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Polysubstituted arenes serve as ubiquitous structural cores of aromatic compounds with significant
applications in chemistry, biological science, and materials science. Among all the synthetic approaches
toward these highly functionalized arenes, organocatalytic benzannulation represents one of the most
efficient and versatile transformations in the assembly of structurally diverse arene architectures under
mild conditions with exceptional chemo-, regio- or stereoselectivities. Thus, the development of new
benzannulation reactions through organocatalysis has attracted much attention in the past ten years.
This review systemically presents recent advances in the organocatalytic benzannulation strategies,
categorized as follows: (1) Brensted acid-catalysis, (2) secondary amine catalysis, (3) primary amine
catalysis, (4) tertiary amine catalysis, (5) tertiary phosphine catalysis, and (6) N-heterocyclic carbene
catalysis. Each part is further classified into several types according to the number of carbon atoms
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rsc.li/rsc-advances involved in different benzannulation strategies were highlighted.

1 Introduction sequences to introduce directing or functional groups into the
parent benzene rings, and, in particular, the limited substitu-

Polysubstituted arenes represent a core structural framework tion patterns. Besides, different functional groups on the

that ubiquitously occurs in various natural products, pharma- aromatic cores may hugely affect both the selectivity and reac-

ceuticals, and agrochemicals. They are also universal synthetic tivity of these reactions.

building blocks in preparing most of today's industrial chem- Benzannulation is a method to assemble the arene rings

icals and functional materials.® The functions of these mole- through C-C bonds formation between two or more appropriate

cules are directly associated with the substituents on the buildingblocks. It is a valid alternative strategy for the synthesis

benzene core.> Therefore, flexible substitution patterns are of diverse polyfunctionalized arenes, because these approaches

highly desirable for the functionalized benzenes, and the

synthesis of various multi-substituted benzenes is a long-

standing focus and has drawn much attention in the organic
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catalysts, harsh reaction conditions, multistep synthetic
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could reduce the number of steps and usually exhibit better
regioselectivities and flexible substitution patterns. These
reactions have been summarized in several reviews.® In 2008,
Wessig and Miiller reviewed the dehydro-Diels-Alder reactions,
which mainly provided benzannulation products.?* In the same
year, Kotha and co-workers comprehensively discussed
different types of benzannulation reactions for the creation of
benzene rings, including Diels-Alder reaction, ring-closing
metathesis (RCM), cycloaddition reactions and other
transition-metal-promoted processes.* In 2017, Dichtel and co-
workers summarized the transition-metal-catalyzed benzannu-
lation reactions of alkynes.* Later, Lee et al. reviewed the
various base-mediated benzannulations under transition-
metal-free conditions, such as Cs,CO;, t-BuOK, and DBU-
catalyzed and -mediated reactions.®”

In recent ten years, from the standpoint of green and
sustainable chemistry, the ongoing research on the construc-
tion of the functionalized benzene compounds through orga-
nocatalytic benzannulation strategies has emerged as a hot
topic in organic synthesis. Taking advantage of various orga-
nocatalysts, different activation modes, and versatile annula-
tion strategies, the scope of benzannulation approaches were
remarkably broadened. Comparing with the conventional ben-
zannulation methods, these approaches feature numerous
beneficial attributes, including low economic cost, mild reac-
tion conditions, good functional group compatibility, flexible
substitution patterns, high regio- and stereoselectivity (Scheme
1). Organocatalytic benzannulation process can also avoid the
problems of removing metal residues or directing groups. On
the other hand, organocatalytic benzannulation is a useful tool
for the construction of various biaryl scaffolds, which are
essential structural motifs found in natural products, biologi-
cally active compounds, and functional materials.” Comparing
with the transition-metal-catalyzed cross-coupling or C-H ary-
lation strategies,'® which form the aryl-aryl bonds, these tactics
enables the facile access to biaryls from a wide range of acyclic
starting materials with more flexible substitution patterns and
excellent tolerance of functional groups.

Despite the great advance of organocatalytic benzannulation
strategies over the last decade, no comprehensive review has
been devoted to this topic."* In this review, we systemically
present recent advances in the organocatalytic benzannulation
strategies categorized as follows: (1) Brensted acid-catalysis, (2)
secondary amine catalysis, (3) primary amine catalysis, (4)
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tertiary amine catalysis, (5) tertiary phosphine catalysis, and (6)
N-heterocyclic carbene catalysis. To discuss the reactions in
a more logical way, each part is further classified into several
types according to the number of carbon atoms contributed by
different synthons participating in the cyclization reaction,
such as [4 + 2], [3 + 3], [3 + 2 + 1], [2 + 2 + 2] annulation, etc.
(Scheme 1). The reaction mechanisms involved in different
benzannulation strategies were highlighted and enantiose-
lective versions were emphasized. Organocatalytic strategies for
the synthesis of heteroaromatics and the aromatization using
quinones as the cyclic precursors would not be mentioned in
this review. The literature has been surveyed mainly from 2010
to April of 2020. We believe that this review will be instructive
for researchers in different fields and will inspire further reac-
tion design and developments.

2 Bronsted acid-catalyzed
benzannulation

Bronsted acids have been widely used as efficient and eco-
friendly organocatalysts. Over recent decades, significant prog-
ress has been achieved in the Brensted acid-catalyzed annula-
tion reactions due to their versatile potential in the activation of
carbonyl groups, hydroxyl groups, imines, and amines. In
particular, the Brensted acid-catalyzed benzannulation has
provided a powerful approach to the synthetically useful poly-
substituted arenes. In this section, we will systemically discuss
the application of the Brensted acid-catalysis strategy in ben-
zannulation reactions.

2.1 [4 + 2] benzannulation

Because of the extensive application of [4 + 2] annulation in the
de novo assembly of new arenes, these methods have drawn
much attention. Considering the privileged biological activities
of highly functionalized aromatic compounds like poly-
substituted carbazoles and indolocarbazoles, tremendous
efforts have been made to construct these useful building
blocks from simple starting materials.> In 2014, the Li group
found that trifluoromethanesulfonic acid (HOTf) could catalyze
the cyclization between indole 1 and y-carbonyl tert-butylper-
oxide 2 (Scheme 2).* The corresponding polysubstituted
carbazole derivatives 3 were obtained in 55-70% yields. More-
over, this transformation of indole-to-carbazole was success-
fully applied to the total synthesis of natural carbazole alkaloid
olivacine (5).

In 2015, Gu et al. reported another convenient method to
form  polysubstituted carbazoles from  2-alkoxy-2,3-
dihydrofuran 6 and indoles 7 (Scheme 3).* In the presence of
a catalytic amount of TsOH (5 mol%), carbazole derivatives 8
were delivered with moderate to excellent yields (58-99%) in
MeCN. The authors further applied the strategy to the synthesis
of other benzoarenes. In the presence of a catalytic amount of
TfOH, the reaction of 2-alkoxy-2,3-dihydrofuran 6 with 2-
methylfuran 9, thiophene 10 and 1,2-dimethoxybenzene 11
could provide corresponding products 12-14 in 46-66% yields.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 HOTf-catalyzed [4 + 2] benzannulation to synthesize
carbazoles.

Later in 2018, the Maji group employed Brensted acid
catalysis in constructing polyfunctionalized carbazoles and its

derivatives through a protecting-group-free benzannulation of

2-alkenylindoles 15 with 1,3-dicarbonyls 16/18 (Scheme 4).*
Notably, this method using cheap diphenylphosphoric acid as
the catalyst and eco-friendly air as an ideal oxidant. Substrates
with various substituents were well tolerated in the protocol,
and all the reactions smoothly provided the target aromatic
molecules 17/19 regardless of their electronic properties. The
total synthesis of three carbazole alkaloids further demon-
strated the practical applicability of the novel strategy. Besides,
the same group successfully expanded the [4 + 2] benzannula-
tion reaction of 15 with aldehydes for the synthesis of other
multifunctionalized aromatic compounds.*®

In 2018, Chang’s group reported an inverse-electron-demand
Diels-Alder reaction between 1,2-diazines 20 and ynamides
21." Optimizing the reaction conditions showed that the reac-
tion proceeded well under the catalysis of Tf,O in DCE at 100 °C.
The catalytic protocol could tolerate various functional groups,
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R2 = Me, Ph, iPr, nPr, cyclopropyl, etc. 21 examples
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Scheme 3 Acid-catalyzed [4 + 2] benzannulation to synthesize
substituted carbazoles.
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Scheme 4 Phosphoric acid-catalyzed [4 + 2] benzannulation to
synthesize carbazoles and indolocarbazoles.

both electron-rich and electron-deficient substituents on 1,2-
diazines are compatible in the [4 + 2] benzannulation, giving
a series of 2-aminonaphthalenes or 2-aminoanthracenes 22 in
moderate to excellent yields (56-95%). As shown in Scheme 5,
a possible mechanism of the reaction was proposed.

