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Abstract The synthesis of aromatic heterocycles has attracted substantial attention due to the abundance of
these heterocycles in drug molecules, natural products, and other compounds of biological interest. Accordingly,
there is a demand for straightforward synthetic protocols toward such compounds using readily available starting
materials. In the past decade, there have been substantial developments in heterocycle synthesis, especially in met-
al-catalyzed and iodine-assisted approaches. This graphical review focuses on notable reactions from the past de-
cade using aryl and heteroaryl methyl ketones as starting materials, including representative reaction mechanisms.

Key words aromatic heterocycles, iodine, ketones, metal-free, fused bicycles, fused tricycles, fused polyheterocycles

Aromatic heterocycles are highly privileged structures in drug discovery and development.
Such fragments are found very frequently in biologically active compounds and thus are com-
mon building blocks for drugs and natural product derivatives. Beyond their utility in eliciting
biological activity, these heterocycles are also useful in modifying ADME (absorption, distribu-
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tion, metabolism and excretion)/pharmacokinetic properties (introducing lipophilicity or hy-
drophilicity, improving solubility, fine-tuning hydrogen bonding, etc.) and reducing possible
toxicity concerns. The increasing presence of various aromatic heterocycles in drugs is no
doubt related to advances in synthetic methodology such as metal-catalyzed cross-couplings,!?
hetero-couplings,'® and metal-free conditions,'ed enabling rapid access to a wide variety of
functionalized heterocyclic scaffolds.

Aryl methyl ketones (AMKSs) (also including heteroaryl compounds) are attractive precursors
that allow for the facile synthesis of aromatic heterocycles. lodine, in combination with AMKs,
can substitute for several transition metals used in previously reported transformations while
also maintaining an excellent atom economy.!¢fi This aspect, along with the commercial abun-
dance and cost-effective nature of AMKs, provides an incentive to the research community to
discover and further develop such processes for use in drug discovery. Despite the vast litera-
ture that has evolved on this topic, there has yet to be a succinct review of the important devel-
opments in this area. The present graphical review provides a comprehensive compilation (fo-
cused on 2012-2021) of synthetic approaches for 5- and 6-membered, as well as fused and
poly-fused heterocycles. Herein, we detail the role of AMKs in the synthesis of such heterocy-
cles. Brief examples of practical syntheses of AMKs are presented in Scheme 1. The application
of AMKs to the synthesis of heterocycles follows in Schemes 2 through 111, with an overall
organization focused on heterocycle type. Brief reaction mechanisms are highlighted in in-
structive examples, with colors to aid understanding. Yields and structural diversity are re-
ported in numerous examples to reflect the substrate scope for these reactions, including the
use of electron-donating and -withdrawing groups as well as heterocyclic starting materials.
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1 Synthesis of aromatic methyl ketones EtO:C, 2.2 Furans
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A T e AT, O L M _cose Kﬁ _ 1CuCR O i )Ol\ + m TBHP (1.0 eq), DMF I ?
+ t 4 1.0 eq), ¢}
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8 Cul .
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(1h) Garrido, Tetrahedron Lett. 2001, 42, 265 o o Ip o ) 4 2
o )]\ — CuClp +BuOH
e Pd(Phg)s, CsF A )I\CH Ar — ATy cross-coupling on
Ar-X + H,C” SiMes DCE. 75°C. 6 h r 3 2  DMSO o Ph o
X =Br. 1. OTf ! ! 2 Kornblum oxidation H cyclization
=Br, |, R. " A N
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H
GO TA 2L 5 is of 2,5-disubstituted furans 11 (2e) Ghosh, J. Org. Chem. 2015, 80, 5364
2 Iél W H0
Scheme 1 Different approaches for the synthesis of aryl methyl ketones 2 Scheme 3 Synthesis of pyrrole 2-carbaldehydes 8 by oxidative annulation (2b) Wu, Org. Lett. 2018, 20, 688 COsR CuBreSMes (20 mol%) CO:R
o) + ||| bipy (30 mol%), DTBP (3 mmol) I\SVCO
R
— - Ar)l\ DCE, 75 °C, 5-8 h, Ar A0 2
2 Synthesis of five-membered heterocycles using aryl methyl ketones CO.R 20 oxamn!
2.1 3H-Pyrroles 12 47_‘?303% ;’i:; 13
Ar Ar.
it - SH o~ EtoN 20 mols) o Ne o NH, m_ Ar
& o) 1
Ar)l\ + H‘@/ + NeTon EEOR R | >, U+ 2 (0.5 eq) N 2[Cu] + (BUO) 2 +BuO-Cu")
2 / H,0, 100 °C s~ °N Ar \ o
A | 1g PhCl140°C /3
3 4 25 examples 5 P YR
81-93% yield 19 examples . +BuO-[Cu'"] [cu' o COzR o - CO:R
7 48-85% yield ° OH b I M
. CN 2 Ar AN+ — Ar CO,R
s. | CO.R
NC 2 N 3 X N
4 BN ’° Tho Cj)\” G Pl 4 it 1 /I\ 2 S A +BuOH
NC TR C Il Ar)]\ + Tho Ar \';‘ rme AN —— N
I l N 2 —he Ph ~ Ph
1 NC. Ar R' N 7a,R=H A " (ny
F@\ fgz NH U Tt . “ { o coR
5 ” v I
. N —NEt; Xy H Et H 13 )\I
S on g‘/‘“ N R Phoy Ar @ . o Ar CO.R
H @ Et Ho
T oo WVl T QL.ND
A H <
_PhNHgl Ph ATSELPR
Scheme 4 Synthesis of 1,2,4-triarylpyrroles 9 by Io-p cor ion and ization
Scheme 2 Synthesis of 3H-pyrroles 5 by a multicomponent approach (2¢) Xu, Eur. J. Org. Chem. 2016, 925 Scheme 6 Synthesis of furan analogues 13 by copper-catalyzed radical addition
(2a) Das, Org. Lett. 2013, 15, 5622 (2d) Wu, J. Org. Chem. 2017, 82, 5743 (2f) Manna, Org. Lett. 2015, 17, 4300

Figure 1 Synthesis of aryl methyl ketones'9- and five-membered heterocycles, part 122-f
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HO Sy — H H A
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Cu(NO3)2*3H,0 (0.25 eq) used as an additive

15a, Ar = Ph(4-NOy), 85%
15b, Ar = Ph(4-SO;Me), 85%
15¢, Ar = Ph(4-Br), 82%

15d, Ar = Ph(4-OMe), 35%
15e, Ar = Ph(4-OEt), 40%
15f, Ar = Ph(2-Cl), 79%

15g, Ar = Ph(3-Cl), 78%

72% yield (gram-scale synthesis)

Scheme 7 Synthesis of 2,4,5-trisubstituted furans 15 (2g) Wang, Org. Lett. 2016, 18, 524

o o [¢]
NaNO, )]\ morpholine (\ H® 0 ® |
N
acoH AT T NHg Af)l\( A'J\(
© NH, NH, \/

18a, Ar = Ph, 92%, alb = 4.3 NH
18b, Ar = Ph(4-Br), 81%, a/b = 6.7 « O, used as a green oxidant O Co
18c, Ar = Ph(4-CO,Me)Ph, 78%, a/b = 7.7  High yields reported \ [
s Ar = 2 3 /o, =7. Ar :NH
18d, Ar = Ph(4-F), 79%, a/b = 5.2
18e, Ar = 3-Py, 82%, alb = 7.5 l
o o

NaNO; (0.4 mmol)
morpholine (0.15 mmol)

Path A Ar)kf/ /U\r
8 “oane N§> AT TTh0 N/ A

Scheme 9 Synthesis of 4/5-aryl-2-aroyl imidazoles 18 (2i) Liu, Org. Chem. Front. 2017, 4, 1508

22a, Ar = Ph(4-OMe), R' = H, 60%
22b, Ar=4-Py, R = H, 56%

22c, Ar = Ph, R' = Ph(3-OH), 85%

22d, Ar = Ph, R' = Ph(3-NOy), 72%
22e, Ar = 2-naphthyl, R' = H, 67%

H

Fah

)

N
QO GSK3037619A

69% yield (3 steps)
previously 12% yield (6 steps)

solid Py-HBr-Bry %
2t= N7y g Tie NBoc
~ N NBoc
\ J DCM, 0°C

82% yield 95% yield
easy access to STK10 kinase inhibitors

Scheme 11 Synthesis of 2,4(5)-disubstituted imidazoles 22 (2k) de Toledo, J. Org. Chem. 2019, 84, 14187

2.3 Imidazoles

HoN
o _Cul @0moi%), 0, _ \[ >_<:>
Ao+ .
Ar P BF3-Et,0 (10 mol%)
2 R! =
40 °C, neat \
16 Ay
3 mmol 7
oh ) th Ph
L O-0—[Cu] N
16a, R = H N I N
2 Ar)\GCUO Ar)l\/o\o/[C“]

Ar)\ k/é
BF3-Et,O

16a
17a, Ar = Ph(4-Br), R' = Ph, 69%

17b, Ar = Ph(4-OMe), R' = Ph, 54% J

17¢, Ar = Ph(4-NOy), R' = Ph, 76% [Cu] \.

17d, Ar = Ph(4-CFg), R' = Ph, 58% 17 A,)vaPh
Oz

Scheme 8 Synthesis of 1,2,4-trisubstituted imidazoles 17 by dehydrogenative coupling
(2h) Cai, Org.Lett. 2012, 14, 6068

Figure 2 Synthesis of five-membered heterocycles, part 1129~
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Lo+ 2y + NG \;(L 23 o L
Art I DMSO, 110°C X o 2
2 =g 19 4221 Zﬁao;ﬂplelsd 7\« Radziszewski-type reaction group
—81% yiel ~ .
2 mmol 7 y F{ « Formal [2+1+1+1] annulation 2 (0.8 eq), FeCls (0.5 eq)
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\
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Scheme 10 Synthesis of 1,2,5-trisubstituted imidazoles 20 by formal [2+1+1+1] annulation
(2j) Zhang, Org. Lett. 2016, 18, 1686
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0 Cya
DMS M on N
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o
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24d, Ar = Ph(3-NO,), R = H, 56%

/ OH
ok
24e, Ar = 2-thienyl, R = H, 70%

CHO
24f, Ar = 2-naphthyl, R = H, 57% —TsH

SePE

{hydrolysis

24a, Ar=Ph, R=H, 74%
(gram-scale: 62%)
24b, Ar=Ph(4-Br), R=H, 67%

238 R=H | FeCly 24c, Ar = Ph(4-Me), R = H, 68%

FeCI

\(\ T NH,

~H,0 o

LI~
N

0]
N)\r Ar
H
Hon
Ts Ts
Scheme 12 Synthesis of 1,4-disubstituted imidazoles 24 by neighbouring-group-assistance strategy
(21) Geng, Org. Lett. 2020, 22, 140
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2.4. Pyrazoles
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2.6 Oxazoles

o QO CcRs
CHO NH; )j\ Ar o o Cu(OH); (0.01 eq)
NoHgeHs0 N A R Jy i J\rHI\ DBU (3 eq) AT ot
B g eq 2
2H Mo /\ N N,N Ar)zl\ FaC | OEt THE, 25 °C. N\”
1, 1 min R ~ 12 (0.6 eq) == H 2 20 examples
21 " EtOH, 70 °C 25 28 58-92% yield 29
28 examples
49-81% yield
28 L L/
o, O~ O o
CHO o] ¢ o %(Ik DBU, LA (? ? H.0
g Oy FiC © OEt / LA: Lewis acid
_Delehd 4»/”)]\ ArJ\\N’N A NP ) O FaC™ " OBt 7 »
1, EtOH, 1 min  Ph H Ar HN 4 ArY\N,N DBU
21,R=H N I
€] \ (e}
© | o) o CF.
| CF3 CF3 3
H Ph ® Ph j rPh 0 Ph MeO. A
% ~—— % O N = 4 J\N,N D d Nr o N| N—co,Et N| N okt o I COLEL
N © r B X 2 ~N ~N
C H® Ar” N Ar” N N N H
29a, 81% 206, 75% 29¢, 91%

