide 140 was allowed to react
with a variety of allenoates 138, the corresponding cycload-
ducts 141 were produced with better diastereoselectivity
(up to 10: 1 dr). Therefore, the catalytic [4+3] cycloaddition
reaction provided a practical synthetic protocol for biologi-
cally active heterocycles.

R R
lo_ +%
N

=
BugP (20 mol%) .
—

COEt CHxClp, 11, 48 h

1
ON-pc 138

137

+

413 139 R COuEt

139a, 89% yield, 1:1 dr
139b, 77% yield, 2:3 dr

138a, R=Ph
138b, R = CO5Et

R

/ECOQE:

BusP (20 mol%)
—_—

CHCly, 1t, 48 h
O (/B N. _Ac 2v2
N
140 © 138
R = Ph, 2-FCgHj, 2-CICgHa, 2-naphthyl, major diastereomer  CO,Et
Me, Et, COEt 7 examples

up to 81% yield

Scheme 39 [4+3]-Cycloaddition reaction of N-iminoquinolinium salts
with allenoates

6.2 Reaction with Hydroxymethylallyl Carbonate

A palladium-catalyzed [4+3] dearomatizing cycloaddi-
tion by employing the N-iminoquinolinium ylides 142 and
2-(hydroxymethyl) allyl t-butyl carbonate 143 to access
novel saturated seven-membered rings 144 was reported.’®
A plausible mechanism for the Pd-catalyzed cycloaddition
is proposed in Scheme 40. The oxidative addition of catalyt-
ically active Pd(0) species with substrate 143 forms n-allyl-
palladium intermediate A, tert-butoxy anion, and carbon
dioxide. The hydrogen atom of the hydroxyl group is depro-
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tonated by the tert-butoxy anion to form an oxygen anion
intermediate B, which subsequently attacks the 2-position
of 142 to generate dearomatized intermediate C. Intramo-
lecular cyclization of the nitrogen anion to the m-allyl-palla-
dium species C furnishes the seven-membered product 144
and regenerates the active palladium catalyst for the next
catalytic cycle. This reaction features mild reaction condi-
tions, good functional group compatibility, and gram-scale
preparation of the desired products.

( Pd(OAC) (10 mol%) | NN
%K/OBOC BINAP (20 mol%) F{‘// N o A
. THF, 65 °C, 24 h R2 r\ﬁ\__<<
R
142 143 % 144
R=H, Me 14 examples
R'=H, Me, CI, F, OMe; R? =Ts, Bs, Ms, etc. up to 88% yield
Pd(OAc;
\ N (OAc)2 O
ngand HO OBoc
143
0)
" N\‘< [Pd] Ln O,
S
BuO
[©]
/[Pd]Ln
@
[Pd]Ln
’BuO
(}\/[Pd]Ln
42
‘BuOH

Scheme 40 Pd-catalyzed [4+3] dearomatizing cycloaddition of N-imi-
noquinolinium ylides and 2-(hydroxymethyl)allyl-tert-butyl carbonate

7 Miscellaneous Cyclizations

The formation of quinoline frameworks via intramolec-
ular cyclization is an important aspect of quinoline chemis-
try. Yamaoka, Takasu and co-workers devised a Brgnsted-
acid promoted arene-ynamide cyclization to provide arene-
fused quinolines 146 from readily accessible starting mate-
rials arene-ynamide 145.7° The reaction with substrates
bearing heteroaromatic groups, such as pyrrolyl, furyl, thie-
nyl, and indolyl afforded the desired products in high yields
(up to 92%). The main reaction of arene-ynamide is based
on the Brensted-acid-promoted formation of a highly reac-
tive keteniminium intermediate. As depicted the mecha-
nism in Scheme 41, in the first step, the highly reactive
keteniminium intermediate A is formed from ynamide 145
by the action of triflic imide. Next, electrophilic aromatic
substitution reaction affords intermediate B. Subsequent
proton abstraction led to the formation of intermediate C
along with regeneration of the Bronsted-acid. Intermediate
C reacts further with Brgnsted-acid to generate quinolini-
um species D, which is hydrolyzed during an aqueous

work-up to provide desired product 146. Significantly, total
syntheses of natural products, such as marinoquinolines A
and C and aplidiopsamine A, could be carried out as an ap-
plication of this methodology.