2.2 [3 + 3] benzannulation

Comparing with the acid-catalyzed [4 + 2] benzannulations, [3 +
3] benzannulation strategy has been much less reported in the
literatures. In 2019, Rubin et al. developed a facile [3 + 3]
cyclization to access meta-substituted anilines from a three-
component acyclic precursor, 1,3-diketones 23, amines 24,
and acetone 25 (Scheme 6)."® The optimum reaction condition
is using 30 mol% of acetic acid in acetone under conventional
heating (55 °C) or microwave irradiation (150 °C). The
compatibility of this procedure was well-investigated, and

Rz2 R! R2 R' RS
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| P 100 °C, DCE OO
R® N R3 R4
20 21 22
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%-95% vi
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Scheme 5 Tf,O-catalyzed [4 + 2] benzannulation to synthesize 2-
aminonaphthalenes and 2-aminoanthracenes.
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Scheme 6 AcOH-catalyzed [3 + 3] benzannulation to synthesize
meta-substituted anilines.

various substrates participate in the reaction successfully to
provide the meta-substituted anilines 26 with acceptable-to-
excellent yields (31-91%). A subsequent gram-scale reaction
afforded the aniline product in favorable yield after crystalli-
zation. The proposed mechanism was shown in Scheme 6, the
key step of this [4 + 2] benzannulation is the cyclo-
condensation/aromatization of the in situ formed imines of
acetone 1,3-diketones.

2.3 [2 + 2 + 2] benzannulation

Taking advantage of the unique catalytic activity of HOTf, Yi and
co-workers realized a condensation reaction for assembling
privileged benzene using ketones 27 as simple substrates
(Scheme 7).* The cyclo-trimerization of ketones in the presence
of HOTf (10 mol%) at 120 °C, furnishes a series of tri-
substituted arenes 28 in good to high yields (82-93%).

2.4 Intramolecular benzannulation

Following the concept of atom economy, the group of Ichikawa
disclosed an intramolecular benzannulation of aromatic alde-
hydes to construct polycyclic aromatic hydrocarbons (Scheme
8).° Using a catalytic amount of TfOH as catalyst and
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) as the solvent enabled
access to functionalized phenacenes 30 with high yields
(Scheme 8a, 93-99%). Furthermore, the protocol was suitable

R R OH

Cyclo-
OH " trimerization K
via /& - '
R HO—A AR
R R R, OH

(o} HOTf (10 mol%)
RJ\ 120°C, 12h
Solvent-free and under air
27 28

82%-93% yield
R = Ph, 3-Me-CgHy, 4-Me-CgH,, 1-naphthyl

enol form

Scheme 7 HOTf-catalyzed [2 + 2 + 2] benzannulation to synthesize
tri-substituted arenes.
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Scheme 8 TfOH-catalyzed intramolecular benzannulation to

synthesize phenacenes and acenes.

for the cyclization precursor 2-benzylbenzaldehydes 31, result-
ing in moderate-to-excellent yields (45-97%) of the corre-
sponding acenes 32 through dehydrative benzannulation
(Scheme 8b). The author further proved that HFIP was impor-
tant for the cyclizations because of its high ionizing power.

Meanwhile, an intramolecular 67-electrocyclization-aroma-
tization process of ynedienamine 33 to multi-substituted
benzene was reported by Huang's group in 2017 (Scheme 9).>*
The investigation of the reaction conditions showed that p-
nitrobenzoic acid (pNBA) with NaOAC in chlorobenzene
provided product 35a with good yield (85%). Various acyclic or
cyclic ynedienamines 33 and five-/six-/seven-/eight-membered
cyclic amines 34 endured the cyclization under the optimized
conditions, achieving 44-85% yields for the functionalized
arenes 35 bearing two distinct meta-amino groups.

In addition, Jiang and co-workers disclosed that yne-
allenone had the potential for constructing 1-naphthols via
cleavage/rearrangement of carbon-carbon triple bonds in the
presence of equivalent NBS and NCS.*” Encouraged by this
work, the same group developed an AcOH-catalyzed intra-
molecular benzannulation of readily available yne-allenone
esters 36, allowing the construction of a-naphthol derivatives
38 in high to excellent yields (85-97%).>* The reaction featured
broad substrate scope, functional group tolerance, as well as an
atom- and step-economical manner (Scheme 10). The authors
also proposed a possible mechanism for the reaction. Initially,
vinyl cation intermediates B was generated from 36 in the
presence of AcOH. Then, [2 + 2] cycloaddition of B occurred to
form intermediate D. Subsequent ring opening and

Ph

|
SN o e PNBA(S0moi%) NaOAc (20equy)
R . R L R

4 AMS, PhCl, 120 °C | |

27 examples, 44%-85% yield 35

Selected examples

SCN.o s DI ol

CRa RS S ORR A S
35a, 85% ) 35¢, 70%K

Scheme 9 pNBA-catalyzed intramolecular

synthesize substituted benzenes.

35b, 75%

benzannulation to
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Scheme 10 AcOH-catalyzed intramolecular benzannulation to

synthesize a-naphthol derivatives.

deprotonation/isomerization generated G, which reacted with

aromatic amine 37 and delivered the final products 38. In the

same year, the group of Jiang presented another novel alterna-

tive methodology for the synthesis of substituted a-naphthols
via NHC-catalyzed C-C triple bond cleavage of yne-allenone
under mild conditions.*

3 Secondary amine-catalyzed
benzannulation

Secondary amines are considered as the dominant organic
amine catalysts. At present, secondary amines, such as

Jorgensen-Hayashi catalyst (diphenylprolinol silyl ether), Mac-
Millan's imidazolinone catalyst, and proline, have been

commonly applied in the assembling of complex cyclic and
polycyclic skeletons via enamine or iminium activation and
showed extraordinary ability in stereocontrol.®® In addition,
some simple achiral secondary amines (e.g., pyrrolidine and
piperidine) have been used in the highly efficient cyclization

reactions.”® Taking advantage of these powerful organo-

catalysts, a series of benzannulation reactions have been
developed.

3.1 [4 + 2] benzannulation

In 2010, Xu and co-workers reported a [4 + 2] cascade reaction
between dialdehydes 39 and nitroalkenes 40 via a Michael-

Henry-dehydration-aromatization sequence.” Using pyrroli-
dine (Cat. 1) as the catalyst and DMAP as the additive in DCM

and water (Vpcm/Vir,o = 1/1) afforded benzene derivatives 41 in

45-65% yields, which bears three adjacent substituents.
Notably, nitroalkene with an alkyl group, such as n-propyl,
exhibits poor reactivity, and no final product is observed

This journal is © The Royal Society of Chemistry 2020
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Scheme 11 Pyrrolidine catalyzed [4 + 2] benzannulation to synthesize
polysubstituted naphthalene derivatives.

probably because of its instability. Scheme 11 shows the plau-
sible pathway for the reaction. The catalytic cycle begins with
enamine activation of dialdehyde 39, the Michael reaction
between enamine intermediate A and nitroolefin 40 formed the
zwitterion B, which further underwent the intramolecular
Henry reaction. Subsequent hydrolysis afforded the unstable
intermediate D, followed by dehydration and aromatization to
furnish the corresponding product.

Secondary amine-catalyzed [4 + 2] benzannulation is also
considered as an important method to prepare polycyclic

a) Substrate scope of [4+2] cycloaddition product
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R'" O
RS
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N Ré
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42d R'=R?=OH 43e Citral N
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43fR®=Me, R*=R®=H
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c) Two possible pathways for 44h and 44h’
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i Q‘COOH Q\COOH 0
ooy Y O
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Scheme 12 L-Proline-catalyzed [4 + 2] benzannulation to synthesize

polycyclic arenes.
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Scheme 13 Secondary amine-catalyzed [4 + 2] benzannulation to
synthesize axially chiral nitrocyclohexanecarbaldehyde.

aromatic hydrocarbons. For example, in 2015, Lee's group
developed a one-pot reaction for the synthesis of anthraqui-
nones through a [4 + 2] annulation between 1,4-naph-
thoquinones 42 and o,B-unsaturated aldehydes 43 (Scheme
12).%® In the condition screening, using r-proline as the catalyst,
benzoic acid as the additive provided the best catalytic effi-
ciency. The tandem benzannulation tolerated a series of
substrates with substituents of different electronic properties,
affording product 44 in moderate to excellent yields (47-93%).
Notably, the reaction of 42a or 42d with citral (43e) under the
standard conditions gave a mixture of regioisomers, 44h and
44h’. A plausible mechanism was proposed to explain the
formation of these two regioisomers (Scheme 12c).

Axially chiral molecules can be found in many natural
products and are widely applied in chiral ligands, material
chemistry, and drug discovery. Thus, the enantioselective
synthesis of axially chiral compounds is of great significance.