25a, Ar = Ph(4-F), R = 4-Cl, 70%

25b, Ar = Ph(4-Cl), R = 3-OMe, 72%
25¢, Ar = Ph(4-F), R = 3-OMe, 72%
25d, Ar = Ph(4-OMe), R = 3-NOy, 81%
25e, Ar = Ph(4-Me), R = 3-Br, 64%

« First diaza-Nazarov cyclization
 Carried out under aerobic conditions
« No extra additives used

 High yields reported

Scheme 13 Synthesis of polysubstituted pyrazoles 25 by a diaza-Nazarov cyclization

82% (gram-scale synthesis)

Scheme 15 Synthesis of polysubstituted 4-trifluoromethylpyrazoles 29
(20) Fang, J. Org. Chem. 2020, 85, 8714

2.5. Oxadiazoles

N
o o I, (1.6 eq) I\ OEt
CN Ar )\«
Ark + \)kOEt DMSO, 130 °C S
2 32 22 examples 33
69-83% yield
Q l> N
A /[ \ OEt
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/ s
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P X
oa NH
i OEt
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33a, Ar = Ph(4-OMe), 79%
33b, Ar = Ph(4-Me), 74%

Ar |

o o
Ar)l\7 N\)koa

o i o 33c, Ar = Ph(4-Br), 78%
. + _NH, 2, K2COg, 110 °C N 27 examples 33d, Ar = 2-thienyl, 81%
(2m) Aegurla, Org. Biomol. Chem. 2017, 15, 9643 )k R H _ R/‘\\N 48-93% yield 33e, Ar = 2-furyl, 82%
2 30 DMSO-H,0 (3:1) 2
Ar 17 Synthesis of 2,5-disubstituted oxazoles 33 via I,-promoted formal [3+2] cycloaddition
N= o] o} CO, (29) Wu, Chem. Commun. 2017, 53, 3438
) 3 . . , 53,
K N}‘CHO Pe A )LOK‘_\<
o "NH. I, Ar” TCHy AT 31
| 2 1) EtOH, reflux Ho. o o o) Ph
NH4OAc, I (2.5 Al
Ar)k + HO. = 2) POCl3, DMF )k )]\ e} Ph 40AC, 12 (2.5 eq) | NH r
2 it o) A0 M+ pn —_—
KoCO3 Ar OH DMSO, 120 °C pr” O
26 27 o o 2 sealed tube
F A )K/I )k Hi o] 34 19 examples
r C,o /' /[k 50-95% yield
o] 8
F »—Ph Ar C >—Ph 2.5 eq of lodine
V.
DMSO | HI e N 6.0 eq of K,CO3 L o Io)
N= N= DMS 2 Ph)j\n/Ph NH,0Ac -
N./ —CHO N —CHO DMSO Ph Ph._O
Ol i HI o) NH —— :/[ \
HO 27a HO\I 27b 0 Ar)j\7N\NJ Ph o o / Ph \N48 A
" I
o 90% (gram-scale synthesis) 5 93% (gram-scale synthesis) Ar)ﬁ o .0 2 —— Ar)]\ OH
DMSO (!
)%/N;N)'\ 0
I N—F F h nNHe Path B O Ph._OH ¢
— H v
; e — T
- A, (b PR
N/ N Ph HZO OH

*NH
HO.
¢}
MIC = 0.39 pug/mL against

multiresistant S. aureus ATCC 33592

Scheme 14 Synthesis of 4-formylpyrazole derivatives 27

Ph
’/©/ h
MIC 0.78 pg/mL against

multiresistant S. aureus ATCC 33592
(2n) Whitt, ACS Omega 2019, 4, 14284

Figure 3 Synthesis of five-membered heterocycles, part 11>

31a, Ar = Ph(4-OMe), R = Ph, 93%

31b, Ar = Ph(4-OMe), R = Ph(4-OMe), 91%
31c, Ar = Ph(4-OMe), R = Ph(4-Br), 86%
31d, Ar = Ph(4-OMe), R = Ph(4-NOy), 79%
31e, Ar = Ph(4-OMe), R = 4-Py, 48%

K>COj as a base achieves an unexpected
and highly efficient C-C bond cleavage

Scheme 16 Synthesis of 1,3,4-oxadiazoles 31 via oxidative C(CO)-C(methyl) bond cleavage
(2p) Gao, Org. Lett. 2015, 17, 2960

35a, Ar = Ph(4-Me), 74%
35b, Ar = Ph(4-NO,), 70%
35c, Ar = Ph(4-F), 75%
35d, Ar = Ph(4-Br), 80%
35e, Ar = 2-furyl, 85%
35f, Ar = 2-thienyl, 83%

Scheme 18 Synthesis of oxazole derivatives 35 (2r) Xue, Chem. Commun. 2012, 48, 3485
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2.7 Isoxazoles

80°C,4h

o o
BUONO (0.6 eq)  Ar Ar
_ I MR or | R
Nedf N-g
38 39

BUIONO —= BUO + NO

‘BuOH

) 7 No )OJ\/N
o, M N0 ANy

(o}

Ar)l\,/

2 BuO™

‘BuOH

38/39

(2s) Dai, Org. Lett. 2019, 21, 5096

Scheme 19 Synthesis of 3-acyl-i and i i 38/39
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OH
N3—©—N02 HO\('

Q 43
Ar)l\ + Ho/\/\NH2

~N
OH MS, cat. AcOH N N
2 2 1,4-dioxane, 100 °C A ==,
6 examples ’ m
38-83% yield
THO/Py l

S

Ar

45
3 examples
69-76% yield

Scheme 21 Synthesis of triazole fluorescent probes 45
(2u) Verbelen, Org. Lett. 2016, 18, 6412

O NHNH,
2 NHz o I (15 eq)
[ T z + DMSO, 100 °C
OMe OMe
2 7 40 48 49

0.1 mol, 0.1 mL/min

50 °C Two-step continuous-flow synthesis

2.8 Triazoles /CL)I\
Ar

100 °C

0.1 mol, 0.1 mL/min
TsNHNH,

40 NH,
Xy 2(0.5eq)
TBHP (2 eq)

7 |l

24 examples
61-86% yield

0.06 mol, 0.2 mL/min

N3 .
o HsC™ CHO
Ar)l\ + Cu(NOg),, TMEDA
2 K5S,0g, 100 °C
46 29 examples

62-85% yield

-> 5 times more antioxidant
than Resveratrol

Scheme 23 Synthesis of polyphenolic triazoles 49 (2w) Bonache, ACS Comb. Sci. 2018, 20, 694

(2t) Gu, RSC Adv. 2016, 6, 89073

20 Metal-f is of 1,4-disubsti i M

Figure 4 Synthesis of five-membered heterocycles, part IV~

OH

; Ar)O]\ - Ar/&

Cu(NOg), N
e H,CP@ CHO

K2S20g

DMF

oxidative cross-

DMF acts as a C1 source dehydrogenative coupling

SLOW step

o
olymerization Q
poly 1 Ar/u\/\N,CHO
A |
FAST step — HCONHCHs

in high concentration

BnNg3 | FAST step
Cu(NOQg), | oxidative cycloaddition

Scheme 22 Synthesis of 4-acyl-1,2,3-triazoles 47 (2v) Liu, J. Org. Chem. 2017, 82, 9198

2.9 Hydantoins

o
o
BN A
SNTONT QAr N
o o H51 H

o}
CuO, |
+ s 12
Ar)l\ Ph)l\/u\ Ph PH oo
2

o 100 °C
DMSO, 70 °C PH

50
domino synthesis 12 examples 52
44-76% yield
Kornblum Knoevenagel
oxidation 0 condensation PhO

o
Cuo, |
2 —2% Ar)l\/ ! fomso Ar)I\CHO 50

HI + DMS H0

O Ar
O
ph 51
Michael addition/
1,2-addition

o] o\
O
52 <« PhT N/ .# Ph
r oxidative -Ar
o dehydrogenation O Ph OH

1,2-rearrangement

Scheme 24 Synthesis of hydantoin analogues 52

(2x) Gao, Org. Lett. 2010, 12, 4026
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2.10 Tetrazoles

N=N,
Q POCI5 (2.0 eq) /I\‘l N 10 examples
)‘I\ Ar 55-88% yield
Ar Me NaNj3 (2.0 eq) Me
2 MW 53

MW = microwave

Ar” "Me Ar
2 — POCl,
—H*
® |, O
H | Ns
(S}
@
[} ('N"w
N, Me M\
oo—— (W —— (e
A NN =N Ar” TNy
Me
25 is of analogues 53 (2y) Sribalan, New J. Chem. 2017, 41, 3414
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3 Six-membered heterocycles

3.1 Pyridines OH
CHO
[e] NH4OAc
Ar)]\ + MW, 120 °C, 30 min S
2 ~
2eq OH A7 ONT Ar
21 solvent-free 56

catalyst-free

Graphical Review

Scheme 27 Synthesis of trisubstituted pyridines 56 (3a) Yin, Green Chem. 2012, 14, 1796

2.11 2-Aminothiazoles

1
o 1) ‘BUOK (2 mmol), R R
o DMSO, rt to 60 °C, 30 min A B
L LN |—
2 R! 2) NH,OAc (510 mmol), " o d R Ar” N7 R
60-80 °C, 5-8 h
57 58
24 examples

32-95% yield

Ph
° Cu(OT), (0.1
4 ©/\NH2 Cu(OTh: (01 eq) B
Ar 0, (1 atm) P
2 nea100°c AT N A
59 g 60
[
cu(ll cu(l
wooee 50 < Wo
59 P SNH —— = P SN"ph =—— Ph" 0 + 59
—NHg
H;0
Ph
Reconstruction
2+ 59+ pyy _Sondensation ]
Ar I}l Ar
Bn
/70N
cu(lly  Cu(l)
— PhCHO

Scheme 29 Synthesis of 2,4,6-trisubstituted pyridine analogues 60 by C-N bond cleavage

(3c) Huang, J. Org. Chem. 2013, 78, 3774

o S FesO4, DCDMH A N
A eon 65 °C an \[\>_NH2
Ar +  H:NT NHp  MeOH,65°C,2h ®
2 54 55
DCDMH: 1,3-di 5,5 ylhy
\I 0 DCDMH ‘Io
Ar)\ Ar/& Ar)\ﬁsl
: N
Q. -
j
HZN)\NH2 HzN’gNH
54

