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1. Introduction

Bridgehead nitrogen (ring-junction nitrogen) heterocycles are
among the most privileged cores in natural products (Fig. 1)*
and therapeutic pharmaceuticals® (Fig. 2). These scaffold
architectures play important roles in chemical biology and
drug discovery. For example, rutaecarpine,” amaryllidaceae
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Palladium, rhodium, ruthenium, iridium, cobalt, nickel, silver, and copper catalysts were used for the suc-
cessful synthesis of these skeletons. Herein, we summarize recent advances that are made in the synthesis
of bridgehead nitrogen heterocycles via diverse transition metal-catalyzed C-H activations and C-H
functionalizations. This review covers the period from May 2004 to April 2020.

alkaloids,* luotonin A and B,” (+)-austamide,® lamellarin D,
and camptothecin® have diverse biological activities.
Alprazolam,’ midazolam,"® vardenafil,"" sitagliptin,"> ponati-
nib,"* dolutegravir,"* filgotinib,"” upadacitinib,'® baloxavir
marboxil,"” and remdesivir'® were approved to treat a variety of
serious diseases. In particular, the FDA has recently approved
the emergency use of remdesivir for COVID-19."°
Consequently, these heterocycles have attracted great attention
from synthetic chemists and medical scientists.?® In order to
obtain these scaffolds efficiently, various methods involving
cycloaddition reactions,*® cyclization reactions,* reduction
reactions,”® multicomponent reactions,>®  cyclization of
N-acyliminium,>® transition-metal-catalyzed cyclizations®® etc.
have been developed. Among these methods, transition metal
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Fig. 1 Some natural products bearing bridgehead nitrogen heterocycle
scaffolds.

catalyzed C-H activation provided a straightforward way to
access bridgehead nitrogen heterocycles in an atom-economi-
cal manner, by a facile one-pot synthesis of complex molecules
without the requirement of substrate prefunctionalization.>”
One of these examples has been shown in the synthesis of two
imidazopyridine drug molecules: alpidem and zolpidem
(Scheme 1).%®

Ferraccioli** and Guo® reviewed palladium-catalyzed and
copper-catalyzed C-H functionalization reactions for the con-
struction of heterocycles respectively. In 2016, various tran-
sition metal-catalyzed heterocycle syntheses via C-H activation
were reviewed by Wu and co-workers.>' However, their coverage
is not specific to bridgehead nitrogen heterocycles.
Meanwhile, the Sharma group covered transition-metal-cata-
lyzed synthesis of imidazopyridines.** Zhang et al. summar-
ized copper-catalyzed C-H functionalizations for the synthesis
of bridgehead nitrogen heterocycles.>® Yet these reviews were
limited to one type of heterocycle nucleus or to a particular
metal catalysis. Due to the importance of bridgehead nitrogen
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Fig. 2 Some launched pharmaceuticals containing bridgehead nitrogen
heterocycles moieties.

heterocycles and the rapid development of C-H activation
methodologies, a timely review which is specific to the syn-
thesis of bridgehead nitrogen heterocycles via diverse tran-
sition metal-catalyzed C-H activations and functionalizations
would be desirable and useful for the exploration of new reac-
tions and beneficial for drug discovery.
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Scheme 1 One pot synthesis of alpidem and zolpidem via copper-
catalyzed C—H functionalization reactions.

Therefore, we present this review organized according to
different kinds of metals for the C-H activation and functionali-
zation, further subdividing according to the fused nitrogen het-
erocycle structure (Fig. 3). This review covers the time period
from the year 2004 to 2020. The notable features of this review
are as follows: (i) various transition metal catalysts including Pd,
Rh, Ru, Ir, Co, Ni, Ag and Cu are involved; (ii) diverse kinds of
bridgehead nitrogen heterocycles are covered; (iii) C-H bond acti-
vation including C(sp*)-H, C(sp)-H, and C(sp®)-H is depicted;
(iv) selected examples, mechanisms and potential applications
(particularly in drug discovery) of reactions are discussed.

2. Transition metal catalyzed synthesis
of bridgehead nitrogen heterocycles

2.1 Palladium-catalyzed synthesis of bridgehead nitrogen
heterocycles

Knochel and co-workers developed a novel palladium-catalyzed

intramolecular  cyclization leading to condensed
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Fig. 3 A concise summary of the preparation of different kinds of
bridgehead nitrogen heterocycles by various transition metal-catalyzed
C—H bond activations and functionalizations.

N-heterocycles 26 (Scheme 2).*>* These polyheterocycles are fre-
quently found as the cores of both natural products and drug
molecules; the preparation of the starting N-arylpyrrole 25
proved to be extremely simple. This cyclization involved a Pd-
catalyzed C(sp®)-H (benzylic type) activation step and screen-
ing indicated that the ligand p-Tol;P and the base Cs,CO; are
superior to the other ligand/base combinations explored for
this transformation.

Oestreich reported a C-2 alkenylation of indoles with substi-
tuted alkenes by utilizing a Pd(OAc),-pyridine ligand system in
2012 (Scheme 3).*° The key step here is an endo cyclization of
alkenes onto indoles temporarily tethered to the indole nitro-
gen atom by an amide linkage.