Recently, the de novo construction of new arenes via ben-
zannulation becomes efficient access to synthesize axially chiral
scaffolds.” In this context, Hayashi's group designed a chiral
secondary amine-catalyzed [4 + 2] cyclization of tetrahydro-2H-
pyran-2,6-diol with nitroalkenes 45 through a domino Michael-
Henry reaction. Chiral nitrocyclohexanecarbaldehyde 46
bearing four contiguous stereogenic centers were obtained.
Removing the central chirality of cyclohexane moiety, the cor-
responding enantioenriched biaryl atropisomers 48 could be
acquired with up to 98% ee (Scheme 13).

In 2020, the same group described a similar reaction cata-
lyzed by chiral diphenylprolinol silyl ether (Scheme 14).%° In this
work, Michael addition between 2-(nitromethyl)-benzaldehyde
and o,B-unsaturated aldehyde 49, followed by intramolecular
aldol condensation and aromatization, would generate the final
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The axial information was lost.
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Product (R)-51
50, 52 inside

Axial chirality

Scheme 14 Diphenylprolinol silyl ether-catalyzed [4 + 2] benzannu-
lation to synthesize axially chiral biaryls.

atropisomeric biaryl product 51 with axial chirality in moderate-
to-excellent yields (66-96%) with up to 99% ee. Notably,
a sufficiently bulky nitro group led to a moderate ee value (50%),
whereas the less bulky substituent only afforded racemic biaryls
probably because of the decrease of rotational barrier around
the axis. The author also proposed a possible reaction mecha-
nism to explain the inversion of axial chirality information from
50 to 51.

3.2 [3 + 3] benzannulation

Besides [4 + 2] benzannulation, secondary amine-catalyzed [3 +
3] benzannulation strategy was also successfully applied in the
construction of polysubstituted benzenes. For example, in 2012,
Wang et al. developed a [3 + 3] benzannulation from easily
accessible enals using diphenylprolinol silyl ether Cat. 3 and
additive (Scheme 15).** Two kinds of a,B-unsaturated aldehydes
55/49 were used as substrates in the reaction, which exclusively
produced the corresponding polysubstituted aromatic alde-
hydes 56 in good yields (80-99%) with high chemo- and regio-
selectivities. Moreover, the self-dimerized homo-coupling
processes smoothly with aliphatic 55 under the standard
conditions to give the desire products 57. The author also
proposed a possible mechanism for this Michael-aldol aroma-
tization process. First, iminium ion B was generated from
a certain enal and the catalyst. Then intermediate B underwent
the Michael addition with dienamine A, which was derived from
another enal and the secondary amine. Subsequently, the
intermediate Michael adduct was converted into the new
dienamine D in the presence of p-nitrophenoxide. An intra-
molecular aldol reaction formed enamine E, followed by the

This journal is © The Royal Society of Chemistry 2020
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Scheme 15 Diphenylprolinol silyl ether-catalyzed [3 + 3] benzannu-
lation to synthesize tri-substituted benzenes.

formation of electron-rich trienamine H. Finally, oxidation of
the trienamine intermediate would afford arene I. Hydrolysis
released the catalyst and furnished the tri-substituted benzene
product 56.

Based on the previous work, Jiang and co-workers reported
a secondary amine-catalyzed [3 + 3] cascade reaction.* Different
a,B-unsaturated aldehydes 49 and allylic sulfone-containing 1,3-
bisnucleophiles 58 were smoothly converted into multi-
substituted benzenes 59 in the presence of pyrrolidine
(20 mol%) at room temperature (Scheme 16). This reaction
involves iminium-enamine-iminium activation, and the varia-
tion of substituents on substrate 49 or 58 was well tolerated,
providing the desired product in high-to-excellent yields (74-

96%) with good regioselectivies. However, using trans-
Cat. 1 (20 mol%) R SOR?
R“/\/\SOQR3 ¥ RZMO CHCl3, 1t, 6 h D/
58 49 R?
= SO,Ph, COOEt; R3= Ph, 4-Me-CgH, 15 exsagmmes
R2= Ph, 2-Cl-CgHy, 3-Br-CgHy, 4-CI-CgHy, 4-CI-CgHy, 3,4-Cly-CgHg, 3-NO,-CgHy, 74%-96% yield

4-NO,-CgHy, 3-Me-CgHj,, 2-CI-CgH,, 1-naphthyl, 2-furyl, 2-thienyl, etc.

Scheme 16 Pyrrolidine catalyzed [3 + 3] benzannulation to synthesize
tri-substituted benzenes.
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Scheme 17 Diphenylprolinol silyl ether catalyzed [3 + 3] benzannu-
lation to synthesize tetra-substituted benzenes.

crotonaldehyde as the substrate, only a complex mixture was
detected, probably because of the coexistence of dienamine
activation compared with aromatic enals.

Given our experience to assemble pharmacologically
important biologically interesting frameworks and the positive
pharmacokinetic effects brought by CF; group-containing

a) scope of Michael
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Cat. 3 (25 mol%), AcOH (40 mol%) R1
Rs v RSN, ( °) ¢ %) RI0OC. A, _CHO
I COOR! toluene, 70 °C
FsC FsC Ry

3
62, R =CF3 CFyH, C,Fs 49 63, [4+2]
= Et, Me, iPr 32 examples
R? = Ph, 2-CI-CgHy, 4-CI-CgHy, 3-Br-CgHg, 4-Br-CgHs, 4-F-CgHy, 2-NO,-CgHy, 64%-84% yield
3-CF3-CgH;, 2-OMe-CgHy, 2,4-Cl,-CgHs, 1-naphthyl, 2-naphthyl, 2-furyl, etc.
R® = Ph, 4-Br-CgHy, 4-F-CgH,, 4-OMe-CgHy, 3,4-Cl,-CgHs, 1-naphthyl, etc.

initiated [4 + 2]

b) Plausible for the [4+2]
- oL
_ N He!!
§ Aldol
RZ 49
COOR1
o/@
N via Michael triggered N ellmlnallon
|l cascade reaction
\
N
R? R2 cF3 OHC COOR'
(o} COOR‘
Rs
‘ COOR! oxidation
F;C
62 Product 63
c) Synthesis of biaryls through RC-type reaction
= !
CN TRA
NS
Cat. 3 (25 mol%), AcOH (40 mol%)
COOEt
R“—" toluene, 70 °C NC COOEt
=
64 49 R?
R2 = Ph, 2-CI-CgHg, 3-Cl-CgHy, 4-Cl-CgHy, 4-Br-CgHy, 3-F-CgHy, 4-F-CgHi, 65,3+ 3]
4-Me-CgHy, 2-OMe-CgH,, 4-OMe-CgH,, 2-CI-5-F-CgH; 13 examples
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Scheme 18 Diphenylprolinol silyl ether catalyzed benzannulation to
synthesize penta-substituted benzenes and biaryls.
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compounds,® our group recently reported a novel protocol for
the construction of trifluoromethylated multi-functionalized
benzenes through a secondary amine-catalyzed [3 + 3] benzan-
nulation.** The tri-substituted alkene with cyano group 60 was
used as a nucleophile.* a,a-Diphenylprolinol OTMS ether Cat. 3
was selected to facilitate the generation of iminium species A
with the assistance of AcOH. The subsequent 1,4-addition
reaction between 60 and A afforded enamine intermediate B,
followed by an intramolecular aldol condensation to produce
cyclic intermediate C. Simultaneous elimination and oxidation
of C resulted in the [3 + 3] benzannulation product 61, which
bears three adjacent substituents (Scheme 17). The investiga-
tion of substrate scope showed that the electron-deficient and
electron-rich substituents could be well tolerated, producing
the corresponding CF;-substituted benzenes in moderate-to-
good yields (64-83%). A gram-scale reaction proceeded
smoothly under the optimal condition, which verified the
practical utility of this novel strategy.

Moreover, the regioselectivity of the reaction was controlled
by the functional groups of the tri-substituted alkenes. When
a benzoyl group was introduced into the alkene substrate
instead of the cyano group, a Michael-initialized [4 + 2]
aromatization occurred, leading to the formation of a penta-
substituted trifluoromethyl benzenes 63 (Scheme 18a). Diverse
a,B-unsaturated aldehydes 49 and alkenes 62 with different
substituents could participate in the reaction and furnished the
target products in good yields (64-84%), which proved the
generality of this aromatization. Notably, our strategy also
provided a straightforward method for the synthesis of biaryls
(Scheme 18c). The reaction between substrate 64 and unsatu-
rated aldehydes 49 produced the desired aryl-substituted
benzenes 65 in 61-74% yields.