= nanoparticl
L catalyst

o HNy~NH-HCI
55 ——— (0 2
-H:0 Ar(J\//Z,

Scheme 26 Synthesis of 2-aminothiazoles 55 (2z) Sadeghi, RSC Adv. 2016, 6, 64749

Scheme 28 Regiocontrolled

is of 2,4,6-triarylpyridines 58
(3b) Shabalin, Org. Biomol. Chem. 2021, 19, 2703

Figure 5 Synthesis of five-membered heterocycles, part V,%? and six-membered heterocycles part 133-¢

Cu(OTf),, TSOHeH,0, 0,

hexanol, 110 °C, 36 h Z
Q Xi etal. |
Ar)]\ + HoN"™"" NH, — ASN
61
I, HCI 62

DMSO, 80 °C, Oz, 4 h

Sharma et al.
metal-free conditions: high yields reported in a shorter time

Xi approach
NHy I\IIH (? OH -H0
61 Ij [cu] 5 Ho0 Ij then [O]
2 T——> 62
H ArJ\\N 02 Ar)\\N ArJ\\N AN
-H,0O /
\ /
[0} NH; ™
NI/\/\NHQ 2 3 NMO I
| — N
Ar Ar ! AN
Sharma approach
Xi
approach

(3d) Xi, Org. Lett. 2014, 16, 5269
(3e) Sharma, Chem. Commun. 2016, 52, 1009

Scheme 30 Synthesis of 2-arylpyridines 62

© 2022. The Author(s). SynOpen 2022, 6, 110-131
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le) COzH I (10 mol%)
I N e
Ar R NH, pyridine, 120 °C
2 63 20 exampvles
54-85% yield 64

i O
I, DMSO N
it Ar)l\/| —_ A,)K/+ Z
Py -
Catabolism
H0
63 — % R \ R&O
”‘ H
}'
H7 HI NH3
Reconstruction
NH3
[e}
)]\ > + )o]\/NI: i 64
Ar N Ar ‘Ha_ntzsch-typ‘e )
cyclization/aromatization

64a, Ar=Ph, R=H, 73%

64b, Ar = Ph(2-Cl), R=H,75%

64c, Ar = Ph(4-SO,Me), R = H, 83%
64d, A h, R = Me, 54%

64e, Ar = 2-furyl, R=H, 72%

64f, Ar = 3-indolyl, R = Ph, 71%

Scheme 31 Synthesis of multisubstituted pyridines 64 (3f) Xiang, Org. Lett. 2016, 18, 24
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3.2. Pyrimidines

4

Z

I
5

cat. CuCly (0.2 eq)

(o]

o
M i |
-
Ar R 34 examples Ar)\/\R

52-93% yield 67

Y

NaOH (2 eq)

O I, Cu(NOg)z#3H,0

b

© C~C bond formation

Af)l\ H0 Ar&\*_;?fr\?—cmu)*» AM —l
)K)\

R-CEN
R Le
Q N NaoH

A SIS

C-N bond formation

NH, R
N)\H H(‘N)%N
. - 7

cyclocondensalion

67a, Ar = Ph(4-CF3), R = Me, 87%
= Ph(4-F), R = Me, 85%
Ph(4-OMe), R = Me, 68%
= Ph(SO,Me), R = Me, 70%
= Ph(4-NH,), R = Me, 73%
67f, Ar=Ph, R=Ph, 78%
679, Ar = 3-Py, R = Me, 75%
67h, Ar = 2-thienyl, R = Me, 77%

« Diverse functional groups are tolerated
» Metal-free conditions

 Highly economical

* 67b, 82% yield (gram-scale synthesis)

3.3 Triazines

S
o NH-HCI | R
12 (15 mol%) or heteroaryl
R—T Cs,CO3, DMSO N

110°C, 16 h /]\\

or heteroaryl 18 examples Ar
69 61-96% yield

70a, Ar = Ph, R = 4-Me, 96%

70b, Ar = Ph, R = 4-NO>, 76%

70c, Ar = Ph(4-Me), R = H, 95%
70d, Ar = Ph(4-Br), R = 4-OMe, 86%
70e, Ar = Ph, het = 2-Py, 84%

70f, Ar = Ph, het = 2-furyl, 76%
70g, Ar = Ph, het = 2-thieny, 81%

 Proceeds by an inverse-electron-demand Diels—Alder
(IEDDA)-type reaction

* Transition-metal-free and peroxide-free
« High yields are reported

Scheme 35 Synthesis of triazines 70 via sp® C—H functionalization
(3j) Tiwari, J. Org. Chem. 2017, 82, 13239

HCOONH,
Ar 2 A Scheme 33 Synthesis of pyrimidines 67 via cyclization of aryl methyl ketones and nitriles
DMSO, 130°C A"
(3h) Su, Org. Lett. 2018, 20, 3399
NH ° K2S20s (3 €q) .
HCOONH, M ® g FeCl3 (0.1 eq) NP N 15 examples
Ar/& P> A+ HLT bMSO Ar)K I aa-73% ‘;ield
H O C1 Synthon 2 HCONH, Ar
2 120 °C, N 68
S/
- o
D\eledrocycllzaﬂon N//CH2 N) HCONH, fHO HCONH, N\) N\
I - )\)I\ )I\)\ 2 Ar)\
- X > Ar AN (0] (o}
Al Ar —
Ar Ar r r —CHsSH Ar Ar H @“#:6—0—#—0K
(¢} (¢}
aromatization X
65a, Ar = Ph(4-F), 80% NZ N - /"g@t J - KHSO;5
65 65b, Ar = Ph(4-Cl), 77% Ar)\)\OSO K Al K
65¢, Ar = Ph(4-OMe), 75% H) 2508 d 0804
65d, Ar = Ph(3-OMe), 70%
65e, Ar = Ph(2-OMe), 67% [
Cu(NO3),:3H,0 (1 eq) 651, Ar = Ph(3-NOy), 71% ° 68a, Ar = Ph(4-Me), 73%
1, (1.6 eq) 650, Ar = 3-thienyl, 73% o8 68b, Ar = Ph(4-Br), 58%
HCOONH, (10.0 eq) : : 68c, Ar = Ph(4-OMe), 68%

65h, Ar = 2-benzofuryl, 64%

Scheme 32 Synthesis of polysubstituted pyridines 65 using DMSO as a carbon synthon
(39) Wu, Adv. Synth. Catal. 2016, 358, 218

Figure 6 Synthesis of six-membered heterocycles, part I13*

68d, Ar = 1-naphthyl, 56%
68e, Ar = 5-bromo-2-thienyl, 48%

Scheme 34 Synthesis of pyrimidines 68 mediated by K,S,0g (3i) Jadhav, Org. Lett. 2017, 19, 5673

NH, . " o
o NN,
A > NHZCN w0 j s \W)J\A'
A + 2 + TR 1RA 1109 ANy NN
7 35 examples NH,
2eq 51-77% yield n
[e] I> (2.0 eq), DMSO

Ar)k

Il
HI + DMSO TFA (1 eq), 110°C
/(ornblum [0]

oxidation
O
Ar)1\¢ o Won |
N e
HN N
[e] NH
NH
Ar)QN\\N J'z
cyclization
NH,CN
o) H | NH, )o wony !
Wty A Ol
HN NH NH
S “—
" ¥
71a, R = 4-Me, Ar = Ph, 72%
“Me, Ar = Ph(4-SO,Me), 69%
 Four cor C-N bond

-Me, Ar = Ph(3-OMe), 75%
71d, R = 4-Me, Ar = Ph(3-NO,), 55%
71e, R = 4-Me, Ar = 3-thienyl, 56%
71f, R=4-Bu, Ar = Ph, 70%

71g, R = 4-F, Ar = Ph(3,5-Cl,), 64%

* Mild conditions and wide substrate scope
« Multicomponent cyclization reactions

Scheme 36 lodine-promoted multicomponent synthesis of 2,4-diamino-1,3,5-triazines 71
(3k) Zhao, Org. Lett. 2020, 22, 8528

© 2022. The Author(s). SynOpen 2022, 6, 110-131
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3.4 Pyrazines 4 Fused biheterocycles

4.1 Quinoxalines HZND
HoN

118
THIEME

R 0’> (DtBPF)PdCI, (0.02 eq) R
i E:f‘\o 'BUONa (2.5 eq) (\ N
+
Ar ) B THF, reflux PN Sar
E

r
then E*
79 HCI/NH,CI 80

N, I, KoCO, o N
X 2, KoLU3 74 B
JI = HzN/\/NHZ * JI /j:j
AN DMSO, 100 °C 72 Ar I, DMSO, 100°C  Ar” N
73 9 examples 4 examples 75
56-76% yield 2 el 76-83% yield
| N\j -y | Nj N, Ny,
P p ([ @ﬂm
MeO MeO
73a, 72% 73b, 76% 75a, 76% 75b, 80%
N,
Ny, Ng S N,
| i j N L
N = N/ N
\
0N S MeO OMe
73¢, 56% 73d, 76% 75¢, 79% 75d, 83%

Scheme 37 Synthesis of pyrazines 73 and quinoxalines 75 by iodine-mediated oxidative annulation

o
O
S el
2 7 Br
[e] Ar
O
SO

- E
80 T\HCl ‘
00 Ar

80a, Ar = Ph, E = Me,C=CHCHy-, R = Me, 61%
80b, Ar = Ph, E = Ph, R=H, 77%

80c, Ar = Ph, E = Ph(4-OMe), R = H, 80%

80d, Ar = Ph, E = Ph(4-CFs), R = H, 73%

NH, R
9 N PN I (2 eq) NS
N + Ao 222 L gl .
r ¢ DMSO, 80 °C ZSN r
R’ 26 examples o
7 37 45-84% yield 82
o o H
o] i 2
o N’
2200 | Moo T Ar&N\@ S /®\© 8
DMSO ), X Y
DMS R R
RZ
[0]
82a, R' = 6-Me, R? = Ph, Ar = Ph, 74% I Z
82b, R' = 6-OMe, R? = Ph, Ar = Ph, 90% S SN AT
82c, R' = 6-Me, R? = Ph, Ar = Ph(4-NO,), 62% R Ho g
82d, R = 6-Br, R = Ph, Ar = Ph, 71%

82e, R' = 6-Me, R? = Ph, Ar = 2-naphthyl, 45%
82f, R' = 6-Me, R? = Ph, Ar = 2-thienyl, 81%
82g, R' = 6-Me, R2 = Ph, Ar = 2-furyl, 72%

Scheme 41 Synthesis of quinolines 82 by I,-mediated formal [3+2+1] cycloaddition
(4b) Gao, Org. Lett. 2014, 16, 4582