Lautens and co-workers developed a palladium-catalyzed/
norbornen-mediated complex for the synthesis of 5,6-dihydro-
pyrrolo[2,1-aJisoquinoline derivatives 31 via the C(sp®)-H
functionalization reaction of pyrazoles 29 and aryl iodides 30
(Scheme 4).°° These skeletons have been found in some
natural and biologically active compounds, including letto-
wianthine and lamellarin D.

X H Pd(OAc), (5 mol %) R\/ A\
R N p-TolsP (10 mol %) O NN
P4 N —
[N Cs,C0;3 (1.2 equiv)
= 110°C, 12 h 26
7 examples
X;sB’: ! up to 83‘%5) yield

Selected products

26a, X = Br, 83% 26¢, X = Br, 60%

X=1,77%
26b, X =1, 81% 26d, X =1, 70% 26e
FaC
O,N
X = Br, 65% X=1,33%
26f 269

Scheme 2 Palladium-catalyzed intramolecular cyclization.
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Scheme 3 Palladium-catalyzed intramolecular cyclization.
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Scheme 4 Palladium-catalyzed alkylation/direct arylation sequence.

Recently, Hu and co-workers described a dehydrogenative
Heck annulation reaction of indolizine 32 with diaryl acetylene
33 via dual C(sp*)-H bond cleavage (Scheme 5).>” A detailed
mechanistic study confirmed that C-H bond metalation of the
7-position of the indolizine is the rate-limiting step. By opti-
mizing and screening various additives and solvents, they
found that the ligand 2,6-difluorobenzoic acid was the most
efficient additive and DMSO the ideal solvent. This protocol
has provided a simple and straightforward route to arylpyrrolo
[2,1,5-cd]indolizines 34 under base-free conditions. In order to
avoid regioisomers, symmetric alkynes were used.

Chang discovered a Pd(OAc),-catalyzed cyclization of N-(2-
halobenzyl)-substituted pyrroles 38 to afford polycyclic com-
pounds 39 (Scheme 6).>® The reaction of substrates bearing
electron-deficient groups on the pyrrole was found to undergo
cyclization with faster rates compared to those bearing elec-
tron-donating groups. This method has provided an efficient
route to the pyrroloindoles 39 which are difficult to obtain
using the conventional Friedel-Crafts approach.

Booker-Milburn and co-workers pioneered a palladium-
catalyzed C(sp®)-H activation/cascade strategy for the synthesis
of polyheterocycles 42 from readily available materials 40
(Scheme 7).*° In order to avoid the furan moiety undergoing
conjugate addition with the oxidant, a sterically bulky quinone
41 was used as an oxidizing agent. It was found that a short
reaction time, typically 30 minutes, at an elevated temperature
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View Article Online

Organic Chemistry Frontiers

R2
_ Ar'!
- 3
R1—;/\,\E/>*R3+ T Pd(OAc)2(1O mol %) RN / R
2

DMSO 0, (1 atm)

19 examples
20-98% vyields

CO,Me CO,Me O,Et 2Et

' -
PH Ph Ph Ph
34a, 78% 34b, 90% 34c 87% no L 34d 92%

COzMe CO,n-Bu

OzEt
COZM
COzMe

no L, 34e, 98% no L, 34f, 79% no L, 34g, 70% no L, 34h, 75%

Pd(OAc), 32
HOAc
0O,
-HOAc
Pd(0)
R!

34
Ar? ;
Ar! R Ar?
37 = N= 2
\ e

2
rate limiting step ~ ACOPd—¢/ AT

-HOAc Art
36

COzn—Bu

T
=%
'U‘\
>
e
:‘

Scheme 5 Dual C—H activation and a plausible mechanism.

favoured this transformation. A large range of polycyclic com-
pounds containing pyrrol, indole, furan and thiophene, such
as 42a to 42h, were prepared in one step.

In the proposed mechanism, compound 40 undergoes C-H
activation by coordination of the palladium(u) center to the
diene 43. Then, the intermediate 44 is formed by the cycliza-
tion by syn-carbometalation of the diene, which is followed by
an attack of the second heterocyclic ring onto this electrophilic
complex to give 45. Next, dehydrogenation of 45 leads to 46.
Finally, the oxidation of the product 46 delivers 42 under mild
reaction conditions (Scheme 8).

Xu, Loh and co-workers reported a feasible and efficient
one-pot approach for the synthesis of pyrroloisoindolone
derivatives 48 using N-vinyl acetamides by palladium-catalyzed
intramolecular C(sp®)-H activation (Scheme 9).*° The strategy
offered straightforward access to valuable nitrogen-containing
products 48a-48k under mild reaction conditions. A proposed

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qo00510j

Published on 05 agosto 2020. Downloaded on 05/12/2025 22:47:23.

Organic Chemistry Frontiers

P(t-Bu),

1
R1,L'_§\ Q Q (10 mol %) N
KN H
Pd oy\gands | % rell
R2+ X Cl (OACc), (5 mol %) L
= Et3N (2.0 equiv) 39
38 CgHg, 100 °C, 0.5-12 h 11 examples

60-97% vyields

Selected products
% @ 7 9
] N I N
N N ®
o C

39a, 97% 39b, 90%  39¢, 92% 39d, 97%
o)
OHe—~ A~ :g /% y
N N ]
39, 68% 39f, 72% 39g, 88% 3%h, 90%

Scheme 6 Pd-Catalyzed synthesis of pyrroloindoles.

x/}/\
TAR?
B i
" N i io [PdgMeCl\O%CIZ]
\/'Y\) + tBu tBu DMF, Ny, 120 °C
B (2.0 equiv)
40 41

>10 examples
up to 81% yield

X=0,S, N-CHy

Selected products

42a, 81% 42b, 79%

42f, 49% 429, 57%

42h, 49%

42e, 52%

Scheme 7 Synthesis of polyheterocycles by the C-H activation
cascade sequence.

mechanism suggested that this is an intramolecular Heck
cyclization involving 5-exo cyclization, C(sp®)-H activation and
reductive elimination during the catalytic cycles.

