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Summary

In recent years, the 9H-pyrido[2,3-b]indole nuclei, also named a-carboline which is found in many organic compounds
such as natural products, pharmaceuticals, and materials, have intensively stimulated the research of new synthetic
pathways. After a brief report published in 2015 describing novel accesses and biological applications of a-carbolines,
this update reports between 2015 and 2023 on the emergence of original syntheses to this heterocyclic nucleus.
Examples representing these processes are described and the biological activities of a-carbolines are mentioned when
they have been prepared for therapeutic purposes.
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1. Introduction

The 9H-pyrido[2,3-b]indole ring, commonly referred to o-carboline, is a tricyclic system resulting from the fusion

between the C2 and C3 atoms of an indole with the C'2 and C'3 atoms of a pyridine (Figure 1).
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Figure 1. The four types of carbolines and a-carboline precursors.

a-Carbolines have been studied less than their 3- and y-isomers, probably because this skeleton is less naturally
abundant and more difficult to synthesize. Although, to our knowledge, there are as yet no drugs with this type of
pharmacophore, a-carbolines have received particular attention in recent years, as this is at the heart of a wide variety
of natural and synthetic compounds with biological activities[l] and also have electronic
properties.[2,3,4,5,6,7,8,9,10,11].

NMe,

Grossularine-1[12] Grossularine-2[12] OH Perophoramidine[13] Mescengricin[14] Neocryptolepine[15]

(anticancer) (anticancer) (anticancer) (neuronal cell-protective) (antiparasitic,
anticancer)

Figure 2. Selection of a-carbolines of natural origin.

Grossuraline-1 and Grossuraline-2 (Figure 2), isolated from the tunicate Dendrodoa grossularia, displayed cytotoxic
activity on L1210 leukaemia cells [12]. Perophoramidine, isolated from the Philippine ascidian Perophora namei, is
also a potent anti-cancer agent of natural origin, which exhibited cytotoxicity toward HCT116 colon carcinoma cells
and induced apoptosis via PARP cleavage.[13] Seto, isolated in 2000 from Streptomyces griseoflavus
Mescengricin[14], is a protecting chick primary mesencephalic neurons from L-glutamate toxicity with an ECs; value
of 6.0 nM. Neocryptolepine, a tetracyclic a-carboline compound isolated from the roots of an African plant Cryptolesis
sanguinolenta, is a potent antiplasmodial[15] and a DNA-intercaling agent.[16] These biological results show this type
of nucleus's high potential. This has led the scientific community to prepare and evaluate a whole series of a-carbolines.
These synthetic compounds include, for example, anti-cancer o-carbolines 1,[17] 2 [18], and 3[19], anti-plasmodial

tetracyclic derivative 4[20] and, antidepressant a-carboline 5[21] (Figure 3).
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Figure 3. Selection of synthetic a-carbolines described before 2015.

In 2015, Brimble reported the only brief review concerning a-carboline syntheses, summarized in Figure 4.[22] The
most common and ancient access to the a-carboline skeleton is based on modifying the Graebe-Ullmann carbazole
synthesis.[23] Previous reports deal with Diels Alder-type cycloaddition reactions, pyridine ring creation from
substituted indoles, benzene ring creation from azaindoles or enones and 2-nitro-phenylacetonitriles[17]. It should also
be noted that many syntheses of the a-carboline nucleus have required cross-coupling reactions, SyAr, or

photocyclization reactions.[22]
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Figure 4. Synthetic strategies to the o-carboline nucleus reported by Wadsworth before 2015.

In this review, we present new accesses to this core that have emerged over the 2015-2023 period and some
improvements to older processes. The first section provides an inventory of the recently reported methodologies to
prepare a-carbolines by creating the central pyrrole ring through cyclization reactions or coupling functionalized
anilines with pyridines. Next, in the following sections, we report syntheses of a.-carbolines from functionalized indoles
and anilines or benzene nuclei, respectively. We present representative examples of functionalized a-carbolines that
illustrate the potential of these methods. We also evoke the biological properties of original a-carbolines when prepared

for a therapeutic objective.

2. Synthesis of a-carbolines by creating the pyrrole ring



2.1 Creation of C-N bond(s)

Shimizu, in 2019, reported a synthetic method for o-carbolines 7 using the Pd-catalyzed intramolecular amination of 3-

(2-chlorophenyl)-2-aminopyridines 6 under microwave irradiation (Scheme 1).[24]
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Scheme 1. Synthesis of a-carbolines 7 by Pd-catalyzed intramolecular amination of aminopyridines 6.