NH,

CO,Et
(31) Viswanadham, Chem. Commun. 2014, 50, 13517 o I> (0.5 eq) ‘
39 Synthesis of isoquinoline analogues 80 via catalytic enolate arylation + )kCO Et DMSO, 130 °C R
. 2 ’ NP Ar
4.2 1soquinolines (3n) Pilgrim, Org. Lett. 2013, 15, 6190 32: Zzg/mp_lelz N
Ph 7 83 —92% yie 84 O
4.3 Quinolines Ar
0 Ph Ay NSy o MgBr (1 eq) S )O]\ I
HoN Rh(l) (0.1 eq) + + i o Ar ————— 84
[ TN N PP RN NP e Ar)l\ R NH, L2002 80°C.5h A AN AT 7CHs “puso,g0C  °
P R toluene, 170°C R Ph 2 4 examples H
R! Ph Ph Ph 2eq 7 46-98% yield 81 FO.C
2 59 76 77 78 1O OH
=
RT ®
OH X, Ar
Mg ® Mg 20 Mg g Ar N
Sy -Bn 0® L‘?ioej,H o} GMa ¢ COLE e}
N \ + PN
_Bn —_. | DM:
2aRI—H —ou N ., (/ Rh Ar/l\ A’/& Ar AT ° E0:LC_o
,R'= "h Ah-H 74\ Kornblum A
Ph oxidation < i
Ph Rh 17 7 H DMS 0N Ar
® H
® /_\ - Mg 0
SNT Ph Mg 9 M
B > .Bn o
Fn | D \h(‘a/\Ph N ’ I— " RQﬁJ\A + %\ - @\ " )I\/
Ph N Fen NNph Fph b r Ar R N Tar A N
Mg]
Ph Mg <} ®
l Ph Ph LiBr + LICHOs “ -H
[}
Ph MgBr, —— Br + Li,COg Ar, OH
SN SN R' = H, 89%, 77/78 = 54:46 2
o X7 N7 Ph PRt o0 Ar R =6-Me, Ar = Ph, 88%
Ph A —— 780 [iNmSRSRIlEcs S 81a, R = OMe, Ar = Ph, 98% R N R = 6-Me, Ar = Ph(4-OMe), 74%
Ph Ph R' = OMe, 83%, 77/78 = 57:43 81b, R = OMe, Ar = Ph(4-Me), 73% H R = 6-Me, Ar = Ph(3-NO,), 69%
ol Ph 81c, R = OMe, Ar = Ph(4-OMe), 69% , R = 6-Me, Ar = 2-thienyl, 73%
7 81d, R = OMe, Ar = Ph(4-NO,), 46% . 84e, R = 6-Br, Ar = Ph, 60%

Scheme 38 Synthesis of isoquinolines 77 and 78 via Rh-catalyzed ortho-alkenylation
(3m) Lim, Org Lett. 2003, 5, 2759

Figure 7 Synthesis of fused bi-heterocycles, part |3-"-42-<

Scheme 40 MgBr,-catalyzed synthesis of 1,2-dihydroquinolines 81
(4a) Gutierez, J. Org. Chem. 2013, 78, 9614

Scheme 42 Synthesis of substituted quinolines 84 via a co-product-promoted Povarov reaction
(4c) Gao, J. Org. Chem. 2015, 80, 5984

© 2022. The Author(s). SynOpen 2022, 6, 110-131
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Ir complex, H,O o) NH,
N 2
0 S el j\ S keSO sed e 9 Ve o 08 NaHOO; NN
A e OO e (O A D weomms L] ot I e gme "R A
NHs 4 mol% / N A 2 83 26 examples 89 26 examples o
Cu complex / 52— 82% yield 2 7 91 50-85% yield 92
2 = 1 mol% 85
o] S
K2S,0;
2 DMSO 25208 Ar)l\/"’ 0{‘} P
() — MeSH ~
oH H,0 ° ﬂ _1® K2S20g
©\A (i) CHO o ~ KHSOs
NH. )I\ Ar
2 +  Ar [e]
23 NH. Ar_zT N\ )]\/\
2 NHz ) b Ny ———— A s~
m OG) \"(Sa homologation o OI)
~
}\/HZO Af)%l\
85 N
l Scheme 47 Synthesis of 2-acyl-3-arylquinolines 92 via a synergistic l,/amine-promoted Povarov-type reaction
O OH (4i) Geng, Org. Lett. 2017, 19, 4179
O
89 o Ar 2
—H,0 2 (1.6 eq), DMSO Ar
Scheme 43 Synthesis of 2-arylquinolines 85 H o o HCI (0.2 eq), 100 °C RN
Ar‘J\ + Rt Arzll\/\N/ R NN CA)r‘
Scheme 45 Synthesis of quinoline analogues 89 via a sequential one-carbon | 24 exaumgles N
NH k ion/conjugate additi wlation d 48-75% yield o
° : HO._S (4h) Wakade, Org. Lett. 2017, 19, 4948 2 7 93 9
2w T, e O
+ R P, O AT .
Ar 4 DMSO i ;
2 7/ 856 o 24 I NB7 \Ig o NH; 1 N0 V
examples o K. X one pot
C2Synthon  60-83% yield o+ ef 2520 (3.0 eq) NN ° o P
Ar P FeCls (0.1 eq) R on , kowso I A2
2 7 DMSO, 120 °C, Np N A7 CHO Ay
90 R )
| )?\ 7 )O]\/ \ 20 examples Lz N
2 51-80% yield
2 =N Hs X Y 1
pmso AT CHO Ar \\g¢ R o5 A
\N DMSO
N A = ~ gy K:Kzszoa ) Ar_Q-Felll
R e .. T
Q pe N%\H/Af ~ Nﬁz_\ KHSOs R
a 7 A s A0 R © Y
86 ——~ HS” CHO — .~ NH —= HS @ > w2 I~ =
HS NS NONL —MesH R >
A B HS " ND
l Povarov H
- |
//I
s . N/\/SH Fe
121 Arg O,
87 T — RE
Z N Al aromatization S\ CHe
H o H
B
Scheme 44 Synthesis of quinoline analogues 87 through [4+2] cycloaddition Scheme 46 Synthesis of 4-substituted quinoline analogues 90 via oxidative Scheme 48 Synthesis of 2,3-diaroylquinolines 94 via an I-p one-pot ent reaction
(4g) Wu, Org. Lett. 2017, 19, 1550 annulations involving DMSO (3i) Jadhav, Org. Lett. 2017, 19, 5673 (4)) Zhao, Org. Lett. 2019, 21, 2708

Figure 8 Synthesis of fused bi-heterocycles, part II34d-i
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4.4 2-Quinolones

HoN.
2T NH
i 80%PPA | R N 80%PPA  R! N
+ Ar 24»
40 min, 110 °C H H\/\No2
2 R!
92 heat
40 P
16 examples

PPA: polyphosphoric acid

42-87% yield

4.6 Benzothiazoles

97a, 68%

979, 82%

97e, 87% 97f, 85%

Scheme 49 Synthesis of 3-substituted 2-quinolones 97

97h, 79%

(4k) Aksenov, RSC Adv. 2015, 5, 8647

N, Ar
\\C
=4 &o

Nguyen et al.

4.5 4-Quinolones
Pd(dba), (0.1 eq)

N\
3
S/C*Ar
00

Liao et al.
RT PhCI/DMSO

Oy, 140 °C

NH
. ST =

\ Ar2 ;
101 NMM (2 eq)
120°C, 16 h

Scheme 51 Synthesis of substituted benzothiazoles by various approaches

120
THIEME

(4m) Liao, Org. Lett. 2012, 14, 6004
(4n) Xue, Org. Lett. 2013, 15, 890

(40) Gao, J. Org. Chem. 2013, 78, 2792
(4p) Nguyen, Org. Lett. 2015, 17, 2562
Recent related work:

(49) Huynh, RSC Adv. 2020, 10, 18423

4.7 Imidazopyridines

Hy CuBr(Me5S) (1.0 eq) (o]
R
)l\ @ Xantphos (0.1 eq) ‘\ N |
Ar PhCOONa (1.5 eq) J\ =
KI (1.0 eq) H Ar
CO (1 atm) 98
HO
[Pd]
2 + 7
S O
L
o « Ly
N
H A

@ Jort A

98a, Ar = Ph(4-OMe), 76%
98b, Ar = Ph(4-F), 75%
98c, Ar = Ph(4-Br), 41%
98d, Ar = 2-furyl, 51%

Scheme 50 Synthesis of 4-quinolones 98 via palladium-catalyzed oxidative carbonylation

(4l) Wu, Org. Lett. 2017, 19, 6432

Figure 9 Synthesis of fused bi-heterocycles, part l[4«-452-

o)
R
Ar)l\ + \N/

2 105

HSBM = high-speed
ball milling

|
AN
S
XN

H_//YN

Ar
I \/N\€7 Proposed mechanism is
F{7/ = N 114 NO shown in Scheme 54
N7 Mukhopadhyay et al. F
113 Ar =
Wu etal. O NaNo, NN A
P
o, HCI 10;\‘
A a
R DMSO Udavant et al.
>
N
\, 12 NH, -

A N
O
S SN

I, NH,CN k
DMSO0, 100 °C Ar)k :

\ ! I, CuO
" NaHS'nH,0 101 107
.-*" Cs,C0g, 1,10-phen Xue et al. m NH
e 4 AMS, DMSO Liu et al. 5
l2, KOH = 5,5\ 108
DMSO-H,0 | R+ I RSSR ’b,,)
100 °C | CeCly7H,0 /0/(\ AN,
102 Nal, O, sy
=
N Ar %Af R 107
R “c—& = N 3 N/& Kumar et al.
g N
Z~5 % 110 s A
103 Meng et al. 109 N
Gao et al. Ge et al.

Scheme 53 Different approaches to access substituted imidazopyridines 107-114

(5h) Kumar, RSC Adv. 2015, 5, 51576

(5i) Ge, Eur. J. Org. Chem. 2013, 6015

(5j) Meng, Catal. Sci. Technol. 2015, 5, 372

(5k) Liu, Org. Biomol. Chem. 2015, 13, 8807

(51) Wu, Org. Chem. Front. 2016, 3, 1430

(5m) Mukhopadhyay, Eur. J. Org. Chem. 2016, 3836
(5n) Udavant, Eur. J. Org. Chem. 2018, 3432
Recent related research work:

(50) Okai, Org. Lett. 2020, 22, 8002

Le etal.

[Bmim]Bra, Na,COj3, solvent-free

Bagdi et al.
Cu(OAc)2-H20, Znl,, 1,10-phen
1,2-DCB, 120 °C

One-step synthesis of
Zolimidine on gram scale

NaNO; (1.5 eq) =N,
)k (), —eosw. CNF¢ o
A " 36 examples
105 Hz EtOH, 80 °C 114 NO 72-90% yield

Stasyuk et al.
I, NaOH
Mohan et al.

NHz

/YN
- Al
R \/Nf '

Zhang et al. 106
Cul, In(CF3S0g)3, NMP, O5, 100 °C, 30 h

Cai et al.
Cul, BFzEt,0, 40 °C, O,
Wang et al.

Cul, BFgEt,0, 60 °C, DMF, O, (balloon)

Scheme 52 Different approaches to access imidazopyridines 106

I, DMAP, HSBM, 30 Hz, 90 min

(5a) Le, Molecules 2012, 17, 13368

(5b) Stasyuk, J. Org. Chem. 2012, 77, 5552
(5¢) Bagdi, Adv. Synth. Catal. 2013, 355, 1741
(5d) Mohan, Adv. Synth. Catal. 2013, 355, 2217
(5e) Zhang, J. Org. Chem. 2013, 78, 12494

(5f) Cai, Adv. Synth. Catal. 2013, 355, 2686
(5g9) Wang, Mol. Diversity 2016, 20, 659

;

N Ar

v O — CXor
=N H|l<~|—(‘|

— O, %OL

NaNOZ

\N\ Ar

2N OH

L@“—Niﬁ

Scheme 54 NaNO,/l,-mediated regioselective synthesis of nitrosoimidazopyridines 114

(5m) Mukhopadhyay, Eur. J. Org. Chem. 2016, 3836

114a, Ar = Ph(4-Me), 86%
114b, Ar = Ph(4-Ph), 90%
114c, Ar = Ph(4-NO,), 88%
114d, Ar = 4-Py, 74%
114e, Ar = 2-thienyl, 90%
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4.8 Quinazolinones

o lo(1.1eq) ! i 12(0.1eq)
DMSO B o NH; ! DMSO
H + h
NH 0,,110°C ! A,J\ i 0110°C
z P2 NHz
N 25 examples ! 115 1 23 examples
116 O 48-81% yield \_____ ; 50-82% yield
Zhu et al. Mohammed et al.