@ TIOH ‘
™ R! 1.2 equ|v ( 4» Marlnoqulnollnes :
|2/ = N/ CHQCIZ Aplldlopsamlne A
R ! n,5min R° g4 0000000 TTTmmmmmmmmmmmeees
Boc 145
R'=H,Me, F; R2=H,Ph, COEt, TIPS 15 examples
Ar = Ph, 3-furyl, thien-3-yl, indolyl, etc. up to 92% yield
- ®
NBoc ‘} NBoc 2 NBoG
TIPS —> TIPS
® HNe
/ FNTEe # / N X NTf,
145 Boo B Boc TIPS
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Work- up NBOC NBOC
Nsz .N L HTY,
|
TIPS D Boc TIPS Boc TIPS

Scheme 41 Bronsted acid promoted cyclization involving arene-
ynamides

An interesting Ir-catalyzed intramolecular asymmetric
allylic dearomatization reaction of quinoline derivatives
147 was developed by You et al.8° By the action of chiral Ir-
catalyst, the dearomatized compounds 148 were obtained
in excellent yield (up to 99%) and with a high level of enan-
tioselectivity (up to 99% ee). In this process, Me-THQphos
ligand is required to achieve the best outcome. A plausible
mechanism is offered in Scheme 42. The oxidative addition
of iridium catalyst generates the m-allyl intermediate A in
the first step. Subsequently, nucleophilic substitution by
the nitrogen atom of quinoline produces the quinolinium
intermediate B, which is the key intermediate. Lastly,
deprotonation of intermediate B by base furnishes the
dearomatized product 148. It should be mentioned that the
utility of this strategy was confirmed by large-scale
reaction and by the formal synthesis of alkaloids, such as
(+)-Gephyrotoxin.

Z = [Ir(cod)Cl] (4 mol%) = >
R | , Ligand (8 mol%) R'T
N SOSNN R
°C, 1-
MeO,CO \ THF, 25°C, 1-24 h
147 Ligand
SO N
R'=H, Me, OMe, P-N 17 examples
F, Cl, Br o )4 up to 99% yield
2 = CO,Me, CO,E, OO Ar up to 99% ee
CO,Pr, COPh Ar = 2-OMeCeH,
Ir N ‘ MeO
7 R! H attack =~
© R? ;
CO,, MeO Ir i MeOH
“l A =

Ir

Scheme 42 Ir-catalyzed intramolecular asymmetric allylic dearomati-
zation of quinolines
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Giomi, Ceccarelli, and Brandi successfully employed 1-
(2-quinolyl)-2-propen-1-ol 149 as an effective synthon to
access benzoindolizine derivatives.! When compound 149
was subjected to bromination with a stoichiometric
amount of bromine in dichloromethane at 0 °C, a mixture of
diastereoisomeric trans and cis benzoindolizinium salts 150
and 151 were recovered in 97% yield. The diastereomeric
salts 150/151 were difficult to separate; however, simple
stirring in water allowed total conversion of the cis isomer
into more stable trans-salt quantitatively (Scheme 43).
Next, the hydrogenation of compound 2 by the action of
monohydrate PtO, catalyst led to the formation of a diaste-
reoisomeric mixture of tetrahydroquinoline bromohydrates
152 and 153. Treatment of the mixture of 152 and 153 with
aqueous KOH in THF afforded the corresponding diastereo-
meric epoxides 154 and 155 (in 23 and 16% yield, respec-
tively). It should be mentioned that epoxides 154/155 can
act as synthon for many biologically active natural prod-

ucts.
H:0
\ BrlCHeCl; ,123 p
N/ ~ 0 °c 1,24 h
19 OH
97% yleld
100% yield
e POH0 £
THF/HgO MEOH teeet
155 0 40°C,24h HBr t,12h
23% yield 16% yield 152,153 O

Scheme 43 Cyclization involving 1-(2-quinolyl)-2-propen-1-ol

Hu et al. devised a tandem cyclization reaction of ami-
noalkynes 156 with alkynes 157 to accomplish tetrahydro-
pyrrolo[1,2-a]quinolines 158 regioselectively using CuCl as
catalyst under microwave irradiation.2? The alkynes con-
taining both electron-donating and electron-withdrawing
groups responded well under the optimized reaction condi-
tions. Notably, both terminal and internal aminoalkynes
were suitable for this tandem cyclization. As depicted the
mechanism in Scheme 44, the aminoalkyne is activated by
the copper catalyst to form intermediate A. In the next step,
the enamine intermediate B is formed through intramolec-
ular hydroamination process. The intermediate B then re-
acts with alkyne 157 to generate propargylamine C, which,
after interaction with copper catalyst, forms intermediate
D. Finally, intramolecular cyclization and regeneration of
copper catalyst delivers the desired product (E—158). In-
terestingly, some of the synthesized compounds exhibit in
vitro cytotoxic activity against human pancreatic cancer
cells.