Verma and co-workers disclosed the palladium-catalyzed
Sonogashira coupling conjoined C(sp*)-H activation for the
syntheses of pyrrolo[1,2-a]quinoline derivatives 51.*' It is
important to avoid the uncyclized product 52 during the
tandem transformation. After an extensive screening of Pd(u)
sources [PdCl,, Pd(OAc),, Pd,(dba); and PdCl,(PPhs;),], addi-
tives such as LiCl and Cul, solvents (CH;CN, DMF, DMSO,
DMA) and bases (Et;N, K;PO,, KO'Bu, NaOAc), the best and
general combination for these substrates was determined to be
5 mol% of PdCl,(PPhj),, 3.0 equiv. of NaOAc, 2.0 equiv. of LiCl
in DMA at 120 °C for the tandem cyclization. This method was

This journal is © the Partner Organisations 2020
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Scheme 8 A plausible mechanism for the synthesis of
polyheterocycles.
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Scheme 9 Palladium-catalyzed domino coupling reaction.

also used for the synthesis of pyrrolo[1,2-a]quinolines when
1-(2-bromophenyl)-pyrrole and terminal alkynes were used
under the same reaction conditions (Scheme 10).

Substituted pyrazolo[1,5,a]pyridines are important mole-
cules which are often employed as indole isosteres due to their
relatively high metabolic stability in drug discovery. In 2011,
Charette and co-workers reported the study of a domino direct
alkynylation and cyclization of N-iminopyridinium ylides
using alkenyl bromides and alkenyl iodides (Scheme 11).*?
Compared with previously reported synthetic methods, this
protocol is greatly advantageous because only a two-step
process is required. The selected screening of reaction con-
ditions found silver benzoate to be the most favourable silver
salt; a P(4-MeOPh);/PdBr, ratio of 3:1 provided the best
results. Solvent choice was examined showing that 1,4-dioxane

Org. Chem. Front., 2020, 7, 3067-3099 | 3071
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Scheme 11 Domino direct alkynylation and cyclization of
N-iminopyridinium ylides with alkenyl bromides or iodides.

is ideal and running the reaction at 125 °C for 16 h provided
the best general outcome for the substrates involved.

Charette and co-workers conducted mechanistic studies
and confirmed the formation of alkynes from alkenyl iodides,
by a competition reaction. It was found that the reaction pro-
ceeded quickly once the alkyne was generated, and thus
alkynes were identified as optional starting materials for this
transformation (Scheme 12 and 13).

Direct C(sp”)-H azidation, followed by N-N bond formation
to give novel bridgehead nitrogen heterocycles was rarely
observed until 2013 when Jiao and co-workers first showcased
a novel Pd-catalyzed azidation of arylpyridines via C(sp”)-H
activation using azides as an external nitrogen source
(Scheme 14).** This study is significant because it provides a
concise, alternative approach to bioactive pyrido[1,2-b]inda-
zoles from readily available arylpyridines.

SanMartin, Dominguez and co-workers developed a new
strategy for the rapid construction of a series of pyrazolo[1,5-f]
phenanthridines 67 from simple starting materials, such as
acetophenones and arylhydrazines 66.** The cyclization by
intramolecular biaryl bond formation is the key step, accom-
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Scheme 14 Palladium-catalyzed nitrogenation reaction.

plished by direct C-H activation utilizing Pd(OAc), as the cata-
lyst (Scheme 15).

Chen, Wu and co-workers developed a novel approach for
the synthesis of indazolo[3,2-b]quinazolinone derivatives 70
via palladium-catalyzed C-H activation/intramolecular amin-

This journal is © the Partner Organisations 2020
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Scheme 16 Synthesis of indazolo[3,2-b]lquinazolinone derivatives via
Pd-catalyzed C—H activation/intramolecular amination.

ation of 2-aryl-3-(arylamino)quinazolinones 68 in moderate to
excellent yields (Scheme 16).*> Furthermore, the potential
utility of the products was demonstrated as a new class of blue
fluorophores for fluorescent materials. Preliminary mechanis-
tic studies suggested that a palladacycle dimer could be the
key intermediate, which underwent a cascade cyclometalation
and C-H amination sequence.

In 2019, Sawant et al. reported that under Pd-catalyzed con-
ditions, azomethine imine 75 reacted with nitroolefins 74,
giving bridgehead nitrogen containing heterocycles 76.*° A
one-pot, four component approach (Method B) also gave this
potential pharmaceutically useful polyheterocyclic skeleton
from readily available 2-azidobenzaldehyde 71, isocyanide 72,
aryl sulfonyl hydrazide 73 and nitroolefins 74 (Scheme 17).