121
THIEME

OPEN
ACCESS

4.11 Benzoxazoles

2 + 115
stoichiometric | catalytic

I2 l>
o

116 ~——— 17

Scheme 55 Synthesis of quinazolinones 116 and 117 by using catalytic/stoichiometric iodine

(5p) Zhu, Org. Lett. 2013, 15, 378
(59) Mohammed, J. Org. Chem. 2015, 80, 6915

(o] -

V >—Ar

CHO
OH o N Ar

o H20, 12 (1.6 eq) j\ + alf B Sg(3.0eq), 80°C, 16 h R{j '\
A,)I\ + N FeCls (0.5 eq) NHA' 28 examples a7, Ay, N-methylpiperidine (125) 2~0 25 examples
- 51-85% yield 50-95% yield
2 NH, DMSO, 100 °C H o 124 126 yiel

119 120
O v s O‘/ S ON/ s
H0, I N 5-S~g” ® (S)h1 \(S),..T\(

Kornblum

2
oxidation " FeClz, DMSO, 100 °C
-DMS
FeCly O

o
Ar)]\¢0
®
-H
Ar Ar OH
annulatlon Jﬁ_. )\’_r\ {
N\) O N
(9 A

119
HI, - H,0
Scheme 57 Synthesis of (F)-3-(2-acyl-1H-benzo[d]imidazol-4-yl)acrylaldehyde derivatives 120
(6b) Xu, Org. Lett. 2021, 23, 2559

Ar

125

g

M/ s
L\(S\n-‘ OH
J Ar

4.9 Benzimidazoles

l20eq) | i L(01eq)
_owso i @ N2 L Tpuso N,
J: )l\ T R : C[ D—ar
open air, 100 °C Ar Z NH, : open air, 120 °C ”
4 examples 1 41examples 118
Vlswanadham etal 76-83% yield 25-88% yield

Ravi et al.

4.10 Benzimidazolones

o o
2
e R Ny~
Ar +
2 R NS0
H
121

/z::

mo

NH4OAc (15 eq)
MeOH, reflux

]@[

Iz_ =z

{7

126
+
/
O % 1 s
@ (S 2
127
59 is of 2-alkylber oles 120 (6d) Nguyen, Org. Lett. 2017, 19, 3887
NO2 Sg (1.5 eq)

Mrlc Cm
Jew)
N=

[ _ Ar

H
N
N A HI
H

118 using catalytic or stoichiometric

(3l) Viswanadham, Chem. Commun. 2014, 50, 13517
(6a) Ravi, J. Org. Chem. 2017, 82, 4422

75 and benzimi

Scheme 56 Synthesis of
equivalents of iodine

Figure 10 Synthesis of fused bi-heterocycles, part [V>P-a.62-¢

Ph
R2 N Ar
| O — II\P —e
—H R' H bOH N \,0.

Pathway |
Pamway \ - H 5 2+ NHiOHAS [0
H2C
MeOH reflux
Pathway Il Pathway Il

123

-H | R N°C

Scheme 58 Synthesis of 1-(pyrrolyl)benzimidazolones 122 and 123 by rearrangement of quinoxalin-2-ones

(6¢c) Mamedov, J. Org. Chem. 2015, 80, 1375

)0]\ . OH  FeCly*4H,0 (0.5 eq)
Ar ) air, 80-100 °C

DIPEA (1.0 eq)
124 pyridine (1.0 eq)

i
OHO

128 31 examples
52-75% yield

les 128
(6e) Nguyen, Org. Biomol. Chem. 2021,19, 6015

d synthesis of 2-b.

© 2022. The Author(s). SynOpen 2022, 6, 110-131
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



wn

4.12 Isatins

llangovan et al. approach Il

a) I (0.1 equiv), TBHP
DMSO, 80 °C

. Mohammed et al.

llangovan et al. approach |

[} 0 o
HI 26 examples
N RS o up to 88% yield 7 0.5 equiv Cu(OAc)*H,0 o B o
R T _ = gL
g or o .
ZN b) I> (1.5 mmol), TBHP ZSNHime Oz NaOAc, DMSO, 80 °C Z N
DMSO, 80 °C R2 R?
1301131 7 examples 129 21 examples 130
up to 81% yield =H, alkyl, aryl 61-93% yield

122

llangovan et al., approach |

o o o o
N N N N
Ph \ph Me
OMe
130a, 93% 130b, 82% 130c, 75% 130d, 84%
o o OMe o OMe o
cl cl i)
o] o] s s
N N MeO N MeO N
Me “pn Me ph
130e, 68% 130f, 73% 1309, 72% 130h, 89%

Scheme 61 Synthesis of isatins 130 by llangovan et al., approach |

(6f) llangovan, Org. Lett. 2013, 15, 5726

THIEME
4.14 Phthalimidines 4.16 Chromenes
MnBr(CO)s (0.05 eq) 8
o 5 .
NGO MeZn (0.9 eq) : o o HaO o™ o
EN \ - . N-R I, DBU
i T R ACK(05eq), AgOTI(0.1eq) g 7 L HOL.S. LN She
RN DCE, 90 °C, 12 h R ~{7"ONa2H0  cuo,100°C Ry | |
2 31 examples 134 2 OH 14 20 examples 1360
26-71% yield 54-81% yield
o o |e Mel, H,0
MnBr(CO)s + MexZn —— MnMe(CO)s Mot | _ B _co /\ | DMS
—co Mn(CO)4 RL _; +
2c R=H N OH
L o——[Cu}
Mn(c:O)3 \ 9 Mn(l) CUO | Ip, DMSO —> DMS + HI H " cyclization
Mn(CO)3 2 Hovg\g s
n(Il) MeH 14 o)
s
OMn(CO)s 20 136a, R = 7-Me, 68% 136 <2 R _;dﬁ/ ~
N Me —= 134c + M(OH)(CO)s — - MnMe(CO)s 136b, R = 6-OH, 63% Z o
Y Mn(V) Mn(V1) 136¢, R = 7-Br, 75%
Mn(Iv) 136d, R = 6-NOy, 74% > (1.0 eq)
LA: AICIy/AgOTf 134a, R = OMe, 70% DBU (1.0 eq)

llangovan et al., approach Il (o] o)
129

Scheme 64 Synthesis of phthalimidines 134 via
manganese-catalyzed [3+2] cyclization

134b, R = NMe,, 58%
134c, R=H, 61%
134d, R = Me, 60%
134e, R = Br, 55%

(6i) Huo, Org. Lett. 2021, 23, 3384

X CuO (0.25 eq)
Scheme 66 Synthesis of sulfenylated chromones 136

(6k) Wang, Org. Biomol. Chem. 2019, 17, 1535

4.15 Benzoxazinones o

(0.15 eq), TBHP (1.8 eq)

35 examples

02 Ar 78-93% yield

(tﬁk I (0. , :
ZSNH NaHCOg, DMSO, 95 °C

o
_0

I, DMSO Iz, NaHCO5 (] =

NH Z

Cﬁo
Ph BUOH
135a, 89% 135b, 89%

=<
2 {H
OH R o
[SICHCIC]
I+ TBHP —= /BuOI + IOH IBUOH
o o
Kornblum
oxidation N i N rCHO
129 ———— R’y . ® AN
I, DMSO N-cH i}
I 3 1 R2 H
=CHg R? H\
Q o) Q
H O/Bu
A I~ C' R x
R'G o | o]
~N —HiI P
b \, 130,R=
R R? 131,R=1
2 HI + DMSO — DMS + I + H,0
Scheme 62 Synthesis of isatins 130/131 by llangovan et al., approach I
(69) llangovan, J. Org. Chem. 2014, 79, 4984
4.13 2-Hydroxybenzofuranones
0]
(0]
S
o | SN
AR B RRRREECEEEREEN | o]
o H ! L,(05eq,CuO i ~F “OH _ (%OH
N ' '
B 6 examples DMSO, DBU, 100 7 examples Z~d
132 78-91% yield et 70-85% yield 133
R =Me, Bn, Ph

135¢, 79% 135d, 88% 135e, 82%

Y [1,5]-H shift
HI + DMS N—I BuOOH N+
O~ "Ar 07 Ar 07 Ar
O ’BuO i o
~

]/HJ\R /I.

ey C%@% L2

135f, 89%

Scheme 63 Synthesis of 2-hydroxybenzofuranones 130 and isatins 132 (6h) Gao, Tetrahedron 2014, 70, 4331

Figure 11 Synthesis of fused bi-heterocycles, part V¢-°

Scheme 65 Synthesis of substituted benzoxazinones 135 via decarbonylative
cleavage of unstrained C(sp®)-C(sp®) bonds (6j) Verma, Org. Lett. 2016, 18, 4388

4.17 Indolizines

COOR!
H
N COOR!
N 137 Mohan et al. “ N
I, CuBr, DTBP, neat, 80 °C 2N/
DTBP = di-tert-butyl peroxide 138
R
MeO2C. RZ R
\@ + \:< MeOC- A ~F\__Re
139~ 140 COH ~< N
CuBr, 0,,80°C  Wang et al. 141 Ar

. L, . O\A
142
I, CF3SOgH, DMSO, 130 °C  Wu et al.

RZ/j\ )\ ) Q
R Ar

144

Au(l) catalyst 145, 1-phenylethanol R
0 °C, 18 h Rossler et al.