3.3 [3 +2 + 1] benzannulation

In 2006, Ramachary et al presented a secondary amine-
catalyzed multi-component benzannulation process for the

(o} [0}
M i T
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Scheme 19 Pyrrolidine catalyzed [3 + 2 + 1] benzannulation to
synthesize penta-substituted benzenes.
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Scheme 20 Proline derivatives catalyzed intramolecular benzannu-
lation to synthesize axially chiral biaryls.

construction of highly functionalized arenes.*® The secondary
amine, piperidine or pyrrolidine, could smoothly catalyze the
Knoevenagel-Michael-aldol condensation-decarboxylation
cascade reaction of alkyl acetoacetates 66, aldehydes 67, and
nitrosoarenes 69, giving the final substituted benzenes in good
yields with excellent chemo- and regioselectivities (Scheme 19).
In the reaction, Hagemann's ester 68 was firstly obtained via a [3
+2 + 1] annulation of 66 and 67 in the presence of piperidine.
The postulated reaction pathway of the following steps is
illustrated in Scheme 20. The iminium activation of Hage-
mann's ester 68 formed intermediate A, which was converted
into dienamine B. The reaction of B with nitrosoarenes 69 fur-
nished intermediate D and released the hydroxide ion to give
the imine product E. Spontaneous hydrolysis and iso-
aromatization of E generated the penta-substituted products 70.

3.4 Intramolecular benzannulation

Apart from the above-mentioned strategies, secondary amine-
catalyzed intramolecular cyclization is also a powerful route to
achieve diverse arenes or biarys. In 2014, Sparr and co-workers
presented an efficient method for the preparation of optically
active biaryl atropisomer through an intramolecular benzan-
nulation.*” Considering the excellent reactivity of B,y-unsatu-
rated aldehydes via dienamine catalysis, the exploration was
started with ketoaldehyde 71, which could be obtained from
a precursor through double oxidation (Scheme 20). The enan-
tiocontrol of the process was determined by the asymmetric
catalytic aldol condensation through enamine activation and
the following central-to-axial chirality transfer. The evaluation
of several privileged secondary amines indicated that proline
derivatives Cat. 5 was the optimal catalyst. Using CDCl; as the
reaction medium in the absence of additive at room tempera-
ture proved to be the optimal reaction conditions. In the further
generality and limitation investigation, various substituents
with different electronic properties participated in the reaction
successfully, providing the corresponding axially chiral prod-
ucts 72 with excellent enantioselectivities (up to 98%). Based on
the literatures, this study was the first report to assemble axially
chiral biaryls by aromatic annulation using secondary amine
catalyst.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08068c

Open Access Article. Published on 10 November 2020. Downloaded on 11/5/2025 5:38:41 PM.

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

(cc)

Review

Cat 5 (5 mol%)
KHCOS CDCl, 1t
then NaBH,, EtOH O/ N

4
57%-83% yield, 88%-98% ee

OO OH OH
O o? N/lPr oZ N/IPF oZ

iPr OMe /Pr lF'r
74a, 77% yield, 98% ee  74b, 68% yield, 98% ee  74c, 75% yleld 98% ee 74d, 57% yield, 94% ee

N/CY _iPr

Scheme 21 Proline derivatives-catalyzed intramolecular benzannu-
lation to synthesize axially chiral aromatic amides.

In a follow-up study, the Sparr group developed another
stereoselective arene-forming aldol condensation using the
chiral secondary amine catalysts mentioned above (Scheme
21).*® Under certain reaction conditions, axially chiral aromatic
amides 74 were produced with high stereoselectivities.

Compared with their previous work, this reaction proceeded
faster and could complete within minutes because of the
enhanced reactivity of glyoxylic amide substrates.

4 Primary amine-catalyzed
benzannulation

The development of primary amine catalysis has provided
a possible solution for the challenging scenarios of catalytic
benzannulation.*® Many elegant publications on primary amine
catalysis to access various complex pharmaceutically and
structurally important cyclic scaffolds have been reported.*®
However, primary amine-catalyzed benzannulation is less re-
ported. Up to now, the only example was reported by Sparr and
co-workers in 2016.** In the protocol, the oxidation of binaph-
thalene derivative 75 led to the corresponding ketoaldehyde,
which then underwent a stereoselective intramolecular arene-
forming aldol condensation catalyzed by natural primary
amine catalyst (Scheme 22). The strategy provided an efficient
access to 1,2-naphthalene oligomers 76 with two chiral axes in
good yield with excellent enantioselectivity (90% ee).

5 Tertiary amine-catalyzed
benzannulation

Tertiary amine catalysts, which could serve as Lewis or Brgnsted
base, have been widely applied in facilitating the annulation
reactions, thereby synthesizing numerous important
Cat. 6 (40 mol%), H,0, Q
DMF, rt

99 0
v =
- N
. /\rCOOH OHC
OH 76

75 Cat.6 NH, 71% yield, 90% ee

IBX, CHCl,

Scheme 22 Primary amine-catalyzed intramolecular benzannulation
to synthesize axially chiral 1,2-naphthalene oligomers.
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carbocyclic and heterocyclic compounds. In this part, tertiary
amine-catalyzed benzannulation for the construction of highly
functionalized arenes was discussed.

5.1 [4 + 2] benzannulation

In 2013, the group of Samanta developed a one-pot [4 + 2]
cyclization for the preparation of carbazole derivatives using
methyl 2-(3-formyl-indolin-2-yl)acetates 77 and nitroolefins 40
as substrates (Scheme 23a).** This Michael-Henry-aromatiza-
tion cascade reaction proceeded smoothly in the presence of
DABCO, and the optimal reaction efficiency was observed at
70 °C in water. The variation of substitution R" did not affect the
reaction much. 77 with both electron-donating and electron-
withdrawing substituents gave the corresponding products 78
in high-to-ideal yields (82-97%). A gram-scale reaction was
carried out under standard conditions without loss of yield and
efficiency. Moreover, the practicability was proved by using the
strategy to synthesize new fused carbazole 79 (Scheme 23b).
Later, the same group further reported a one-pot two-step
approach to construct highly functionalized carbazole scaf-
folds. The process was initiated with the DABCO-catalyzed
Michael-Henry reaction between 77 and substituted nitro-
diene 80. Subsequent elimination occurred under the treatment
of 2 N HCl, forming target compound 81 (Scheme 23c).** This
work achieved a flexible and direct synthetic route to multi-
substituted carbazole derivatives.

As a versatile synthon to access cyclic and polycyclic
compounds, a-substituted allenoates and relevant [4 + 2] reac-
tions have attracted considerable attention. For example, in
2016, Huang's group disclosed an efficient method to attain
polysubstituted benzenes 84 via the annulation of dienic
sulfones 82 and a-substituted allenoates 83 (Scheme 24).** The
reaction proceeded successfully with DMAP as the catalyst and
CH;COONa as the additive in CHCI; at 60 °C. Various substit-
uents on 82 or 83 were well tolerated, providing product 84 in

a) Samanta, 2013

R R
CHO DABCO (30 mol%) NO,
+ Rz/\/ NO, o
y COOMe 70°C, H20 N R?
N it
COOMe
77 40 78
R'=H, I 21 examples
R2 = Ph, 3-Me-CgHj, 4-Me-CqH,, 2-OMe-CgH,, 4-OMe-CgH,, 82%-97% yield
2-Cl-CgHy, 4-CI-CgHy, 4-Br-CoHy, 2-NO,-CeHy, 4-NO,-CH, etc.
NO,

Fe, NH,Cl, EtOH/H,0

80°C,10h

c) Samanta, 2015
(i) DABCO (20 mol%) R

R CHO . No, _ MO
R2TX
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R' = H, Br; R® = CH,OH, Me, Et
R = Ph, 4-Me-CgH,, 4-OMe-CgHy, 4-CF3-CgHy, 2-Cl-CgHj, 4-CI-CgHy,
4-Br-CgHj,, 4-CN-CgHj, 2-NO,-CgH,, 4-NO,-CgHy, 2-furyl, etc.
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60%-91% yield

Scheme 23 DABCO-catalyzed [4 + 2] benzannulation to synthesize
carbazole derivatives.
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Scheme 24 DMAP-catalyzed [4 + 2] benzannulation to synthesize
penta-substituted benzenes.

acceptable-to-good yields (29-72%) with high regioselectivity.
However, low yields were observed when the benzene core beard
an electron-deficient (NO,) or an electron-rich group (OMe).
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Scheme 25 DABCO-catalyzed [4 + 2] benzannulation to synthesize
biaryls.
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Moreover, some control experiments were conducted to reveal
the mechanism. Isolated intermediates D and F could be con-
verted into 84 efficiently in the presence of CH;COONa, proving
the reaction pathway in Scheme 24.

More recently, our group reported a highly chemoselective
benzannulation cascade reaction to assemble CF;-functional-
ized biaryls (Scheme 25).** The Michael addition-initiated [4 + 2]
annulation between electron-deficient alkene 85 and fluoro-
substituted 60 occurred uneventfully using DABCO as the
catalyst under mild conditions. Diverse R* substituted on the
phenyl ring at different positions were compatible in the reac-
tion, providing polysubstituted biaryls 86 in good-to-high yields
(71-87%). A gram-scale reaction proceeded smoothly under the
optimal conditions with comparable reaction efficiency. Poly-
substituted biaryl 86a could be smoothly converted to diverse
derivatives through functional group transformations, which
illustrated the synthetic utility of this reaction.