Optimization of the cyclization conditions revealed that the best combination required Pd,(dba); as the catalyst source,
1,1°-ferrocenebis(diphenylphosphine) (DPPF) as the ligand, and NaOtBu (3 eq) as the base in hot DMF under
microwave irradiation. Aromatic rings of different natures were tolerated with varying yields (R = Ph (80%), 4-MeOPh
(42%), 4-FPh (40 %), and 2-thienyl (65%) as well as an alkyl group (R = nBu (64%)). This synthetic method is
attractive because the ester group of carbolines 7 can be easily transformed.

Peruncheralathan proposed in 2023 to use Cu(OTf), as a catalyst to achieve a N-arylation reaction with various 2-

amino-3-arylquinolines 8 (Scheme 2).[25]
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Scheme 2. Synthesis of indoloquinolines 9 from N-arylation of 8 or one-pot, two-step process from 10 and 11.

At the beginning of this study, the authors prepared a series of 2-amino-3-arylquinolines 8 by reacting benzylic anions
of 10 with 2-aminobenzaldehydes 11. The investigations of the N-arylation conditions of 2-amino-3-arylquinolines 8
with various bases and copper catalysts revealed that the best combination required the use of Cu(OTf), (5 mol%) with
KOtBu (3 eq) in hot DMSO (120 °C). This process tolerated various functional groups with good yields (15 examples).
The N-methylation of 9a furnished the natural product neocryptolepine[15], showing the synthetic utility of this
process. The authors also presented a one-pot, two-step efficient protocol for synthesizing indoloquinolines 9 from
benzonitriles 10 and 2-aminobenzaldehydes 11 by heating the same reagents in DMSO in the presence of molecular
sieves 4A (7 examples).

Dang and Langer published an efficient protocol to construct the pyrrole ring of a-carbolines using primary amines

with the dihalogenated biaryl compound 12 by forming two C—N bonds in the presence of Pd,(dba); (Scheme 3).[26]
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Scheme 3. Synthesis of a-carbolines 13.
The authors studied the cyclization of 3-(2-bromophenyl)-2-chloropyridine 12 with various anilines by varying

palladium sources, ligands, solvents, and temperatures. The screening of these parameters revealed that the best
4



combination required the use of Pd,(dba); as the Pd-catalyst, Dppf or DPEPhos (for alkylamines and benzylamines,
respectively) as the ligands, and toluene as the solvent at 100 °C. The cyclization proceeded efficiently with excellent
yields and tolerated electron-rich and electron-poor anilines, alkylamines, and benzylamines. Para-phenylenediamine
was also a suitable substrate for this protocol and led to a bis-a.-carboline with a 46% yield.

Minemo and Mizufune synthesized a potent Aurora B kinase inhibitor 17 having antineoplastic activities in three steps,

starting with an intramolecular SyAr intramolecular cyclization of 2-fluoropyridine 14 in hot AcCOH (Scheme 4).[27]
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Scheme 4. Synthesis of a-carboline 15 according to a SyAr strategy.

The SyAr reaction worked very well, but the preparation of 2-fluoropyridine 14 had several drawbacks for large-scale
preparation. The authors have, therefore, proposed another access to compound 17[27] using a Pd-catalyzed
intramolecular amination, as seen above.

In 2022, Roesner and Sathiyalingam also used the SyAr reaction for preparing a-carbolines and proposed a one-pot,
two-step sequence to build the central pyrrole of a-carbolines 21 from 2-fluoropyridines 18 and 2-bromoanilines 19
(Scheme 5).[28]
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Scheme 5. One-pot synthesis of a-carbolines 21 from 2-fluoropyridines 18 and 2-bromoanilines 19.

At the beginning of this process, the lithiation of 2-fluoropyridines 18 with LDA occurred in ortho-position to the
fluorine atom. A transmetalation reaction with ZnCl, furnished arylzinc species next coupled with 2-bromopyridines to
give 2-aminobiaryl compounds 20. These biarylated compounds 20 can be isolated or directly cyclized by SyAr in hot
ortho-dichlorobenzene to provide o-carbolines 21 in a one-pot sequence. The main advantages of this process are its
tolerance towards a variety of functional groups and the neutral conditions used for cyclization. However, this process is
probably unsuitable for fragile substrates, given the high temperatures of cyclizing 2-aminobiaryl derivatives 20.
Chattopadhyay proposed a protocol to construct o-carbolines by using an intramolecular denitrogenative
transannulation/C(sp”)-H amination of biaryl-1,2,3,4-tetrazoles 22 to provide o-carbolines 23 using a combination of
[Cp*IrCl,], with AgSbFg (Scheme 6).[29]
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Scheme 6. Ir-catalyzed cyclization of 1,2,3,4-tetrazoles 22 leading to a-carbolines 23.