Mechanism is shown in Scheme 68

Scheme 67 Different approaches to access indolizines 138, 141, 143 and 146

(6i) Mohan, J. Org. Chem. 2015, 80, 6846
(6m) Wang, J. Org. Chem. 2017, 82, 2835
(6n) Wu, Org. Lett. 2017, 19, 3319

(60) Rossler, Org. Lett. 2019, 21, 5591
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o
Me,
Au(l) catalyst (145; 0.05 eq) Ar
+ 7\
% );A, 1-phenylethanol (5.0 eq) Cehhis N i
144 CsHiq 100°C, 18 h -
15 examples 146

40-80% yield

123

OH

— L B
Ar— |l .
protodeauration N

x
d N"So o (alkyDo
Z o) X Ar /
. N CsHyy &N
124 —— \s N\( Y Ar AuX

2
AuLn 7 o CsHy 1

Me O R! R2
CsHiy enolization
cyclization
146a, Ar = Ph, 54% 145
146b, Ar = Ph(3-F), 66% aromatization allgyl= ey
146c¢, Ar = Ph(3,5-(CF3)y), 80% 146 «———— R', R2= OMe
146d, Ar = Ph(3-NO,), 76% —-H0 X = NTf,

146e, Ar = Ph(2-F), 41%

CsHit  Me

Scheme 68 Au(l)-catalyzed synthesis of trisubstituted indolizines 146 (60) Rossler, Org. Lett. 2019, 21, 5591

4.18 Isoindolinones

[Cp*RhCl]>
(2.5 mol%) o]

o
Q MnO; (14 equiv)
Py NHoPyy  —AnQ2 (14 equiv) NH
Ar + NHoNHy*H;0
2 HOAG (0.2 equiv) Ar
147

CsOAc (1 equiv) 148

20 examples
40-84% yield

THIEME
4.19 Indoles
o 2) CuCly#2H,0 (20 mol%)
i o
o+ @\ PPA m A Bipyr (30 mol%) ou R
Ar NH2 Ti20°c i N o AcOH (3 eq)
2 H H )I\ . @\ 1) NaOH (4 eq) TEMPO (4 eq)
Fischer indole synthesis AN
40 149 4 Ar 2 ’i‘ CHO EtOH, 25 °C chlorobenzene, 120 °C ¢ N
(7b) Fischer, Ber. Dtsch. Chem. Ges. 1883, 16, 2241 21 12 examples 3) 0 Ar A
70 Synthesis of 2-arylindoles 149 (7¢c) Kissman, J. Am. Chem. Soc. 1952, 74, 3948 43-84% yield HJ\/ 155
154
i i B A
I (1.5 eg), DMSO M Oy R
0 2 (15 69) A 2 + 21 7
J o+ R H0,95°C,2n N | ©
m N 34-58% yield ou R ° S 7, _TEmPO
-58% vyiel O, o
2 150 151 154 _TEMPO _ H)Jv/ N cuckzro
CuCl*2H,0 Ar air
1,/DMSO, 95 °C, 2 h
2 ————————— 151 ZAr= o
1,0,95°C. 2h o) 155a, R = Ar = Ph, 55%
DMSO 2 s0 \ H 155b, R = Ph(4-Cl), Ar = Ph(4-Me), 70%
I o 155¢, R = Ph(4-Cl), Ar = Ph(4-F), 68%
155d, R = Ph(4-Cl), Ar = 2-naphthyl, 84%
o HI + DMS D 155e, R = Ph(4-Cl), Ar = 2-furyl, 65%
PN Cp—Ar
Ar”, “CHO No ‘ . '
T \ Scheme 73 Synthesis of 2-acyl-3-aminoindoles 149 via a copper-
H,0 R catalyzed three-component formal [3+1+2] benzannulation (7f) Guo, J. Org. Chem. 2020, 85, 9117
150 2 )
[0} H OH
Ar 0 TFA (1.0 eq)
T AT HC=CH (2 eq) NH,NHAr (40; 1.0 eq)
SN O OH (o) KOH, DMSO, 80 °C 23 examples
R \\q Ar NH 51-78% yield
R
o) \/
NH intramolecular
! cyclization

tautomerization

1/2[Cp*RhCly],

CsOAc
CsCl

C—H activation Cp"Rh(OCORY2 8
o RCOOH
o
| /N—OPiv OPiv
S ~RA N-RhA (1)
cp* ot
Ar

diazo N
insertion )12\ NHzNHzHz0
-~ 2
o Ar MnO,
[0}

N—OPiv _OPiv
4 N
Rh 1y
)\ Rh
\/r \C *
Ar 1,1 migratory Ar P
insertion

Scheme 69 Facile synthesis of isoindolinones 148 via a Rh(lll)-catalyzed one-pot synthesis
(7a) Zhang, Org.Lett. 2015, 17, 2494

Figure 12 Synthesis of fused bi-heterocycles, part VI©72-9

71 Synthesis of 7-hydroxy-6,7-dihydroindole 151 (7d) Lu, RSC Adv. 2015, 5, 51501 H!\,’l\‘ 157
“Ar
0 NH, N
2 NaHSenH,0 (2.5
M+ R_:(:VL NaHSenH,0 @5 eq) . m_«r 29 examples
Al 15 (0.8 e N 52-83% yield
r ) 2o P( CI)a Z~N o) oyl +H® ‘ 40 | H®/H20 Ph
152 DMSO, 100 °C H 156 ® Ph Ph ®
153 -H P N0 “HO  pr o “H NN
SN J N N
HaN . HN NH NH
-S A Ar
153 ~——— Ar—— S
Eschenmoser N intramolecular N)ﬁ]/Ar o} @
reaction H O nucleophilic attack H Ot H o}
2 o Ph Nu-N H® OH "
N N
T intramolecular Ph Ar Ph NN
J l2, DMSO nucleophilic attack —H,0 Ph Ar
o //N NH o o
L 152 NaHSenH,0 & ; °
e - @ H - N\ -H
Ar” "CHO /\[( Ar intermolecular ®/ Ar Ph \N‘N\ e | N’N\A 157
O nucleophilic attack Nﬁr Ph Ar g

153a, Ar = Ph(3-OMe), 80%
153b, Ar = Ph(3-Br), 71%
153c, Al -furyl, 76%
153d, Ar = 2-benzofuryl, 81%

Scheme 72 Synthesis of 2-acyl-3-aminoindoles 153 via NaHS*nH,O-induced umpolung
(7e) Geng, Chem. Commun. 2018, 54, 12730

157a, R=H, Ar = Ph, 78%

157b, R= 4-Me, Ar = Ph, 73%

157c, -OMe, Ar = Ph, 67%

157d, R= 2-naphthyl, Ar = Ph, 68%
157e, R= 4-OMe, Ar = Ph(4-NO,), 69%

Scheme 74 Synthesis of N-aminoindoles 157

(7g) Schmidt, Org. Lett. 2019, 21, 4275
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KOBu (3.0 eq)

124
THIEME

9 NH; L(0.2 A 7S N g 9 e Dr\thsgJ i?eq)
. 2 .2 e d
L O e oy RIS I NI O O B* S AR se¥el
AT, |  DMSO,60°C N Ar)K + RT + R 4+ S N ~g 2 | I PhCI, O, 150 °C
7 37 examples 149 2 NH, NH, DMS, DMSO, 100 °C 7\ 35 examples
28-94% yield 23 23 31 examples 160 7 22-75% yield 164
58-77% yield -
o/~
1> (1.6 eq)
1 | Ar # 2 HN y/
KO'Bu KO®BuU, L 2 + 23 160 No Ar N \
H K + KOJ\Ar > K- \o DMSO DMS (1.0 eq), 100 °C Mel ©: I 12 ol — Ar/% I
2 i > Ph /s
H N-K ST N7 /) = -H® N
= KOBu _ Ph
7a,R=H f 0 Hi+DMs  Q /Q : Pt . s ‘ Path A
2 OH N n
Ar)]\CHO A’)]\( QA & [0]
A OH =0 X LI .
149a (I}A, e \ ! |
A~ —Hy 2 HI + DMSO I, + DMS + H0 164 2 + 7a Ar)\ ] Ar)\
23a,R=H 1553, R =H, Ar= Ph(4-Me), 75% [0]| DMS ‘N
155b, R = H, Ar = Ph(3-OMe), 67% Ph”
155¢, R = H, Ar = Ph(3-NO,), 61%
- o C(\O 155d, R = H, Ar = Ph(4-Br), 69% Sn lpam B
OMe B NJ\H/A' 155e, R = H, Ar = 3-thienyl, 73% [0]
H 155f, R = Me, Ar = Ph, 76% 7/<
o) , g g N
149a 94% 149b, 60% 149c, 70% @N\IA' Ar 4 A’I \@
s - 7 1\ AN Ph _H® S T Ph
N (T N I = H ph—~NH
A m &N N o o 7 ©5n
Nan N N B HN — 164a, R = Ph, Ar = Ph, 71%
N Ho o/ L J—Ar _/< 164b, R = Ph, Ar = Ph(4-Br), 65%
® N 164c, R = Ph, Ar = Ph(3-Cl), 71%
149d, 68% 149e, 77% 149f, 88% 149g, 50% HQ)

Scheme 75 Synthesis of 2-arylindoles 149 through radical enolate coupling
(7h) Chung, Org. Lett. 2021, 23, 1096

H0
Ar

detected by
GCMS
Scheme 77 Synthesis of 1,4-benzodiazepines 160 via dual C-O bond cleavage

(7j) Geng, Org. Lett. 2019, 21, 7504

164d, R = Ph, Ar = 2-thienyl, 23%
164e, R = Ph, Ar = 4-Py, 30%

Scheme 79 Synthesis of 1,4-benzothiazines 164 via iodide-catalyzed aerobic C—H sulfuration
with elemental sulfur (7m) Jiang, Org. Biomol. Chem. 2020, 18, 3234

4.20 Benzoxazepines
4.21 Benzodiazepines

o NH; o—L-Ar NLa
Ar)l\ * (;( + @[ —
2 NHz  cat. AcOH N= N
OH NH, AT OH Ar
158
H

Scheme 76 One-pot synthesis of 1,5-benzoxazepines 159 and 1,5-benzodiazepines 160
(7i) Neochoritis, J. Med. Chem. 2010, 53, 8409

Figure 13 Synthesis of fused bi-heterocycles, part VII7h-"

4.22 Benzothiazines

AIBN (02 eq)

AcOH
.. 181

e Cs2C03(0.5 eq), air
*\,DMAc, 110°C, 10 h

EjiN\ Ar
Loy
163 Ar \N

Huang et al. approach

Lin et al. approach

4.23 [1,3]Dioxolo[4,5-d][1,3]dioxoles

Ar, Ar, Ar,
%o + >:o + >:o

Se0, (1.0 eq)
TFA (4.0eq) O,

Ar
OIO Ar
air, 140 °C Ar>_<0 OH

13 examples

165

46-75% yield
Se0, Ph,

2\:0 Hz0, TFA o 42:/-\2: Hof

\>—Ar
e
Ar
@[ . T
s Oz

162

% base, air

163

161

|
CL ™

<
'z}

@[ WPA'

©:N Ar - CH3
_Ph

trace amount

@N.Ar

Path A

Scheme 78 Synthesis of benzothiazines 162 and bibenzo[b][1,4]thiazines 163 (7k) Lin, Org. Lett. 2016, 18, 6424

(71) Huang, Org. Lett. 2018, 20, 3332

& - - iﬂi 3

OH
-2 HZO Ph
165a, 65%
165b, 75% 165c, 46%

F

Scheme 80 Synthesis of fused [1,3]dioxolo[4,5-d][1,3]dioxoles 165 via trifluoroacetic acid mediated
oxidative self-condensation of aryl methyl ketones (7n) Marpna, ACS Omega 2021, 6, 14518
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4.24 Benzoselenazoles

1> (1.0 eq)
o DMSO o @SB}E— Naz8205 (0.8 eq) C[Se Ar
+ />—<
AT 20 min, MW A')Hé) NH 2h, MW N o
a ! 12 examples 167
Conventional: 50 h
i
b Microwave: 2.5 h 85-04% yield

125
THIEME

OPEN
ACCESS

Graphical Review

Scheme 81 Synthesis of 2-acylbenzo[1,3-d]selenazoles 167 via domino oxidative cyclization

(70) Balaguez, New J. Chem. 2017, 41, 1483

followed by elimination of malononitrile

4.25 Naphthyridines At NHp 5.2C ir lated P
)OK NCTCN 4+ O oRm, 8@ i NH A
H //
170 19 examples CN == [e) (o gie)
2eq 2eq 79-93% yield 171 72’ M, N
N ar xylene, reflux Ar 2 PhMe, reflux [oie)
2 171 175 pTsOH p-TSOH
Knoevenagel o 6 examples i " 14 examples
condensat?on aromatization Tﬁo 53-80% yield Ramig et al. Manjappa et al. 20-80% yield
Ar
<NH
NC._CN v N - c*
I A | X cyclization N
Ar 1 4 Ar
A Michael-type reaction N

Scheme 85 Synthesis of 2,4-diaryl-3H-1-benzazepines 175 and coumarin-annulated azepines 176

(8b) Ramig, Synlett 2007, 2868
(8c) Manjappa, RSC Adv. 2017, 7, 45269

5.3 Pyrrolo[2,1-alisoquinolines

o]
A\ IBr (0.8 eq)/Oz
A @* + @\/,\}_Ph —_— 38
= examples
= A Se (1.0), 140°C 33-85% yield
2 168 Scheme 83 Synthesis of dihydro[1,6]naphthyridines 171 (79) Mukhopadhyay, Org. Lett. 2011, 13, 4664
5 Fused triheterocycles
Ph. 5.1 Dibenzo[c,elazepines

_ \ ph _ IBI/SET Pd(TFA); (0.06 eq)

2a, R=H + 168 ho . MsOH (10.0 eq)
— N2

[0], SET

169

Scheme 82 Synthesis of

169 under metal-fi

conditions
(7p) Ni, Org. Lett. 2019, 21, 3518

DMF, air, 100 °C, 24 h

NC. O + ArB(OH),
O 172

12 (50 mol%)

=z

O
|
DMSO, 120 °C Ar CH
H Ar
177 30 examples
52-83% yield

35 examples
33-89% yield
L—Pd L
/( COZCF:X
LoPd(CO,CF3),
1 73

!
F3CO,C N ¢}

oxidative

C>_(— Heck couplmg

\ \
N
o —HO ‘&
O
_Pd CO,CF;

Scheme 84 Synthesis of 5-aryli

y O
L.
Pd.