2.3. Rhodium-catalyzed synthesis of bridgehead nitrogen
heterocycles

Utilizing Rh as a catalyst, silver and copper salts as co-catalysts,
Wu, Zhang and Huang developed a one-step synthesis of
indolo[2,1-alisoquinolines 79 via a double C-H annulation

This journal is © the Partner Organisations 2020
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Scheme 17 Pd-Catalyzed cyclocondensation of azomethine imine.

Condition A
[RhCp*Cl,], (5 mol %)
AgSbF (20 mol %)
Cu(OPiv); (2.0 equiv)

Ar
X
H
N D MeOH/AmOH RE I @
R—‘é/ L 90°C, Ar _
~ + Condition B A
[RhCp*Cl,], (5 mol %) 79

AgOAc (20 mol %) 16 exnamples
Cu(OACc)#H,0 (2.0 equiv) 35-79% yields

Ar

DCE, 90 °C, Ar
Selected products
Ph Pl Ar
0 OO~ =
. . .
PR Ph P ppy A° Al A

79a, 79% 79b, 58% 79c, 72%

79d, 63%

Scheme 18 Synthesis of indolo[2,1-alisoquinolines via a triazene-
involved C—H annulation cascade.

cascade (Scheme 18). Interestingly, they employed triazene 77
as an internally cleavable directing group.*” The kinetic
isotope effects suggested that the alkyne insertion step is rate
limiting for the second C-N annulation.

Li and co-workers pioneered the study of Rh-catalyzed
double oxidative coupling of primary benzamides and 2.0
equiv. of symmetrical alkynes,*® providing the bridgehead
nitrogen heterocycle 82 in good to excellent yields (71-93%)
via double C-H activation and oxidative coupling (Scheme 19).
Since isoquinolones were prepared from secondary benza-
mides and alkynes under the almost identical conditions, this
method was found to be a valuable improvement for building

o Ph
o o NN
N NH [RhCp*Cly] (4 mol %) | A
|// " + o Ag2CO5 (3.0 equiv) oh
R Ph  CHiCN, 115°C, 12 h 82
80 81 11 examples

71-93% yields

O Ph O Ph O Ph
Ph Ph
O N N7 N
= =
\O Z
Ph Ph Ph

82a,91% 82c, 85%

82b, 93%

o Ph o Ph o ph
NP NS N\Ph
NC Z O F Z O »Z
Ph Ph £ Pn O

82e, 90% 82f, 89%

Ph
829, 93% 82h, 93%

Scheme 19 Rh(i)-Catalyzed double oxidative coupling between
primary benzamides and alkynes.
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24 examples
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Scheme 20 Rh-Catalyzed coupling reaction of sulfoxonium ylides and
anthranils.

83

novel bridgehead nitrogen heterocycles from quinazolones or
dihydroquinazolinones with alkynes.

Recently, a novel approach to bridgehead nitrogen-fused
indolones has been developed by Cheng’s group
(Scheme 20).*° A rhodium-catalyzed reaction of aroyl sulfoxo-
nium ylides 83 and anthranils 84 proceeded well to build three
bonds in one pot, giving desired products 86 in moderate to
good yields. A tentative mechanistic study suggested that the
catalytic cycle involves Rh promoted C-H activation and ortho-
amination of a-aroyl sulfoxonium ylides. Finally, the second
indole ring was constructed via intermediate 85 by the Aldol
condensation.

Li and co-workers developed a Rh-catalyzed oxidative coup-
ling of 5-aryl-1H-pyrazoles 87 with diphenyl-acetylenes 88.° In
this transformation, pyrazoles acted as an ideal directing
group to facilitate C-H bond activation to access novel hetero-
cycles with good to excellent yields, although only symmetrical
alkynes were studied (Scheme 21).

Imidazo[2,1-alisoquinolines are bridgehead nitrogen fused
heterocycles found in many drugs and bioactive compounds.
In 2018, Song et al reported an efficient and practical
approach via Rh(m)-catalyzed [4 + 2] annulation of 2-arylimida-

X
R
X Ph = 1
a0 * 9 =xR
RT . [CP*RACll (2 mol %) =
///> | | Cu(OAc), (2.2 equiv) Ph X-N-N
HOHN-y ¥ h acetone, 110°C, 12 h g PN
87 88 20 examples

13-95% yields

Me

V.
X N\N

Ph
89c, 90%

89e, 92% 89f, 89% 899, 90%

89h, 95%

Scheme 21 Rh(in)-Catalyzed C-C/C-N coupling between aryl-pyra-
zoles with alkynes.
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RE ] ;. + Rm/kcoo'au [CP'RNCls, @25 mol %) gl : /N
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R = Me, "Bu or HOAc (3.0 equiv) 92
90 o TFE, 100 °C, 16 h 34 examples

up to 99% yleld

Nz ’I>

N 0
\ Cp*RhCly]; (2.5 mol %)
4 ] s Me\”)J\COO"Pr [Cp 22 (2.5 mol %) R‘—: Dy
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or HOAc (2.0 equiv) iProoC
% 93 TFE, 100 0r 120 °C, 16 h "

24 examples
up to 92% yield

Scheme 22 Rh()-Catalyzed annulation of 2-arylimidazoles with diazo-
ketoesters to access imidazoisoquinolines.

zoles 90 and a-diazoketoesters 91 (Scheme 22).>' Obviously,
under acidic reaction conditions, the decarboxylation products
92 were obtained in good to excellent yields when ¢-butyl ester
was used.