At the beginning of this study, the authors tested a variety of metal catalysts (Cu, Zn, Co, Fe, Mn, Ru, and Rh), but
tetrazole derivatives 22 remain unchanged. This is probably because these catalysts might strongly coordinate with both
of the nitrogen atoms of the tetrazole. When [Cp*IrCl,], was tested as the catalyst (5 mol%) in combination with
AgSbFs (20 mol%) in benzene, the reaction furnished the expected a.-carbolines 23 with good to excellent yields. While
the use of benzene in this new concept is questionable, it is remarkable that all types of functionalities (halogens, esters,

aldehydes, alkenes, OMe, etc.) are tolerated well on each aromatic ring. Mechanistic studies have shown that this
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reaction occurs via an unprecedented electrocyclization process.[29] In 2022, Chattopadhyay proposed to replace the
Cp*Ir(111)-AgSbFs combination with the couple Zn-dust (60 mol%) and an iron metalloporphyrin (Fe(TTP)CI) which is
a less expensive, non-toxic and a biocompatible catalyst.[30] Under these experimental conditions, the reaction was
efficient (28 examples, 65-97%) and transposable to substrates bearing organic azides instead of a tetrazole ring.

Since 2015, very few syntheses of the a-carboline motif using the Cadogan reaction have been reported in the literature.
In 2022, Deters showed that using P(OEt); under microwave irradiation is suitable for synthesizing various 5-carbolines
by reducing and cyclizing 2-aryl-3-nitropyridines according to a Cadogan process.[31] In this study, the authors also
reported that these operating conditions proved inoperative in cyclizing 3-aryl-2-nitropyridines to o-carbolines (4
examples, 0-8%). However, Huang showed in 2021 that it was possible to prepare various a-carbolines by a Cadogan

reaction using PPh; with an organic photocatalyst and a light source (Scheme 7a).[32]
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Scheme 7. Cadogan reactions leading to a-carboline 25.

The reaction worked well with good regioselectivity at a reasonable temperature of 55 °C but was not extended to
functionalized substrates. The Cadogan reaction also worked well when the nitro-substituent was on the 2-position of
the pyridine ring (Scheme 7b). In an approach to a-, B-, y-, and &-carbolines via the oxidation of their tetrahydro
counterparts, Banwell prepared a-carboline 25[33] in a two-step sequence from the reductive cyclization of 2-
pyridylcyclohex-ene-1-one 26 (75%) followed by a total oxidation reaction (97%) in hot diphenyl ether. Given the use
of 10 wt. % of Pd/C in these two steps, the authors failed to achieve the synthesis of carboline 25 from compound 26 in

a one-pot process.

2.2 Creation of the C—C bond (selected examples)

In 2013, Wastefeld identified the mitogen-activated protein kinase kinase 4 (MKK4) as a significant hepatocyte
regeneration regulator.[34] Only a few MKK4 inhibitors increase hepatocyte regeneration capacity, as most bind to
other targets involved in the regeneration process (e.g., MKK7, JNK1 itself, the INK1-downstream regulated activating
transcription factor 2 (ATF2), and ETS transcription factor 1 (ELK1)). In 2022, Laufer replaced the 7-azaindole nucleus
of Vemurafenib, a MKK4 inhibitor, with a a-carboline and evaluated a series of analogues towards MKK4 and other
MKK-kinases (Scheme 8).[35]
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Scheme 8. Synthesis of bioactive a-carbolines 30 and 33.



The a-carboline nucleus was constructed from diarylamine 28 according to an intramolecular Buchwald-Hartwig
coupling using Pd(OAC), as the catalyst and tricyclohexylphosphine as the Pd-ligand in a mixture of DMA and o-xylene
(1/1) at 150 °C. Then, the functionalization of C3-CIl and C6-H bonds of carboline 29 furnished a series of twelve

Vemurafenib analogues. Their evaluation indicated that a-carbolines showed increased selectivity towards a range of

non-targeted kinases without affecting MKK4 affinity.

In 2022, Tan used the same solvents to build a-carboline 32 from diarylamine 31 (51%) but replaced Pd(OAc), with
Pd,dbas and tricyclohexylphosphine with Xantphos.[36] Four steps after the construction of a-carboline 32, Tan

identified o-carboline 33 as a lead compound with gram-negative activity targeting DNA gyrase and topoisomerase V.