5.2 [3 + 3] benzannulation

Our group had demonstrated that the trifluoromethylated
alkenes 60 could act as useful C4 synthons in the [4 + 2]

COOEt
LCN . m“oz DMAP (40 mol%)
o COOEt Lz e E{OH, 60 °C R—}: 1. CFy
60a 92 93

R =H, 2-F, 2-Br, 2-Me, 2-OMe, 3-F, 3-Cl, 3-Br, 3-OMe, 4-F, 4-C|, ng/ E;:;‘P'izvl ’
4-Br, 4-NO,, 4-OMe, 4-Me, 4-iPr, 4-tBu, 2,4-Cl,, etc. o-8570 Y1

Two possible catalytic cycle of Rauhut-Currier-initiated benzannulation

Ph NO,
®CFs @

NO
RN oA L
AcOH s =
CN OAc
COOEt B34
B

Cycle 1:
Lewis base catalysis

NR; COOEt
®

Scheme 26 DMAP-catalyzed [3 + 3] benzannulation to synthesize
biaryls.
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Scheme 27 DABCO-catalyzed [3 + 3] benzannulation to synthesize
fluorine/fluorenone derivatives.

benzannulation with enals and electron-deficient alkenes. In
the following work, an appropriate dielectrophilic synthon was
applied to probe whether CF;-alkenes 60 could serve as the
dinucleophilic C3 synthons. Consequently, a novel biaryl was
obtained through the Rauhut-Currier reaction-initiated [3 + 3]
aromatization using 2-nitroallylic acetate 92a as the C3 coun-
terpart. The screening of tertiary amine catalysts indicated that
the nucleophilic DMAP has the best efficiency. A broad spec-
trum of tetrasubstituted trifluoromethylbenzene 93 was ob-
tained regardless of the electronic properties of R. As shown in
the proposed mechanism, DMAP served as a Lewis base in the
first cycle and as a Brgnsted base in cycle 2 (Scheme 26).
Recently, Yuan's group reported a [3 + 3] benzannulation of
1-indanylidenemalononitrile with MBH carbonate to deliver
polyfunctionalized fluorene 96 or fluorenone 97 (Scheme 27).%
Using DABCO in the presence of ionic liquid, a series of func-
tional fluorenes 96 was produced in moderate-to-high yields
(52-86%). However, the electronic properties of substituents R*
and R® showed a remarkable influence on the yields, wherein
substrates with the electron-deficient groups providing higher
yields than those with the electron-rich groups. Substituents at
the ortho-position of 95 led to low yields because of their bulky
steric hindrance. Interestingly, when oxygen was introduced to

a) hesis of tet b via [2+2+2] benzannulation
o
///L OFt o o o o
98
o} o DMAP (20 mol%) EtO OEt EtO OEt
-~ +
R*MRZ DCM, 1t, 3d R2 R
99
o R! o R?
o <10% yield
/0 ylel 100
= ToEt R = Me, Ph, 4-F-CgHj, 4-Cl-CgHj, 4-Br-CgHy, 4-CN-CgHy, 21 examples
o8 4-Me-CgHy,4-OMe-CqHj, 3-Br-CgHg, 3-NO»-CoHy 51%-79%, yield
R2 = Me, Ph, iPr, OE, 4-Cl-CgH,
b) is of fully i b via [2+2+2] benzannulation
MeOOC—==—COOMe
101 O  COOMe O  COOMe
o) o] pyridine (25 mol%) ) COOMe ; COOMe
M KO'Bu (25 mol%) R ., R
R! R?
% MeCN, rt, 124 R COOMe R2 COOMe
MeOOC—==—COOMe COOMe COOMe
102, minor 103, major
101 R1 = Me, Ph, 4-F-CqHy, 4-CI-CoHy, 4-Br-CHy, 3-Br-CeHy, 17 examples

72%-98% yield
4-Me-CgHq,4-OMe-CgHy, 4-NO,-CeHy, 2-naphthyl, etc. o-I8% e

R2 = Me, Ph, Et, 4-Me-CgH,

Scheme 28 DMAP-catalyzed [2 + 2 + 2] benzannulation to synthesize
highly substituted benzenes.
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this reaction, a variety of fluorenone derivatives 97 could be
obtained in 55-60% yields.

5.3 [2 + 2 + 2] benzannulation

A three-component [2 + 2 + 2] annulation of ethyl propiolate 98
and 1,3-dicarbonyl compounds 99 was reported by Xue and co-
workers, enabling the access to highly substituted benzenes 100
(Scheme 28a).”” The favorable yields were obtained in the
presence of DMAP as the catalyst. Afterward, the same group
developed a similar reaction of 99 with dimethyl acetylenedi-
carboxylate 101 using pyridine as the catalyst with the assis-
tance of potassium tert-butoxide (Scheme 28b). The fully
substituted benzenes 103 were smoothly formed with good-to-
excellent yields (72-98%).*®

5.4 Intramolecular benzannulation

In 2012, Terada's group developed a direct intramolecular
method to synthesize polycyclic substituted arenes through the
Ferrier-type rearrangement of lactols 104.* The strong organic
base, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), was identified to
be the optimal catalyst. Further evaluation of the solvents
indicated that THF was important for the reaction. Under the
standard conditions, the intramolecular multi-step trans-
formation provided unsymmetrically substituted biaryls 105
with high yields (up to 98%). The plausible transition state was
depicted in Scheme 29.

In 2019, Yan et al. reported the first diastereo- and enantio-
selective synthesis of axially and helically chiral arenes through
tertiary amine-catalyzed intramolecular benzannulation.*® After
careful investigation of the reaction parameters, the optimal
conditions were proven to be using 10 mol% bisquinine
squaramide as the catalyst in DCE at 40 °C. The axially and
helically chiral polycyclic arenes 107 could be obtained in
acceptable-to-high yields (43-97%) with excellent diaster-
eoselectivities and enantioselectivities (99% ee, up to >20 : 1 dr).

Ar H
Ar : HN

X R TBD (10 mol%) OH !

- '
o] : N7 N
THF, 100 °C, 12 h | K/|

OH R '
. H TBD

104 105, 82%-99% yield

Selected examples
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o
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Scheme 29 TBD-catalyzed
synthesize substituted biaryls.
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Scheme 30 Bisquinine squaramide-catalyzed intramolecular ben-
zannulation to synthesize chiral helical arenes.

Substrates with dimethylamine phenyl or electron-donating
heteroaromatics, such as furyl or thienyl, failed to provide the
desired product. The authors proposed a plausible pathway for
the reaction. As shown in Scheme 30, the vinylidene ortho-
quinone methide intermediate A was formed in the presence of
Cat. 7, following intramolecular cyclization generated the
tetrahelicene-like molecule 108 with a stereogenic axis. The
subsequent benzannulation of 108 would provide the corre-
sponding enantioenriched products 107 with helical and axial
chirality elements.

6 Tertiary phosphine-catalyzed
benzannulation

Besides being used as powerful ligands, tertiary phosphine-
catalyzed reactions were rapidly developed over the past two
decades, which has emerged as a powerful tool for constructing
carbon-carbon bonds due to its good nucleophilicity and
unique ability as leaving group. In 2013, the first tertiary
phosphine-catalyzed [4 + 2] benzannulation between dienic
sulfones 82 and allenoates 83 was reported by Huang and co-
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Scheme 31 Tertiary phosphine-catalyzed [4 + 2] benzannulation to
synthesize biaryls.

workers, leading to the formation of biaryls 109 and 110.*
Various phosphine catalysts were evaluated and tris(4-
chlorophenyl)phosphine turned out to be the optimal catalyst.
Substituent variations on the aryl unit or allenoate were well
tolerated to produce the functionalized biaryls 109 and 110 in
42-89% total yields. As illustrated in Scheme 31, the elimina-
tion and aromatization of the crucial intermediate F would
afford the disubstituted benzene, whereas proton transfer and
aromatization generated the tri-substituted aryl compound.
Inspired by the pioneering work of the phosphine-catalyzed
asymmetric annulation of allenoates, the Tong group docu-
mented a phosphine-catalyzed atroposelective [4 + 2] benzan-
nulation for the first time.*® The cyclization reaction between 3-
acetoxy allenoate 111 and 2-hydroxyquinone derivatives 112 was
efficiently promoted by the bifunctional ferrocenylphosphine
Cat. 8, providing the axially chiral biaryls 113 in satisfying yields
(up to 87%) with high optical purity (up to 99%). The excellent
stereocontrol might be attributed to the dual activation of both
tertiary phosphine and tertiary amine moiety of Cat. 1, which
cooperatively improved the reaction activity and enantiose-
lectivity. This strategy has a broad substrate scope, and selected
aryl-naphthoquinone products were shown in Scheme 32.