It is well known that benzoazepine derivatives are valuable
compounds with significant biological and pharmaceutical
activities. Meanwhile, imidazole is an often-found essential
scaffold in the drug discovery program. In 2019, Zhang, Fan
and their co-workers developed a novel and efficient method
for combining both benzoazepine and imidazole pharmaco-
phores together.”> The Rh(m)-catalyzed C(sp?)-H activation
and functionalization of 2-phenylimidazole and methyl-
eneoxetanone via [4 + 3] annulation gives the desired coupling
products, fused heterocycles 97, in moderate to good yields
(Scheme 23). This is a reliable and atom-economical approach
from simple and inexpensive starting materials and is expected
to find wide application.

Sulfoxonium ylides have been introduced recently as con-
venient carbene precursors which are much safer compared
with the analogous diazo compounds. In 2018, Ellman et al.
developed a Rh(m)-catalyzed coupling reaction between
C-alkenyl azoles and sulfoxonium ylides and in situ cyclodehy-
dration gave substituted bridgehead nitrogen-fused [5,6]bicyc-
lic  heterocycles 100 with complete regioselectivity
(Scheme 24).>* A proposed mechanism suggests that the C-H
functionalizations of C-alkenyl azoles and sulfoxonium ylides
were involved.

Diazepine and quinoxaline are the most important privi-
leged scaffolds in drug discovery. Recently, Sun et al. devel-
oped a powerful and versatile approach to these bridgehead

R2
N 3 Bn
| [Cp*RhCly]; (2.5 mol %)
i X N O AgOAc (2.0 equiv)
R H + -
Z H o) DCM, 100 °C, 10 h
CO,H
95 96 97
23 examples

up to 74% yield

Scheme 23 Rh(m)-Catalyzed C—H functionalization and annulation to
prepare benzoazepine using methyleneoxetanone.

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qo00510j

Published on 05 agosto 2020. Downloaded on 05/12/2025 22:47:23.

Organic Chemistry Frontiers

H

Me _~~H Me -
(IZI) (0] [Cp*Rh(MeCN)3](SbFg), |

N? “NH Me—/S\ (10 mol %) NZON R

\—/ + Me PivOH (2.0 equiv) ]
NaOAc (1.0 equiv)
(0.3 equiv) (2 equiv) N 100
98 29 toluene (0.1 M), 120 °C, 16 h 12 examples

up to 91% yield

Scheme 24 Rh(i)-Catalyzed C—H functionalization of C-alkenyl azoles
with sulfoxonium ylides.

nitrogen fused heterocycles.”® Notably, under the Rh(m) cata-
lyst, the annulation of indolo anilines and diazo compounds
proceeded well via the free amine assisted C-H activation, fol-
lowed by amidation leading to the diazepino[1,7-aJindole 104
or 105 in good to excellent yields. On the other hand, when Ru
() was used as the catalyst, the coupling reaction involves the
formation of a Ru-carbene complex, followed by -NH, group
insertion and cascade cyclization via a metallo-ene type reac-
tion, a further p-hydride elimination, giving the indolo[1,2-a]
quinoxaline 106 or 107 as the major product in good to excel-
lent yields (Scheme 25).

In 2017, Ellman’s group disclosed a novel approach to syn-
thesize privileged [5,6]-bicyclic heterocycles 110 with bridge-
head nitrogen by Rh(m)-catalyzed C-H activation of C-alkenyl
azoles (Scheme 26).>® Since one of the reactants can be alkenyl
imidazoles, pyrazoles, or triazoles, it could provide the hetero-
cycle products with nitrogen incorporated at different sites. On
the other hand, the coupling partners, such as alkyne and dia-
zoketone, also give azolopyridines with various substitution
patterns which make the new method very attractive for medic-
inal chemistry.

In 2020, Li, Wu and co-workers reported a novel and practi-
cal approach to benzimidazo[1,2-a]quinolones 115.°°® The
cascade reaction from imidamides and anthranils involves a
Rh(m)-catalyzed C-H activation, followed by a intermolecular
amination and cyclization process (Scheme 27).

X
q . R1==7 3
Z o N2 [RhCP*Clzl, N s f\ _FOCR
or o OWO (2.5 mol %) N - N
+ OR® OR¢ AgSbFs (20 mol %) N 0 or o

/- \ N—NH
Q‘H 103 EtOH, 60 °C rell NH R2-
3n L ¥
NH:
20 104
RT _ 28 examples
102 up to 98% yield
R1\’::\,
v
r2fi Ny NH2 [Ru(p-cymene)Clp], RE*7™)
T 2 2
Z 101 N, (5 mol %) . \ COOR?® / \ cooRr®
or ., o o NaOAc (20 mol %) COOR* ™y COOR*
CuO (2.0 equiv) NH or NH
-\ —_— N X
Q\H OR® OR* 1 g0 °C R2{- P refl P
NP 106
el 107
T
Z 102 22 examples

up to 88% yield

Scheme 25 Rh(m) or Ru(i)-controlled divergent annulation to diazepine
and quinoxaline derivatives.
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Scheme 26 Rh(i)-Catalyzed C—H activation of C-alkenyl azoles to
access bicyclic bridgehead nitrogen heterocycles.