The Buchwald-Hartwig coupling of diarylamines having a chlorine atom on the C3 atom of the pyridine was reported
by Zificsak in Org. Synth. using Pd(OAc), as the catalyst and PPh; as the Pd-ligand in DMF at 100 °C (7 examples, 35-
89%), demonstrating the ease of use of this process.[37]

In 2017, Sera and Mizufune published a two-step efficient strategy for furnishing a-carboline-5-ols 36 from a Pd-

catalyzed cyclization of enamines 34 followed by an aromatization reaction (Scheme 9).[38]

g V/#BuNBr; (15 eq)

R R 2/ LiBr 2.2 eq), Li,CO, (2.2 eq)
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34 (X =Br, Cl) 5 examples (15-74%)
OH
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H
36a (92% then 74%) 36b (83% then 27%) 36¢ (70% then 36%) 36d (84% then 74 /) ;

Scheme 9. Two-step synthesis of a-carbolin-5-ols 36.

The authors achieved the cyclization of enaminones 34 using an intramolecular Pd-catalyzed a-arylation reaction with
various bases (Cs,CO3;, DABCO, and K3PO,) depending on the substrates in toluene. The reaction tolerated various
functional groups on C3 (Me, Cl, CF;, Br) and on C7 (Me, Ph, 2-furyl) of compounds 34 and produced pyrido[2,3-
blindol-5-ones 35 with average yields. The aromatization of ketones 35 was achieved by a sequence a-bromination of
the keto-group using nBusNBr; (1.5 eq) followed by elimination using various conditions in a substrate-dependent

process.

3. Synthesis of a-carbolines by creating the pyridine ring

In the post-2015 period, most new accesses to the a-carboline motif have been obtained from functionalized indoles by
creating the pyridine ring.

3.1 Synthesis of a-carbolines from C2-H indoles

Yao synthesized a-carboline derivatives 38 from the cyclization of indoyloxime esters 37 in a metal-free protocol
(Scheme 10).[39]
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R
2 1/DDQ (1 eq) in 1,2-DCE N N
\ J A 2/[2(20mnl/) \ /
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N I3

H o 20 examples (sz -96%)

37 o 38 38a (85%) 38b (96%) 38¢ (65%)

NO,

Scheme 10. Synthesis of o-carbolines 38 according to an oxidation-cyclization process.



The process started with a first oxidation reaction that led to a 3-indoyl alkenyl oxime ester, which then underwent 67-
electrocyclization to give o-carbolines 38. Various groups of different natures were well-tolerated in this process, which
was achieved at 60 °C. These operating conditions are highly advantageous compared with the works of Walton[40] or
Moody[41], who carried out this transformation by flash pyrolysis at 650 °C or by cyclization at 250 °C under
microwave irradiation, respectively. Interestingly, Yao also showed that mixing indoyloxime esters 37 with I, (40
mol%) in DME at 100 °C furnished a mixture of 8- and a-carbolines where §-carbolines predominated.

Recently, Chen and Deng proposed a chemoselective three-component synthesis of o-carbolines 41 from indole-3-

carboxaldehydes 39, ammonium acetate, and alkyl propiolates 40 (Scheme 11).[42]
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Scheme 11. Three-component synthesis of a-carbolihes 41,
The process tolerated functional groups of different natures on the benzene ring (R' = Br, OMe, NO,, CN,...), alkyl,
aryl, and benzyl groups on the nitrogen atom of the indole, and electron-poor alkynes 40. The authors demonstrated the
synthetic interest of this process by the large-scale obtention of compound 41d (1.13 g, 92%), which displayed a sub-
micromolar level of cytotoxicity against HL-60, COLO205 and Hep 3B cancer cells. This reaction does not proceed via
an amino-aldehyde condensation to provide y-carbolines; it only gives a-carboline derivatives 41 chemoselectively. In
this three-component process, the reaction begins with a Michael-addition of NH; on the electron-poor alkyne 40,
providing an enaminoester intermediate which reacts on the aldehyde function. After dehydration and activation of the
indole double bond by I*, an intramolecular cyclization occurs to form 41, and HI is then oxidized by O, or 1,05 to
continue the catalytic cycle.

Relatedly, Swamy synthesized various indole fused a-carbolines 43 via a Pd-catalyzed double C—H activation of 2,3’-

bisindoles 42 followed by a nitrile insertion forming a C—C and a C—N bond (Scheme 12) simultaneously.[43].

Pd(OAc), (5 mol%) R!
Cu(OAc), (2 eq)
.