FSCOZC

7-aryl-5H-dibenzolc,

173

(8a) Yao, Org. Lett. 2019, 21, 7697

Figure 14 Synthesis of fused bi-heterocycles, part VII,7°-9 and fused tri-heterocycles, part 18-

Scheme 86 Synthesis of p ,1-ali

mediated formal [2+1+1+1] cycloaddition

lines 178 via

iodine

(8d) Zheng, Chem. Commun. 2018, 54, 11897
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5.4. Acridines

(0]
OTf  CsF (3.0 eq) SN
OO X O
L T™Ms  ACN,65°C N
NH,
2 179

180

(o}

T o— ol 0 —

i

0

| i
aij 180b, R = 4.5-(OMe)s, 75%
180c, R = 85-Br5, 77%
(HeC)sSi & =

OF

Scheme 87 Synthesis of acridines 180 via a [4+2] annulation
(8e) Rogness, J. Org. Chem. 2010, 75, 2289

126

2\, ==
o} Bi(OTf)3 (10 mol%) Y,
el p 2 N
Ar)zk + + Br\/’\ ACN, 80 °C, 6 h S
168 186 25 examples 187

31-82% yield

THIEME
Ar
i) NHyl (0.2 eq) 2
o x toluene REN
S S -
Ar 2 N\ ii) KI (1.2 eq) ’,\l
R! 183 TSOH (1.2 eq) R'  COBu
168 0,,160°C, 24 h
2 182 31 examples
41-83% yield
Ar Ar
A 183 [0
2 + N \
\ dehydrogenative N F\]
168a condensation | CO,Bu | CO»Bu
R'=Me, R? = I
Ar

182a, R! = Me, R? = H, Ar = Ph(4-OMe), 46%

182b, R' = Me, R2= H, Ar = Ph(4-Me), 81% °
182¢, R' = Me, R%= H, Ar = Ph(4-NOy), 72% 182 ®)
182d, R' = Me, R?= H, Ar = Ph(3-Br), 80% )
182e, R = Me, R = H, Ar = 2-thienyl, 56% COzBu

Scheme 89 Synthesis of substituted carbazoles 182 via a one-pot synthesis

(8g) Chen, J. Org. Chem. 2017, 82, 2935

5.5. Carbazoles

i) NH4! (0.2 eq), PhCF3 Ar

CHO

o}
\ o j H0, HBr
Bi(OTf)s O™ Bi(OTH,
©\/y\> + 186 A (OT0s S Ar —2
A —HBr N ; N

A

(CH20H)2

181a, R' = Me, R2= H, Ar = Ph(4-OMe), 82%

181b, R' = H, R?= H, Ar = Ph(4-OMe), 45%

181c, R' = Me, R2= H, Ar = Ph(4-Me), 77% 187

181d, R' = Me, R2= H, Ar = Ph(4-Br), 61% “Tho

181e, R' = Me, R2=H, Ar = 1-naphthyl, 75%
181f, R' = Me, R?= H, Ar = 2-thienyl, 44%

Scheme 91 Synthesis of carbazoles 187 catalyzed by bismuth(lll) triflate via three-component reactions
(8i) Gu, Org. Lett. 2018, 20, 4285

o " ‘ " 2) CuClp+2H,0 (20 mol%) o.
(0] ) (\ A air, 160 °C, 30 h F{/\, N\ Bipyr (30 mol%) Ar
Ar Ark TR N + COBu — _ COuBu o CHO ACOH (4 eq)
2 R\ 2 " ii) K1 (0.2 eq), TSOH (0.2 eq) N 2 L\ NaOH (4eq) TEMPO (3.0 eq) S
o N NHyl (0.2 eq) 3 R DMSO, O, H,0, 160 °C, 36 h ' A + R i
Ar Z N Ph toluene, Ar N 168 184 34 examples 185 \ ll\ \
2 [ 150-160 °C. 30 h Re R 26-73% yield 188 RN o
’ 154 189
182
168 181 37 examples Ar 17 examples
46-95% yield Ar OH Ar. 68-95% yield
AS
2 + | I} A \ __178 N\ cHO o
181 Ar, \ N —Ho0 CO,Bu
i Ph 168a ! s LD . <~/ A
\ ° R'=Me, R?=H N | o
2 + 168a ——— —_— p——
o —HeO N ™ No, 182 H ! N Ph
R'=H
@\ 188a
=H 189
CuClp#2H,0 (\
Ar o air P
N Ph
MeQ 7N\ 154 TEWPO_ o Vo
Br 185 { CuCly#*2H,0
e COLBu 189a, 95%
O O 'I\‘ N CO,Bu
O O [1s,6s] sigmatropic
O O Ph O O N e shift
Ph
N
| N 185a, R! = Me, R? = H, Ar = Ph(4-OMe), 51%
1 _ 2 _
182a, 82% 182b, 90% 182¢, 71% 182d, 68% U, (771 = (e, (= [ AT = P END), E5
185c, R! = Me, R? = H, Ar = Ph(4-NO), 45%
High yields reported 185d, R' = Me, R?=H, Ar = Ph(3-Br), 71%

Scheme 88 Synthesis of substituted carbazoles 182 from indoles

(8f) Chen, Org. Lett. 2016, 18, 5384

Figure 15 Synthesis of fused tri-heterocycles, part I178¢-i

185e, R! = Me, R? = H, Ar = 3-thienyl, 32%

Scheme 90 Synthesis of carbazoles 185 through a [1s,6s] sigmatropic shift
(8h) Chen, J. Org. Chem. 2019, 84, 3121

189b, 90%

189¢, 91% 189d, 90%

Scheme 92 Synthesis of carbazoles 189 by formal [3+1+2] benzannulation

(7f) Guo, J. Org. Chem. 2020, 85,9117

© 2022. The Author(s). SynOpen 2022, 6, 110-131
Georg Thieme Verlag KG, RiidigerstraRe 14, 70469 Stuttgart, Germany



S. Mohammed et al.

5.6 B-Carbolines

° o - CO2Me
o l(1.0eq) )J\ |
DMSO A cHo | T Y NHy N~ N
Ar —_— N 22 examples H
2 90 °C H 54-85% yield Ar
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5.8 Naphtho[2,1-b]furan-1(2H)-ones

oM _ow
OH
)01\ + 1> (1.6 eq) O
Ar - 20 examples
2 DMSO, 100 °C 43-92% yield
194 195

Scheme 93 Synthesis of B-carbolines 191 under Pictet-Spengler conditions
(8)) Battini, RSC Adv. 2014, 4, 26258

Kornblum o H'(a'
oxidation + R
22— A ( |

O ~H0 I

o
- 195 Ar 0 O

Scheme 95 lodine-promoted synthesis of naphtho[2,1-b]furan-1(2H)-ones 195
(8l) Gao, Org. Lett. 2014, 16, 1732

Lo
°

trace amount

Graphical Review

5.10 Furocoumarins

OH 12 (2.0 eq)
o NH4OAc (5.0 eq)
+ X
A')I\ PhC, 120 °C
2 (O8N0 .
198 9 examples
28-92% yield
. NHfOAc 8 o
. H 2 I\ﬂl\Ar
198 —— — S Emso
[Oe) 07 0
—NH,4 °
J Ar)]\
—~(
[e]
—H,0 A L oH
199 ~——— ‘Ar
0" ~O
97 Metal-fi ynthesis of furocoumarins 199

5.9 Dihydrooxepines

(8n) Pham, Eur. J. Org. Chem. 2018, 4431

o]
R, o I (10 mol%;
N + N+ I{N  buomer
5.7 Dihydrobenzo[b][1,7]naphthyridines NS Ar 2 o~ Nh CFQS?:;' LCD MSO

NH, I2 (1.6 eq) Ar 196 196 33 examples

o N E\_LCOOH Oxone (1.0 eq) e LN N 33-88% yield
Ar)]\ + R A 7T N DMSO, 100°C "L~ Kornblum o o ?

2 H 32 examples oxidation TOH 196 R‘N OH R

7 192 34-79% yield 193 Ar)lm Ar)% ’1‘\ o ’{‘\ o

o OH Ar e Ar
7a,R=H [¢] o

Kornblum o imine
oxidation

(o}
2 A formation Ar)]\7N : Tol\NH NH;
[4+2] cycloaddition \C(ﬁi;
N Ar
102 hydrolysis q\\o 7a H o
O]
7a

I

og=)

NH, NH,
detected by
GC-MS

A N-Tol
decarboxylative
NH
A [
Ar
N” _

oxidation
[e]

193

Scheme 94 Synthesis of 3,4-dihydrobenzo[b][1,7]naphthyridines 193
o ayclization

via consecutive /ring-opening/dicy

(8k) Geng, Org. Lett. 2019, 21, 4939

Figure 16 Synthesis of fused tri-heterocycles, part I18-°

—Hi
then [O]

Scheme 96 Synthesis of 2,3-dihydrooxepines 197 by iodine-catalyzed oxidative coupling
(8m) Wu, Org. Lett. 2017, 19, 4584

5.11 Benzo[d]imidazo[2,1-b]thiazoles

o s o x-S
A FeCl3 (20 mol%;
+ R D—NH, a6 ) R <N
Al = Z~N
"y N Znly, (10 mol%) Y
200 1,2-DCB, 110 °C, 15 h 201 Ar
21 examples
59-88% yield

98 FeCly/Zn!,

synthesis of benzo[dlimidazo[2,1-b]thiazoles 201
(80) Mishra, Org. Lett. 2014, 16, 6084
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5.12 Annulated indolizines Oy -Ar R R
I TBAI (20 mol%) o) = sulfur (3.5 eq) o) sulfur (1.5 eq)
o x ————————— 7NN N N Ar urea (0.75 eq) urea (3.0 eq) N,
)l\ + | + || N-R TBHP (6 eq), DMSO, 90 °C =\ % > A \>——Ar
Ar N7 ~R s—~5 0 DMSO, H,0 2 DMSO, pyridine g
202 O R=Me, Et, Ph 24 examples O 208 DABCO (0.5 eq) 207

203 70-94% yield 204 22 examples 22 examples

34-85% yield 23-94% yield

o TBAI (20 mol%)
=~ 204
A,)K TBHP, DMSO, 90 °C NO] i e
x 2,8 [0] N
: ; o —- G o
DMSO Ar Z g Willgerodt-Kindler S or DMSO 5~ 8
o] 2a 207a
Q NH
N«
X =
o Ph)k? Ph)l\¢ s
1.3-dipolar Ar xes0 207a, R = 4-F, Ar = Ph(4-F), X = CH, 94%
cycloaddition =S 207b, R = 4-SMe, Ar = Ph(4-SMe), X = CH, 84%

(¢]
204a, 86%

204b, 75% 204c, 72%

204d, 84%

Scheme 99 Synthesis of annulated indolizines 204 via [3+2] cycloaddition
(8p) Zhang, New J. Chem. 2019, 43, 17000

cyclization

RaN Sn  ———— 208a
S | AN oxidation
~g “NHR?