H N
N _N_ [RhCp*Clzl, (5 mol %) /@: N\
\ﬂ/ + ° > NN R
iy NH R3 [BMIM]BF 4, 140°C, 24 h
R4
113 114
115
R3
8 examples
up to 87% yield
Scheme 27 Rh(i)-Catalyzed C-H activation to access

benzimidazoquinolines.

Bicyclic [5,6]-bridgehead nitrogen fused heterocycles are
privileged pharmacophores as FDA-approved drug and clinical
candidates. In 2018, Ellman and his group first reported
Rh(m)-catalyzed imidoyl C-H activation for the preparation of
substituted azolopyrimidines 121 (Scheme 28).”” The annula-
tions of N-azolo imines with sulfoxonium ylides, diazoketones
and alkynes gave the desired bridgehead nitrogen fused het-
erocycles in good to excellent yields. This novel approach
could have a valuable application in drug discovery.

Three-component coupling reactions from aldehydes, ami-
nopyrazoles and newly readily available sulfoxonium ylides
enable access to complex molecules under straightforward
conditions with a short reaction time. Ellman’s group further
developed a successful Rh(m)-catalyzed protocol to the general
synthesis of many pyrazolo[1,5-a]pmidines 125 in good yields
(Scheme 29).>® Notably, good functional group compatibility is
an great advantage for this versatile and efficient transform-

1 1
R R! R3”\/S 118 R
A . or Me
NZ"H N\ CP o 4
A Rh(Ill) cat. J R _R="R° 119 )\
N” 'NH N7 N or
— \—/

2
R % R3 121
C-H activation, 2 31 examples

120 up to 93% yield
117

Scheme 28 Synthesis of pyrazolopyrimidines via Rh(u)-catalyzed
imidoyl C—H activation.
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Scheme 29 Three-component coupling of aminopyrazoles, aldehyde
and sulfoxonium ylides to access pyrazolopyrimidines.
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Scheme 30 Proposed mechanism for annulation.

ation, and it was suggested that Rh(ur)-catalyzed imidoyl C-H
activation was involved in annulation (Scheme 30). On the
other hand, in a one-pot, stepwise reaction, formyl ylide 126
was first utilized smoothly.

Imidazo[1,2-c]quinazolines are widely present in drug mole-
cules. Several methods that utilized substituted anilines as the
starting materials have been developed to build these
scaffolds. Different from these known methods, Cheng
reported a Rh(m), and Ag(i)-co-catalyzed annulation via ortho-
C-H activation of 2-arylimidazoles (Scheme 31).>° A series of
fused heterocycles 134 were prepared in good to excellent
yields from simple and readily available 2-arylimidazoles 132

N R
| 5" Oy [CP*RCL (5 mol %) NXR
N+ ‘W AgSbFe (20 mol %) >
H [/ N
u ~ HOAc (0.4 mmol), DCE 2.5 mL) _
AT air, 120 °C N™ Ar
132 133 134
23 examples
up to 95% yield

Scheme 31 Rh(iAg()-cocatalyzed annulation via C—H activation of
arylimidazoles.
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and 1,4,2-dioxazol-5-ones 133 which provided rhodium
carbene species by the extrusion of CO,.

2.4. Ruthenium-catalyzed synthesis of bridgehead nitrogen
heterocycles

Yi and co-workers reported a cationic ruthenium-hydride
complex for C-H activation of benzocyclic amines to access tri-
cyclic compounds 137.%° Substituted quinolines and quinoxa-
lines could be formed via the N-H and C(sp*)-H functionali-
zation reaction of benzocyclic amines and terminal alkynes
(Scheme 32).

In 2012, Ackermann and co-workers reported using 5 mol%
of cationic ruthenium(u), 20 mol% AgSbF4 as a promoter, and
Cu(OAc),-H,O/air as the oxidant to promote an oxidative
alkyne annulation process with substituted 1H-pyrazoles
(Scheme 33).°" This method generated the bridgehead hetero-
cycles 142 from readily available starting materials with high
functional group tolerance.

In 2014, Peng and co-workers applied the ruthenium-cata-
lyzed oxidative cross-coupling/annulation of quinazolones with
symmetric alkynes to the synthesis of 8H-isoquinolino[1,2-b]

NH, = H  Rus(CO)4o/HBF; OEt, (1:3) N
[\ N7 ll (1-5 mol %) ©i R
H NN
R 137
135 1

benzene, 95 °C
36 4 examples
90-96% vyields

Q\NHz Ru3(CO)12/HBF ; OEt; (1:3) Q
N . |‘| (2-3 mol %) N NH
/@:/)—H benzene, 95 °C %R
X X
X =H, OMe 136 X =H, OMe
138 139
4 examples

70-93% yields

Scheme 32 Coupling reaction of benzocyclic amines and alkynes to
form tricyclic heterocycles.

I\
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140 141 21 examples
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Selected products
Y [ N
N N
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O,N 7 ph Gl Ph
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2
| \N 4 N
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Ph OMe n-Pr
142d, 70% 9
OMe 142f, 61%
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Scheme 33 Oxidative alkyne annulations with pyrazoles.
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Scheme 34 Ru-Catalyzed cross-coupling/annulations of quinazolones
with alkynes.

quinazolin-8-one derivatives 145 (Scheme 34).°> After screen-
ing of reaction conditions we found that using 2.2 equiv. of
Cu(OAc), as the oxidant, and 2.0 equiv. of Na,COj3 as the base
in toluene at 90 °C for 16 h provided the best results for these
fused polycyclic heteroarenes with good to excellent yields,
although moderate regioselectivities were obtained when
unsymmetrical alkynes were used as reactants.