- N CuCl (10 mol%) R?
\/\ | FR + =R ————> \
NN DMF, MW \
156 H 157 150°C, 15min TR
R' = H, Me, CI, Br, Me, OMe
R2= H, Me, Et, "Pr, "Bu R 158
R3 = 4-MeCgHa, 4-OMeCgHy, 4-CICqHa, "Bu, 17 examples

CH3CgHs, (CH2)2CgHs, CHaN(Me)CgHs, etc.

[Cul g2 /LCUI O
’\

up to 91% vyield

156 —>»

Scheme 44 Copper-catalyzed tandem cyclization reaction of amino-
alkynes with alkynes

Very recently, Zeng and co-workers introduced an effi-
cient indium-catalyzed tandem annulation reaction of 2-
azidoaryl aldehydes 159 and propargyl bromides 160.2% The
aromatic heterocycles, namely, [1,2,3]triazolo[1,5-a]quino-
lines derivatives 161, could be constructed in one-pot with
moderate yield (22-68%) under mild reaction conditions.
The reaction scope was broad and functional groups, such
as esters, alkenes, ethers, and heterocycles were well toler-
ated (33 examples). Mechanistically, it is conceivable that,
initially, in the presence of indium catalyst, the reaction of
propargyl bromide 160 leads to the formation of intermedi-
ate A, which then undergoes 1,2-addition with 2-azido-
benzaldehyde 159 to generate allenol intermediate B
(Scheme 45). Subsequently, intramolecular azide-allene
[3+2] cycloaddition produces intermediate C, which, after
dehydration, delivers aromatized products 161.

o R2

In (1.5 equiv) ‘ N
R1§H Rz:ﬁBr Lil (2.0 equiv) > P NN
F (1.3 equiv) DME, N, R .
Ns 1,24 h 161 NN
159 160 33 examples

R' = H, Me, cyclopropyl, Cl, Br, Ph, 4-OMeCgH, 22-68% yield
4-CF3CgHg4, 4-CNCgHy, 2-pyridyl, 2-furyl, thien-2-yl, CO,Me

R2=H, "Bu, Me, Ph, 4-PhCgHj, 4-BuCgHy, 4-OMeCgHy,4-CF5CqH.,
4-CO,MeCgHy, 3-FCgHj4, 2-naphthyl, thien-2-yl, indenyl, etc.

R2-—= OH OoH
\ R
Rz:ﬁ In/Lil In 159 R? | \ |
Br ﬂ ‘ . . A
R2 N. 1
160 : R o R e =
B
A ¢ -H,0

161

Scheme 45 Indium-mediated tandem annulation of 2-azidoaryl alde-
hydes and propargyl bromides
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8 Conclusion

Quinoline frameworks are ubiquitous in natural alka-
loids and pharmaceutical compounds with a wide range of
biological activities. Especially, quinolinium salts are attrac-
tive because of their potential application for the rapid con-
struction of fused polyheterocycles. This review summariz-
es recent application of various quinolinium salts to achieve
annulated products upon reaction with appropriate reac-
tion partners. The quinolinium salts involved in the annula-
tion reactions are: (1) N-alkyl quinolinium salts, (2) quino-
linium zwitterionic tosylate, (3) quinolinium zwitterionic
thiolate, (4) quinoline-N-oxides, (5) N-iminoquinolinium
salts, and (6) miscellaneous cyclizations. In this connection,
several cycloaddition reactions (such as,
[3+2]/[5+2]/[5+1]/[4+3] etc.), some interesting rearrange-
ments, as well as ring-expansion strategies have been
demonstrated. Mechanistic insights of representative trans-
formations have also been highlighted for better under-
standing of the reaction pathway. Most of the methods dis-
cussed in this review are useful for the gram-scale synthe-
sis of desired compounds, including natural products and
other bioactive molecules.

In spite of significant advances in this area, there are
still many opportunities to be explored. In particular, dias-
tereoselective the construction of quinoline-annulated scaf-
folds are hugely underdeveloped. Besides, efforts should be
devoted to obtaining quinoline-fused fluorescent com-
pounds due to their enormous applications in the medici-
nal and material sciences. Moreover, the use of water as sol-
vent or solvent-free reaction strategy is highly desirable
from the green chemistry perspective. It is believed that the
results described in this review will attract the attention of
organic and medicinal chemistry researchers and lead to
future developments of annulation methods involving
quinoline analogues.
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