This journal is © The Royal Society of Chemistry 2020
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Scheme 32 Bifunctional ferrocenylphosphine-catalyzed atropose-
lective [4 + 2] benzannulation to synthesize aryl-naphthaquinones.

Given the extensive application of phosphine catalysis in
the reaction of allenoates, in 2020, Swamy and co-workers
uncovered a [4 + 2] Michael-vinylogous Mannich-aromati-
zation cascade reaction to synthesize the polysubstituted
arenes.® In this protocol, using Ph;P as the catalyst, a series
of functionalized phenyl sulfamates 115 was attained from
111 and cyclic sulfamidate imines 114 in 68-85% yields.
Notably, if the reaction temperature was raised to 80 °C, the
S-0O bond would cleaved to afford product 116 (Scheme 33a).
Moreover, the [4 + 2] benzannulation could be extended to
cyclic sulfonyl imine 117, generating various substituted
arenes 118 with a sulfonamide group in 69-82% yield
(Scheme 33Db).

a)The [4+2]

among cyclic imines with d-acetoxy allenoatesa

COOEt

H OAc o
O PPhs (20 mol%)
. |0 toluene
c R L _N - -
H 80°C,12h
COOEt R® 116
9%-859
111‘ 14 COOE 68%-85% yield
3
R o SOaNH;
PPhj (20 mol %) R2=R%=H
toluene toluene
t,12h R! O 80°C,6h
R" = Ph, 4-OMe-CgHy, 4-CI-CqH,, 4-NO,-CgH, 2-thienyl R
R2=H, Br, Me 15
R®=Me 65%-76% yield
b) The [4 + 2] among cyclic sulfonyl imines with d toxy
COOEt
H OAc o) R2
>_< W0 PPh; (20 mol%)
£¢ Toluene SO,NH,
C R! + \N oM
H % 80°C, 12h
1
COOEt R
RQ
1M1 17 118

R! = Ph, 4-OMe-CgHj, 4-Cl-CgHy, 4-NO,-CgHy, 2-thienyl; R? = Me 69%-82% yield

Scheme 33 PhzP-catalyzed [4 + 2] benzannulation to synthesize
highly functionalized arenes.
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7 N-Heterocyclic carbene catalyzed-
benzannulation

Since the discovery of stable nucleophilic carbenes by the pio-
neering work of the Bertrand and Arduengo groups,* NHCs
have emerged as exceptional organocatalysts and ligands
because of their excellent o-donor characteristics and moderate
m-acidity, leading to the formation of useful metal complexes
and active reaction intermediates.> The ability of NHCs to serve
as active organocatalyst enabled access to unique reaction
modes, which were extensively explored and applied in catalytic
C-C bond formation and cyclization reactions for the synthesis
of challenging molecules.>® The following part discussed the
achiral or chiral NHC-catalyzed benzannulations as powerful
tools in the construction of multi-substituted arenes.

7.1 [4 + 2] benzannulation

Among the NHC-catalyzed cyclization reactions, the [4 + 2]
benzannulation has been extensively studied and has emerged
as a useful tool to access new aromatic cores. Early in 2011,
Lupton's group disclosed a groundbreaking work of the NHC-
catalyzed all-carbon [4 + 2] cycloaddition to synthesize 1,3-

a) Chi, 2017 9
o} Cat. 9 (20 mol%), DQ (1.5 equiv) R2
Me O oir CO,Me KsPO, (1.5 equiv) 0
+ —
R‘MH R® MeCN, rt R3
RQ
119 120 R! CO,Me
N

R'= Me, Ph, 4-Me-CgHg, 4-F-CgHy, 4-Cl-CgHy, _\\Ne 121

4-Br-CgH,, 4-OMe-CgHy, 3,4-Me-CgHa, NG Mes 20 examples

1-naphthyl, 2-fruyl, etc. cat. 9 BFs 40%-95% yield
R? = H, Me; R® = H, Me

N N
Z & Ph 2
119 m, S]
0 \ 07
R\’\A R!
o
(o
H,0 o O/HD )
transesterification o)
OH
R! CO,Me R!
F
to total of defi and their
OMe OH OMe OH

I (o) (]

b) Ye, 2019 5 o OH
Me O Cat. 10 (10 mol%), DQ (1.2equiv)
. i Cs,CO;3 (1.2 equiv) B
X = TR —————— ol
R H 2 NS =
R20,C o] Et,0, 1t 20,6 R
119 122 21 examples, 51%-92% yield 123
i By 'Bu
R'=H, Ph, 4-Me-CgHj, 4-OMe-CgHj, 4-CI-CgHy, =N o |
3-Me-C;H,, 2-OMe-CgH,, 3,4-Me,-CsHs, N NI ‘g — o
1-naphthyl, 2-thienyl, etc. BFO\/ Ph
2 4 \
R =€l MeunBy cat10 | gy pQ Bu
R® = 5-Me, 5-OMe, 5-Br, 6-OMe, 6-Cl, etc. A

Scheme 34 NHC-catalyzed formal [4 + 2] benzannulation to
synthesize coumarins analogs and dinydroxybenzophenones.
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cyclohexadienes with complete diastereocontrol.”” In the next
nine years, various useful NHC-catalyzed [4 + 2] strategies have
been developed for constructing highly functionalized arene
molecules.

a,B-Unsaturated aldehydes could be used to afford azolium
dienolate species under the catalysis of NHCs after oxidation.
Based on this useful activation model, in 2017, Chi and co-
workers developed a formal [4 + 2] process for the rapid
construction of coumarins analogs (Scheme 34a).>® The [4 + 2]
reaction of enals 119 with furanones 120 proceeded smoothly in
the presence of Cat. 9 and DQ. In the proposed mechanism, the
oxidation of Breslow intermediate would generate intermediate
A. Deprotonation of A formed intermediate B, which underwent
1,6-addition to afford Intermediate C further underwent an
intramolecular vinylogous Claisen-type condensation to
generate intermediate D. Spontaneous enolization, trans-
esterification and dehydration would afford the final multi-
substituted coumarins 121. This [4 + 2] benzannulation
process was found compatible with different substituted enals
or a-/B-substituted furanones, producing the corresponding
arenes in 40-95% yield. A gram-scale reaction also proceeded
efficiently under the standard conditions. Moreover, the author
successfully applied the method in the preparation of bioactive
compound defucogilvocarcins E, M, and V. In 2019, the group of
Ye extended the [4 + 2] benzannulation strategy to the reaction
of B-methylenals 119 with aurones 122 for the synthesis of
dihydroxybenzophenones (Scheme 34b).>

Further exploring the application of NHC catalysis in [4 + 2]
benzannulation, the group of Chi described a chiral NHC-
catalyzed desymmetrization of easily accessible diketones 124
with enals 119 (Scheme 35).°° In the presence of the NHC
catalyst Cat. 11, the reaction proceeded efficiently, affording the
corresponding multi-substituted phenols in 62-89% yields,
with up to 97% ee. The reaction was supposed to start with the
NHC-initiated formation of intermediate A, followed by y-CH
deprotonation, Michael reaction, aldol annulation, and

o]
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s
R
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OH o

2 Cat. 11 (10 mol%), DQ (2.0 equiv)
RZ Cs,CO; (10 mol%) RZ ™
. A\ \
U 2 |
R THF, 1t,8 h R!
R
o
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124 O
=N 27 examples,
N | 62%-89% yield
\=No up to 97% ee
NHC © Mes

Cl
Cat. 11

] aromatization

N= N=—
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- - _

o | SIS
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Selected examples
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Scheme 35 NHC-catalyzed [4 + 2] benzannulation to synthesize
multisubstituted phenols.

40996 | RSC Adv, 2020, 10, 40983-41003

View Article Online

Review

Cat. 12 (10 mol %)
Cs,CO5 (1.5 equiv), DQ (1.0 equiv) NC
DMF, 1t R R

CN N E
126 49 e 127
N N
R'= Me, nPr, iPr, Ph, 4-Me-C¢gH,, 4-Br-CoH,, 2-furyl, etc. ) 47 examples

) 62%-93% yield
R? = tBu, Ph, 4-F-CgHy, 4-CI-CgH,, 2-thienyl, etc.
R® = H, Ph, 4-CF3-CgHy, 4-F-CgHy, 2-thienyl, OMe, etc.