Slightly different from Peng’s approach, Nagaiah demon-
strated Ru-catalyzed aerobic oxidative dehydrogenation fol-
lowed by cross-coupling/annulation of dihydroquinazolinones
146, instead of the use of quinazolinones.””> The method
avoided the use of Cu(OAc), as the oxidant and purification of
intermediates. This synthetic method provided a facile route to
access a class of highly functionalized, N-fused polycyclic com-
pounds 148. When unsymmetrically, disubstituted alkynes
were used, two regioisomeric products were obtained
(Scheme 35).

The use of N-arylphthalazine-1,4-dione 148 to construct
bridgehead nitrogen fused and functionalized phthalazines
has received some investigation recently. It was reported that a
Ru-promoted oxidative alkenylation of N-aryl pyridazinediones
and N-aryl phthalazinediones with acrylates resulted in inda-
zole derivatives 151 in good to excellent yields (Scheme 36).*
In addition, it was found that Rh(m)-catalyzed annulations of
N-arylphthalazine-1,4-dione with a-diazo carbonyl compounds
gave either the [4 + 1] or [4 + 2] annulation product, depending
on the additive in the reaction conditions.

Similarly, under different reaction conditions, using either
Ru(n) or Ir(m) catalyst for C-H activation and annulation with
1,3-diketone-2-diazo compounds, N-arylphthalazine-1,4-diones
were converted to phthalazinocinnolinediones 158 in good to
excellent yields, and phenylquinazolinones were transformed
to isoquinolinoquinazolinones under mild conditions respect-
ively (Scheme 37).%°
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Scheme 35 Amide-directed cross-coupling/annulation.
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20 examples
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Scheme 36 Ru(n) or Rh(in)-catalyzed annulation of

N-arylphthalazinedione with acrylates or diazo carbonyl compounds.

2.5. Iridium-catalyzed synthesis of bridgehead nitrogen
heterocycles

The Sames group successfully demonstrated a novel intra-
molecular oxidative cross-coupling of C(sp®)-H bonds and
alkenes under neutral and iridium-catalyzed conditions
(Scheme 38).°° It is noteworthy that when optically pure
proline derivative 163 serves as the starting material, it gave
bridgehead nitrogen heterocycle 164 with excellent chiral
purity (>99% ee).

The indole skeleton exists in various biologically active
natural products and medicines, therefore much effort has
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Scheme 37 Ru(i)/Ir(n)-catalyzed C-H bond activation/annulation of
cyclic amides to prepare bridgehead nitrogen heterocycles.
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, IPr (10 mol %), NBE (3.0 equiv) TBSO -
N
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Scheme 38 Iridium-catalyzed oxidative cyclization.

been expended to develop novel and catalytic approaches via
C(sp*)-H bond activation. Ellman and Bergman pioneered the
studies of the Rh-catalyzed enantioselective reaction using
N-allylindoles to access N-fused bridgehead tricycles with
chiral phosphoramidites as ligands.®” Recently, Shibata and
co-workers developed an intramolecular and highly enantio-
selective C-H activation of N-alkenylindoles that utilized
iridium.®® A para-anisoyl group at the 3-position of the indoles
operated as an efficient directing group (see 166a to 166d), and
the combination of cationic iridium(i) and chiral diphosphine
ligands achieved excellent desired product 166 with up to 97%
ee (Scheme 39).

Sulfoxonium ylides have recently received increased atten-
tion; they serve as novel carbene surrogates catalyzed by tran-
sition metals for the rapid construction of bridgehead nitrogen
heterocycles. In 2019, Aissa and his group found that when
catalyzed by an iridium catalyst, without the assistance of a
directing group, chemo-specific cyclization of a-carbonyl sul-
foxonium ylides 167 for the functionalization of the pyrrolic
C-H bond occurred, giving bicyclic 5-5 and 5-6 systems 168 in
good to excellent yields (Scheme 40) respectively.®®
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Scheme 39 Intramolecularalkylations of N-alkenylindoles at the C-3
position using the directing group approach.
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Scheme 40 Ir-Catalyzed functionalization of the pyrrolic-C—H bond to
prepare bridgehead nitrogen heterocycles.

The use of a-diazo carbonyl compounds for Rh-, Ru- or Pd-
catalyzed carbene insertion/cyclization has been investigated
by many academic labs. Although the Ir-catalyzed carbenoid
functionalization has been reported for the synthesis of het-
erocycles, its use to access bridgehead nitrogen fused poly-
cycles is limited. In 2018, Sakhuja et al. reported an Ir-pro-
moted annulation of 1-arylindazolones with a-diazo carbonyl
compounds, providing indazolone-fused cinnolines 172 in
good to excellent yields (Scheme 41).”° Obviously, the Ir(1)
species facilitates the N-H oxidative addition of 1-arylindazo-
lone and affords the five-membered Ir(m) intermediate 171
which reacts with a-diazo carbonyl compounds, to generate
the final desired product.