Scheme 101 Divergent synthesis of thienothiazoles 207, 208

207c, R = 4-Br, Ar = Ph(4-Br), X = CH, 55%
207d, R = 3-CFj, Ar = Ph(3-CFg), X = CH, 84%
207e, R=H, Ar=3-Py, X = N, 83%

208a, R = H, Ar=Ph, X = CH, 82%

208b, R = 4-Me, Ar = Ph(4-Me), X = CH, 84%
208c, R = H, Ar = Ph(2-Br), X = CH, 58%
208d, R = H, Ar = Ph(3-Me), X = CMe, 88%
208e, R =H, Ar=3-Py, X =N, 75%

(8r) Pham, Org. Lett. 2019, 21, 8795

5.15 Aziridines

i) asymmetric
Mannich reaction
TFA, CHCIg, 35 °C

i) asymmetric
Mannich reaction
TFA (0.2 eq), CHClg, 35 °C

catalyst A catalyst A

ii) KI (2.0 eq) ii) KI (2.0 eq)
TBHP (3.0 eq), hv TBHP (3.0 eq)
without metal CuBr2 (0.1 eq)

213

single diastereoisomer
24% yield, 94% ee

single diasterecisomer
25 examples
71-93% yield
up to 98% ee

5.13 Thienothiazoles

NOH o
R i TBD (1.0 eq) N\YU\A'
Ar)J\ + s t DMSO, 120 °C ms
2 205 S 206

TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene

5.14 Pyridoquinazolinones

KI + H0
TBHP
KOH CuBra\ — 21—~ 213
I, I>

o @ze 5

I I

S, S

N RS N (] Bn
(I()l\ (L AL

N
Ar HI\

Et0OC £00C | Ar NHp M

catalyst A
Mannich product

Scheme 103 A one-pot approach to multisubstituted, fused aziridines 212, 213
(8t) Zhang, J. Org. Chem. 2017, 82, 2399

i ©
Ar)l\

o
[0]
Ar)]\. Ar%
(e}

NH
Willgerodt-Kindler ‘\MS

@E\&

Scheme 100 Synthesis of 2-aroylthienothiazoles 206 via C—H/N-O bond functionalization of oximes
(89) Zhou, Org. Lett. 2019, 21, 9976

206a, Ar = Ph, 82%

206b, Ar = Ph(4-OMe), 87%
206¢, Ar = Ph(4-COOMe), 56%
206d, Al -thienyl, 58%
206e, Ar = 3-Py, 41%

4’ 206

: 0 :
[0 B H o
Cul (20 mol%), KsPO4 | N/Q 1
x> m-xylene, 24 h, Ny 1 ' B x>
L 3 N 3 ()\\)kN
: : NN
. I N™ "NH2  pen N\> pyridine | P :
2 105 N Oz48h ! Noo210 209
H : x : (52%)
Optimized conditions: i) Cul (20 mol%), Bipy (20 mol%) ‘ anticipated, not observed | 17 examples
120 °C, m-xylene, N, 24h ~ “TTTTTToTommTmmmemmemnes 29-88% yield
ii) Py, Op, 48 h
]
o Iy
X Ulimann-Goldberg- —N
+ | _ type coupling | = = | 105 o
! N NH = N x -H0
2b 105 H Ef N
A
o / S ( N \
~ )o\ N Cu' culy- o
| HN ’
= H Z
“Z N — PyNH, Cu pyridine
S |
o
COOH
[ base (iﬁvo 0. dcoori Ho. cu 0,
— CuOH -
A C Q -co,
- H0
ZN = N z
~ | . 209

Scheme 102 Synthesis of pyridoquinazolinones 209 via oxidative C-C bond cleavage

Figure 17 Synthesis of fused tri-heterocycles, part IV,%-t and fused polyheterocycles, part I°2

(8s) Brendel, J. Org. Chem. 2020, 85, 8102

6 Fused tetra-heterocycles
6.1 Dibenzo[b,h][1,6]naphthyridines

@m
A NHAc

i) NaOH (2 eq), 6 h

NaOH (20eq),10h
EtOH, reflux

NaOH
EtOH

2 + 214

NaOH i NN

216 AcHN

216a, Ar = Ph(4-Me), 70%
216b, Ar = Ph(4-Cl), 55%
216c¢, Ar = Ph(4-OMe), 42%
216d, Ar = 1-naphthyl, 35%
216e, Ar = 2-Py, 25%

Scheme 104 One-pot synthesis of dibenzo[b,h][1,6]naphthyridines 216
(9a) Okuma, Chem. Commun. 2014, 50, 15525
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6.2 Quinoline-fused 1-benzazepines 6.4 Fused oxindoles
WAI'
)I\ . BFa -OEtz(1.0eq) gy N O R o) 12 (1.2 eq)
: >* 2 DMSO
Ar ACN, 80 °C O A NH == Foan P
N N ) NHe 2 o
Ar = 110°C
11 examples Br 7
149a 26-70% yield 7 )\ 17 examples
217 ° 218 o7 34-73% yield 221°
Kornblum (0] o H H
oxidation l2 N
AT + 7a Ar | =
R =Me
BF;.0Et, |H2N O A A O NH Lo
217+ 149a \
H.O 3
2
O Y, Ar H )
N )% -

218a, Ar = Ph, 68% B OE, OE(2 O
218b, Ar = Ph(4-1), 70% B A
218c, Ar = Ph(4-Me), 28% 218 ~—— 2 A0
2184, Ar = Ph(4-NOy), 69% /\ \( ’

218d, Ar = 3-thienyl, 50%

Scheme 105 Synthesis of quinoline-fused 1-benzazepines 218 (9b) Min, Org. Lett. 2016, 18, 364

6.3 Isocryptolepines

HoN.,
2T NH ]
o
-pot, PPA
or s Oy T
R o
Cm ’ e
R
N
2 40 219 5 examples 220

67-82% yield

L

— 221

221a, R = 4-Me, Ar = Ph(4-Me), 54%
221b, R = 4-Me, Ar = Ph(4-NO,), 73%
221c, R = 4-Me, Ar = Ph(4-SO,Me), 70%
221d, R = 4-Me, Ar = 2-naphthyl, 69%
221e, R = 4-Me, Ar = 3-thienyl, 34%

Scheme 107 lodine-promoted synthesis of 1,2-fused oxindoles 221

(9d) Zhang, Org. Lett. 2017, 19, 408

6.6 Pyrido-fused imidazo[4,5-c]quinolines

A N=N
Sos

I (150 mol%), air 2 (5 mol%), air

DMSO, 120°C | !

- ./ DMSO, 120 °C

o stoichiometric : —HCHO
A 226 equivalent catalytic
! equivalent
Kale et al ==
(9f) Kale, Synthesis 2017, 49, 1603 12 (5 mol%), air ( IN 7 Mani et al.
o
DMSO, 120 °C N/ Ar
228

Scheme 109 Synthesis of pyrido-fused imidazo[4,5-c]quinolines 225, 226 and pyrrolo[1,2-a]quinoxalines 227

6.7 Benzo[a]carbazoles

I
Ar)K + N
2 H

IBr (0.6 eq), PhClI

2+ a0a —H . ©\ _ Fischer ‘\/>_.
R=R?=H
HaN,_ N
HZN) \\—N\ k/f\\j)\ /

\~N
)= Co-O
220 —— N@ N> N
, O=N
5N @=N \ oM
0 Co e
O ¢ N H OMe
H

220a, 82% 220b, 80% 220d, 77%

Scheme 106 Synthesis of isocryptolepine analogues 220 by a multicomponent approach
(9¢c) Aksenov, J. Org. Chem. 2017, 82, 3011

Figure 18 Synthesis of fused polyheterocycles, part I1°-

6.5 Benzodiazepine-fused isoindolinones

[e]
+ + e oo on
AcOH, 120 °C, 24 h
Ar > cHO HoN cOH, 120 °C, N
222 74 17 examples
55-91% yield 223 Ar
MSNs = Mesoporous silica nanoparticles
o
OH
2 + 222 — » MSNs
CN ——— 223
~ AcOH, 120 °C, 24 h
HoN cyclization
-H0
[¢]
OH
[e]
O Al
HN : 2N
OH Ar

223a, Ar = Ph, 84%

223b, Ar = Ph(3-OMe), 75%
223c, Ar = Ph(4-Br), 83%
223d, Ar = 2-naphthyl, 88%
223e, Ar = Ph(4-CF3), 55%

QS?

/

Scheme 108 Synthesis of tetracyclic benzodiazepine-fused isoindolinones 223
(9e) Yuan, Chem. Commun. 2020, 56, 11461

130 °C, air
39 examples
149 26-88% yield
0], SET
2 4+ 149 N Ph L, +\ Ph
— H,0 N N
2 H H
Ph Y

s A /
— H“‘

229a, Ar = Ph, 76%

229b, Ar = Ph(4-Me), 71%
229¢, Ar = Ph(4-Br), 78%
229d, Ar = Ph(4-NO,), 62%
229e, Ar = 2-naphthyl, 78%

(?0
.

Scheme 110 Synthesis of benzo[a]carbazoles 229

6.8 Tetrahydrospiro[carbazole-1,3"-indoline]s

R
S /
R o Ar,
= N R
)CL N @ TIOH (5 mol%) 230 R® N
Ar N tol 60°C tol 80°C N
2 h‘ oluene, oluene, Fi‘ 0, N3
168 231 R
= 1
231a, R = COsEt, R' = Me, R2 = 5-CI, R® = Bn, Ar = Ph, 92% R = COMe, COREt, Ar
231b, R = CO,Et, R' = Me, R? = 5-Me, R® = Bn, Ar = Ph, 90%
231c, R = COEt, R' = Me, R2 = 5-F, R® = Bn, Ar = Ph(4-Cl), 79%
231d, R = CO,Et, R' = Me, R2 = 5-Cl, R® = Bn, Ar = Ph(4-NO,), 89%

Scheme 111 Synthesis of polysubstituted tetrahydrospiro[carbazole-1,3"-indoline]s 231

(9i) Yang, J. Org. Chem. 2017, 82, 13277

© 2022. The Author(s). SynOpen 2022, 6, 110-131
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