Synthetic transformations

8 A KOH PhB(OH), Ph
ethylene glycol Pd(dppf)Cly, AsPhy CN
HaN reflux 1,4-dioxane/H,0
X, 48h 24h
> Ph
128,87% N NC Ph 130, 95%

127 X7 OY |ACOHM;SOH0 o Ph

Ph
LiAIH,, THF MeOH
HoN reflux 1200
| R
12h
Ph &h Ph
129, 98% 131, 93%

Scheme 36 NHC-catalyzed [4 + 2] benzannulation to synthesize
cyano-bearing functional benzenes.

oxidative aromatization to produce the final arenes 125 with an
all-carbon quaternary chiral center. Notably, using E- or Z-enals
did not affect the reaction outcomes, leading to the same yields
and enantioselectivities. Afterward, a similar asymmetric
desymmetrization reaction for constructing functionalized
indandione derivatives was reported by Wang's group.**
Besides the nucleophilic activation of the y-position, the
electrophilic activation of B-position of a«,B-unsaturated alde-
hyde was also applied in NHC-catalyzed [4 + 2] benzannulations.
In 2016, Wang's group presented an NHC-catalyzed [4 + 2]
annulation between o-cyano-f-methylenones 126 and o,f-
unsaturated aldehydes 49 for assembling benzonitrile unit
(Scheme 36).°* The optimization of reaction conditions indi-
cated that NHC precursors and solvents had a significant effect
on the reactivity. Enhanced efficiency and yield were observed
when using achiral Cat. 12 as the catalyst and tetra-
tertbutyldiphenoquinone as the oxidant in the presence of
Cs,CO3 in DMF. The substrate scope of enones 126 and enals 49
were carefully evaluated, giving a series of cyano-substituted
benzene 127 with up to 93% yield regardless of the electronic
properties of the substituents. Transformations of products 127
were carried out to demonstrate the applicability of the method.

i) Cat. 10 (20 mol%), Cs,CO; (1.5 equiv)

1,4-dioxane, rt
R! A R YORY H - N
ii) DBU (1.5 equiv)
CN Br R R3
126 132 133

R = Ph, 4-OMe-CgHy, 4-Br-CgHy,3-Me-CgH,, 2-Me-CgHy, 2-furyl, 2-naphthyl, etc.
R2=Ph, 4-OMe-CgH,, 2-thienyl, Me, Et, iPr, etc.
4-Cl-

31 examples
53%-98% yield

133a’, 94% 133a, 93%

Scheme 37 NHC-catalyzed [4 + 2] benzannulation to synthesize tri-
substituted benzenes.
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Scheme 38 NHC-catalyzed [4 + 2] benzannulation to synthesize
carbazoles derivatives.

Later on, Ye and co-workers developed a similar reaction cata-
lyzed by NHC precursors for the concise assembly of poly-
substituted arenes.®

Later in the same year, Ye and co-workers reported another
NHC-catalyzed [4 + 2] benzannulation of the above-mentioned
enones 126 with a-bromoenals 132 instead of o,B-unsaturated
aldehydes (Scheme 37).** Employing a bicyclic N-phenyl-
triazolium NHC precursor Cat. 10 with the assistance of base in
1,4-dioxane enables the formation of 1,3,5-trisubstituted arene
133. In the scope investigation, good to excellent yields (77-
98%) were attained in almost all cases. Several control experi-
ments were conducted to gain insight into the mechanism. The
reaction between 126a and 132a generated intermediate 133a’
followed by DBU-mediated elimination of cyanide, which
eventually furnished the desired products.

In 2018, Fu and co-workers extended the B-position activa-
tion strategy to the reaction of 2-methyl-3-oxoacetate indoles
134 with enals 49 to access multi-substituted carbazoles 135
(Scheme 38).° The best reaction efficiency was achieved by
using Cat. 9 as the catalyst in THF. The reaction has a broad
substrate scope and corresponding products could be obtained
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in good yields (83-93%). Notably, the reaction of B-alkyl enal
could also produce the final product with a decreased yield
(39%).

Based on the same activation strategy of enal and the prin-
ciple of vinylogy, in 2015, Chi and co-workers first reported an
NHC-catalyzed approach for the d-carbon activation of «,B-v,d-
diunsaturated aldehydes (Scheme 39). The highly efficient [4 +
2] benzannulation involving unsaturated aldehydes 136 and 1,3-
diketones 99 proceeded smoothly, resulting in multi-
substituted benzenes 137 in 71-85% yield.®® Notably, when
136 bearing a phenol ester group was used as the substrate, 3-
ylidenephthalide 138 rather than 137 was delivered under
identical conditions. A possible mechanism was proposed to
explain the different chemoselectivity. As shown in Scheme 41,
the two catalytic cycles initiated with the NHC-catalyzed acti-
vation of the remote d-carbon of 136, and then 1,6-addition
formed intermediate B. In pathway a, an intramolecular aldol
condensation followed by p-lactone formation would give
intermediate D. Subsequent decarboxylation and oxidative
aromatization released the desired tetra-substituted arenes 137.
On the contrary, in pathway b, R" is an active aryl ester unit.
Transesterification and isomerization would form the 5-
membered lactone F, which underwent similar decarboxylation
and oxidative aromatization processes to give the correspond-
ing product 138.

Using the remote activation strategy, Zhu and co-workers
demonstrated that chiral NHC catalysts could be used for the
asymmetric construction of atropisomeric arenes.®” The [4 + 2]
cycloaddition of conjugated dienals 139 with a-aryl ketones 140
was developed to generate the chiral biaryls by using Cat. 11 as
the pre-catalyst, DABCO as the base, and DQ as the oxidant

R3 R3S O
Cat. 13 (10 mol%), Cs,CO3 (10 mol%) R2 o o o Cat. 9 (10 mol%), Cs,CO3 (10 mol%)
DQ (2.0 equiv) /\)\,ﬁ.k DQ (2.0 equiv) R4
o 5 A
1 3 4
- THE. 1t R H R R THF, 1t R? R
1z 4 = 1
138 O R!=CO,Ph, R* = Me 136 99 R'%CO,Ph 137
7 examples cl® iy (! 5 " R 31 examples
60%-75% yield Hies P iies R2 COOMe, COOEt, COOBn, COO'Bu, Ph, 4-OMe-CgH,,4-Br-CgHy, CN, etc. 71%-85% yield
~N7 N~ R?= Ph, 4-Me-CgH,, 4-Br-CgHy, 3-Br-CgH,, 2-Br-CgH,, 1-naphthyl.etc.
R2 = Ph, 4-Me-CgH,, 4-OMe-CgHy, 4-Cl-CgHj; R®= CF3, iPr, Ph Cat. 13 \—/ R3 = Me, Et, Ph; R* = Me, OEt, OMe, O'Bu, iPr
Me, Me O ..
H O 7 Me
. d b B
Cat: 9.2nd[0] | + Cat. 9. and [0] AT
R'=CO,Ph R? @ R? giMe,
=CO, | Me R'% CO,Ph
137
138 R! Me
T similar process 136 99a &
T as Cto 137 [0]
®
NHC br.  on 8 Me O
L@
o NHC ipr
O
R2 G path b path a R2 R
E
R‘
99a 1,6-addition ’ -CO,
OH

fo) o
o} HO. Me o (0] Me
aldol ® i
R? Me — » NHC ipr f’ Pr
o . 3 R2 R
R R NHC
o] D

Scheme 39 NHC-catalyzed and substrate-controlled [4 + 2] benzannulation to synthesize tetra-substituted arenes or 3-ylidenephthalides.
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R = Ph, 4-CI-CgHy, 4-Br-CgHy, 4-CF3-CgHy, 4-OMe-CeH,, 4-Me-CqH,, ec. Lo
R2 = Ph, 4-Cl-CgHg, 4-F-CgHg, 4-Me-CgHa, 3-Cl-CgHg, 2-Cl-CoH, etc. 85%-05% yleld

A 77%-99.8% ee
R? = Me, 4-Me-CgHy, 4-CF35-CgHy, 4-Br-CaHa, 4-NO,-CgHy, 3-NO,-CgHy, etc.
R* = 2-NO,, 2-NO,-4-Me, 2-NO,-4-CF3, 2,4-(NOy),, 2-CN, etc.

Proposed catalytic cycle
Ph

CHO
PhA\)\/

139a

aldol reaction
lactone
formation
[0}
-CO.
_2
central-to- axlal
0, chirality
Pn conversion
D 141a

Scheme 40 NHC-catalyzed [4 + 2] benzannulation to synthesize
axially chiral biaryl.

(Scheme 40). As shown in the catalytic cycle, the reaction was
initiated with the formation of acyl azolium intermediate A
through NHC activation and oxidation, followed by the addition
of 140a to generate adduct B. Then intermediate B underwent
intramolecular aldol condensation to form the cyclic adduct C.
Lactonization ended the catalytic cycle and regenerated the
NHC catalyst. Thermodynamic controlled decarboxylation and
aromatization led to the central-to-axial chirality transfer,
providing the axially chiral arene 141. Notably, this study
significantly expanded the application of NHC-catalyzed ben-
zannulation in the assembly of enantioenriched atropisomeric
biaryls.