2.6. Cobalt-catalyzed synthesis of bridgehead nitrogen
heterocycles

Yoshikai and co-workers reported a cobalt-N-heterocyclic
carbene (NHC)-catalyzed intramolecular hydroarylation reac-
tion on an indole to give dihydro-pyrrolo-indole and tetrahy-
dropyridoindole derivatives (Scheme 42).”" Notably, by careful
choice of the NHC ligands, the selective formation of 5-exo 174
and 6-endo product 175 was controlled well. This method pro-
vided an efficient route to access a class of highly functiona-
lized tricyclic compounds with good yields and regioselectivity.

The authors proposed that the reaction was initiated by che-
lation-assisted oxidative addition of the C-H bond to a cobalt
species to give key intermediate 176. Subsequent insertion of
the olefin into the Co-H bond leads to either six-membered
178 or seven-membered 180 intermediates, which undergo
reductive elimination to give the title compound 174 or 175.
The olefin insertion step is probably the regioselectivity deter-
mining step of the reaction (Scheme 43).

This journal is © the Partner Organisations 2020
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Scheme 42 Intramolecular hydroarylation leading to dihydropyrrolo-

indole and tetrahydropyridoindole.

Scheme 43 Proposed reaction mechanism.

Kanai and co-workers recently innovated the utility of a cat-
ionic, high-valent cobalt(m) complex for the C(sp®)-H bond
functionalization of N-carbamoyl indoles 181.”> The C-2 indole
alkenylation/annulation sequence proceeded smoothly in the
presence of a Cp*Co(m) complex, giving the corresponding
pyrrolo-indolone  compounds 183 in 58-89% yields

(Scheme 44).

Glorius and co-workers accomplished a cobalt(im)-catalyzed
directed C(sp®)-H functionalization of various 2-arylpyridines
184 with carbene precursors 185 in 2015.”> The dual role of
cobalt(m) catalyst as a transition metal and a Lewis acid might
be vital to the C-H activation step and sequential cyclization
(Scheme 45). This method provided novel bridgehead nitrogen
heterocycles 186 efficiently with broad structural diversity, as

This journal is © the Partner Organisations 2020
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the ortho-pyridine substrates are crucial directing groups for
the arene C-H bond activation.

Nickel-catalyzed synthesis of bridgehead nitrogen

heterocycles

Org. Chem. Front., 2020, 7, 3067-3099 | 3079

Hiyama and co-workers reported intramolecular cyclization of
alkenyl pyridone derivatives 192 using Ni(cod),/AlMe; (as a
Lewis acid) catalysis in 2009.”*
proceeded mainly in an exo-trig fashion to afford predomi-

The intramolecular addition
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derivatives.

nantly bicyclic substituted pyridone 193 along with the minor
isomer 194 in combined high yields and good regioselectivity
(Scheme 46).

2.8. Silver-catalyzed synthesis of bridgehead nitrogen
heterocycles

Wu and co-worker described a silver and copper co-catalyzed
three-component reaction of 2-alkynylbenzaldehyde, sulfono-
hydrazide, and a tertiary amine, which provides a novel and
efficient route for the generation of H-pyrazolo[5,1-ajisoquino-
lines 198 (Scheme 47).”° The reaction process involved the fol-
lowing steps: (i) Silver-catalyzed cyclization of 2-alkynylbenzal-
dehyde and sulfonohydrazide. (ii) Copper-catalyzed oxidation
of an aliphatic C-H bond of tertiary amines, and subsequent
intermolecular cyclization/aromatization. The reaction occurs
under mild conditions and provides excellent results employ-
ing simple operations.

An example applied to N-iminoisoquinolinium ylides, which
generated in situ ylides as directing groups for further C-H acti-
vation transformations, was developed by Chen, Peng and co-
workers in 2012.”° Without using a palladium(u) catalyst, they
described a catalytic pathway in which silver triflate (10 mol%)
and copper iodide (10 mol%) co-promoted tandem alkynyl
active cyclization of N-iminoisoquinolinium ylides and bro-
moalkynes to form H-pyrazolo[5,1-alisoquinolines 202 in good
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Scheme 47 Synthesis of H-pyrazolo[5,1-alisoquinolines catalyzed by
Ag(1)/Cufn).
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Scheme 48 AgOTf/Cul co-catalyzed tandem alkynylative cyclization
reaction to form H-pyrazolol5,1-alisoquinolines.

yields under mild reaction conditions (Scheme 48). The C-H
bond activation mechanism is given in Scheme 49, suggesting
that N-iminoisoquinolinium ylides are ideal building blocks for
the synthesis of novel bridgehead nitrogen heterocycles.

It should be noted that construction of benzimidazo-isoqui-
noline fused polycycles via radical type cyclization is not highly
efficient. Recently, Wei, Yu and their co-workers reported a
silver-catalyzed decarboxylative radical cascade cyclization.”” In
the presence of K,S,04/AgNO;, the reaction of N-methacryloyl-2-
phenylbenzoimidazole 208 with carboxylic acids 209 gave
desired heterocycle 211 under mild reaction conditions
(Scheme 50). Based on the mechanistic study, it is believed that
radical intermediate 210 was generated after releasing CO, from
the corresponding carboxylic acid, followed by the addition of
the reactive radical to the aromatic C=C bond.

2.9. Copper-catalyzed synthesis of bridgehead nitrogen
heterocycles

Metal-catalyzed modern C-C cross coupling reactions and C-N
bond forming reactions, such as the modern Ullmann reaction
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Scheme 49 Plausible mechanism involved the formation of