Comparing with the aldehyde, NHC catalysts were much less
used to activate ketone derivatives. In 2017, Fang and co-
workers developed a direct and efficient method for the
synthesis of 1,2,4-triarylbenzenes through NHC-catalyzed
umpolung [4 + 2] benzannulation of B,y-unsaturated dike-
tones 142 (Scheme 41).°® The reaction proceeded smoothly to
deliver the corresponding benzene derivatives 143 by using Cat.
13 as the catalyst. Electron-donating or electron-withdrawing
substituents at ortho-/meta-/para-positions on the aryl rings
were all compatible in the reaction, resulting in the final
products with favorable yields (up to 98%).
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Cat. 13 (20 mol%), Cs,CO; (20 mol%)

THF, t, 4 h

142
R' = H, 4-Cl, 4-F, 4-Me, 4-OMe, 3-Me, 2-Br, 3,4-Cly, etc.
R? = H, 4-OMe, 4-Bu, 3,4-Me,, 3,4-(OMe),, 3,4,5-(OMe)s, etc.

29 examples
37%-95% yield

Scheme 41 NHC-catalyzed [4 + 2] benzannulation to synthesize tri-
aryl substituted benzenes.

7.2 [3 + 3] benzannulation

As mentioned above, a,B-unsaturated aldehydes could be used
to afford azolium dienolate species in the presence of NHC
catalyst. Based on this useful activation model, Chi and co-
workers developed an NHC-catalyzed [3 + 3] cyclization of
enals with enones (Scheme 42).*° In the reaction, -methyl enal
119 was used as the precursor to form azolium dienolates, then
reacted with enones 144, producing corresponding poly-
functionalized benzenes 145 in medium-to-good yields (41-
85%). Different substituents at the B-position (R") of enals 119
and the a/B-position (R*/R?) of enones 144 were well tolerated.
Notably, using Z- or E-isomer of the substrates barely affected
the reaction outcomes, which simplified the preparation of the
substrates. A possible mechanism for this reaction was
proposed. The catalytic cycle started with the generation of A
through oxidation. Following y-deprotonation formed azolium
dienolate intermediate B. Subsequent nucleophilic addition of
B to 144a resulted in intermediate C, which further underwent

o) Cat. 13 (5 mol%), DQ (2.0 equiv) R*
Me O

Cs,CO; (1.5 equive) R3
R«J\)LH * R’“HLR" THF, it
R R R?
119 144 145
R' = Ph, 4-OMe-CgHj, 4-Cl-CgHs, 3-OMe-CgHy, 3-Br-CgH,, 2-naphthyl, 2-furyl, etc. RGeS
R2 = allyl, Ph, 4-OMe-CgHy, 4-Me-CgHg, 4-F-CgHy, 4-CI-CqHy, etc. 41%-85%, yield
= COOEt, COOMe, COMe, COPh, NO,; R* = Me, Et, iPr, CF5

Proposed catalytic cycle for this reaction

M N‘Mes COMe
Ph H
119a Cat. 13
[0]
@

Me O NHC Me@ [o}
B0 \ NG® _ M o Me
N\/> ~— Ph NHC
A s R‘ Ph
Mes E Me
4-CH Aldol CoNS
deprotonation reaction
® Ph Ph
NHC 0 O G
(]
O e Me
NHC 0]

/

deprotonation

Michael
)Kfj\ reaction

Scheme 42 NHC-catalyzed [3 + 3] benzannulation to synthesize
polyfunctionalized benzenes.

i tCOMe
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R® = Ph, 4-F-CgHy, 4-Br-CgH,, 4-Me-CgHy, 4-Br-CgHy, etc.

Scheme 43 NHC-catalyzed [3 + 3] benzannulation to synthesize
polyfunctionalized benzenes and 2-phenylbenzothiazoles.

an intramolecular aldol reaction to generate intermediate E.
Esterification completed the catalytic cycle and released bicyclic
adduct F. Spontaneous decarboxylation and oxidation of F
generated the tetra-substituted benzene products.

In recent years, esters were found to be applicable substrates
in NHC catalysis.” In 2018, the chi group reported a similar [3 +

R!

o
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151 Ph R, 182

Et0,C o
R! = Ph, 4-Me-CgHy, 4-OMe-CgH,, —> ( ———  15examples
4-Br-CgHy, 4-NO,-CgHy, 2-furyl -0 52%-91% yield
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Scheme 44 NHC-catalyzed intramolecular benzannulation to
synthesize tri-substituted benzaldehydes.
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Scheme 45 NHC-catalyzed intramolecular benzannulation to
synthesize multi-functionalized phenols.

3] benzannulation via the direct activation of the ester
substrates (Scheme 43a).”* The reaction of a,B-unsaturated
carboxylic ester 146 with enones 147 successfully afforded the
tetra-substituted benzenes 148 with up to 95% yield under the
catalysis of Cat. 13 using TEMPO as the oxidant. However, -
dialkyl ester substrates were not compatible with this process,
which might be caused by the insufficient acidity of the C-H
bond on the B-alkyl group. Compared with previous work using
aldehyde as the substrates, this process lowers the economic
cost because of the use of readily available ester substrates and
inexpensive TEMPO oxidant. Later in 2019, Chi and co-workers
presented another [3 + 3] benzannulation to provide substituted
2-phenylbenzothiazoles 150 in acceptable-to-perfect yields
(Scheme 43b).”>

7.3 Intramolecular benzannulation

Unlike the above-mentioned conversions, in 2015, the group of
Lupton uncovered an elegant NHC-catalyzed redox isomeriza-
tion process for the synthesis of functionalized benzaldehydes
from trienyl esters (Scheme 44).” By using Cat.14 and KHMDS
in benzene at 80 °C, the desired redox-isomerised aldehyde 152
was synthesized in moderate-to-excellent yields (52-91%). The
author proposed a possible mechanism, including two linked
catalytic cycles. First, acyl azolium A and dienolate B were
originated from the fragmentation of 151a. Then a vinylogous
Michael addition between A and B generated intermediate C.
Following pB-lactone formation and release of NHC catalyst
would produce bicyclic adduct 153a. The addition of Cat. 14 to
153a resulted in acyl azolium intermediate E, which ultimately
led to the generation of tri-substituted benzaldehyde 152. In
2016, by using a similar NHC pre-catalyst Cat. 15, the same
group disclosed another intramolecular benzannulation
process, realizing the first enantioselective synthesis of highly
functionalized phenol product 155 via the umpolung of a, B-
unsaturated ketones 154 (Scheme 45).7*

8 Summary and outlook

This review systemically summarized recent advances in the
organocatalytic benzannulation strategies, including Bregnsted
acid-catalyzed benzannulation, secondary amine-catalyzed
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benzannulation, primary amine-catalyzed benzannulation,
tertiary amine-catalyzed benzannulation, tertiary phosphine-
catalyzed benzannulation, and NHC-catalyzed benzannula-
tion. As presented in the review, recent ten years have witnessed
the impressive progress on the organocatalytic benzannulation,
which has become an important tool for the construction of
structurally complex and densely functionalized arene systems.
This review revealed that the organocatalytic benzannulation is
a quite different strategy from the conventional benzannulation
methods. The main advantage is that versatile catalysts and
diversified activation modes make abundant cyclization reac-
tions possible, thereby allowing the construction of poly-
substituted arenes with flexible substitution patterns that other
methods cannot provide. In different catalytic systems, various
types of substrates can be used in the cyclization reaction. As
classified in the review, according to the number of carbon
atoms contributed by different synthons participating in the
cyclization reaction, benzannulation mainly includes [4 + 2], [3
+3],[3 +2+1],[2+ 2 + 2], and intramolecular annulations. In
addition, low economic cost, mild reaction conditions, good
functional group compatibility, and excellent chemo-/
regioselectivity enable this strategy to be applied in more
scenarios, such as in the multistep synthesis of natural prod-
ucts, biologically active compounds, and functional molecules.
Moreover, the intrinsic structural features of organocatalyst
have enabled the efficient de novo construction of chiral arenes.

Based on these impressive advances, new challenges are
likely to be addressed in future research of this field. For
example, although several examples of asymmetric catalysis
have been developed, the methodological development to
construct a diverse range of aromatic ring systems containing
different chiral elements including central chirality, axial
chirality, and helical chirality is still highly desired. So far,
aminocatalysis is the main strategy applied in asymmetric
organocatalytic benzannulation to achieve the construction of
chiral arenes. In future research, the application of chiral
tertiary amine catalysis, chiral tertiary phosphine catalysis,
chiral Brensted acid catalysis, and chiral NHC catalysis in
asymmetric benzannulation are worth exploring. In addition,
the application of dual catalysis of organocatalysis with metal
catalysis or photocatalysis in benzannulation may break
through the limitations of conventional activation modes, and
provide a useful solution for the construction of new function-
alized aromatic ring systems. We hope that this review will
promote future studies in this field and prompt the application
of organocatalytic benzannulation strategy in the construction
of densely functionalized arenes.
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