DMF, 110 °C

19 examples 80-92% “’
Et Aabs =355 nm

42 43 : 43a (84%) 43b (82%) 43c(88%) £=27.410°Mem !
: Aew =324 nm

Scheme 12. Synthesis of indole fused a-carbolines 43.
The screening of Pd-catalysts, oxidants, and solvents revealed that the best combination required the use of Pd(OAc), (5
mol%) associated with Cu(OAc), as an oxidizing agent in hot DMF. Benzonitrile derivatives having various

substituents on the phenyl ring (H, CI, Br, Me, OMe) and heteroaromatic nitriles (2-pyridyl, 2-furyl) worked well.
3.2 Synthesis of a-carbolines from C3-H indoles

3.2.1 Synthesis of a-carbolines from indole-2-carboxylic acids
Swamy showed that it was possible to synthesize similar indole fused a-carbolines 43 using a nitrile insertion reaction
from indole-2-carboxylic acids 44 (Scheme 13).[44]
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Scheme 13. Pd-catalyzed decarboxylative nitrile inserﬁon of indole-2-carboxylic acids 44.
After observing that N-methyl-indole-2-carboxylic acid (R' = H) reacted with acetonitrile (used as a solvent) in the
presence of palladium acetate and silver carbonate, Swamy optimized this unexpected result to synthesize numerous
functionalized indole fused a-carbolines 43. Electronic groups of different natures were tolerated on the indole ring (R*

= Me, OMeg, OBn, F, CI), and alkyl-, phenyl- and heteroaryl-nitriles were adequate partners for this process.

3.2.2 Synthesis of a-carbolines from indolin-2-ones
In 2018, Xu et al proposed an elegant synthesis of 3-chloro-a-carbolines 48 by mixing at room temperature indolin-2-

one derivatives 45 with the 3-chlorovinamidinium salt 46 (Scheme 14a).[45]
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Scheme 14. Synthesis of a-carbolines 48 and 50 using indolin-2-one derivatives.

The authors identified the best reaction conditions to transform indolin-2-ones 45 into 3-(3-amino-2-
chloropropylidene)-2-indolinones 47, using NEt; as the base, and two equivalents of the Michael acceptor salt 46 in
DMF. Then, in a second step, the cyclization was examined with various acids (HCI, H,SO,, ZnCl,, BFs-Et,0 and
FeCl,) but without success. However, activating the lactam function of compounds 47 with POCI; at 100 °C in dioxane
furnished the desired 3-chlorocarbolines 48 on a 1g-scale with excellent yields and functional group compatibility. At
around the same time, Fazlinia and Sheikh developed a similar approach: a one-pot, three-component synthesis of o-
carbolines 50 in an aqueous medium using indolin-2-one 45 (R = H), chalcones 49 and NH,OAc (Scheme 14b).[46]
The authors showed that metal silicates (Na,SiOs;, Li,SiOs;, MgSiOz;, and ZnSiOj;) were efficient catalysts for
synthesizing 2,4-diaryl-a-carbolines 50. They also observed that solvents of low boiling points (Et,O, hexane, and
DCM) and aprotic solvents (MeCN and EtOAc) were inoperative to achieve this transformation in contrast to protic
solvents (EtOH and H,0) and solvent-free conditions. As mentioned above, the reaction begins with the condensation
of indolin-2-one enolate and chalconimines by creating the C4-C4a bond of 50. After cyclization and creation of the
C-N bond, loss of H,0, and oxidation, various 2,4-diaryl-a-carbolines 50 were formed with excellent yields, regardless

of the silicate source used.

3.2.3 Synthesis of a-carbolines from tosyliminoindolines

In the last decade, many authors have used the N-tosyliminoindoline unit as the precursor of choice to prepare indole-
related tricyclic heterocycles that can be subsequently converted into a-carbolines. Thus, various a-carbolinones have
been prepared using N-tosyliminoindolines as C,N-bis-nucleophiles in alkaline media with bis-electrophiles such as

unsaturated succinimides,[47] a-halogenated aldehydes,[48] bromoenals,[49] and acrylates.[50] Dihydro-o.-carbolines

9



having anti-cancer properties were also obtained by a cascade three-component reaction of N-tosyliminoindolines with
aromatic aldehydes and malonitrile.[51] Annulation between N-tosyliminoindolines and nitroallylic acetates[52] or
Morita-Baylis-Hillman (MBH) bromides[53] led to tetrahydro-o-carbolines which suppressed the proliferation of

colorectal cancer cells by inducing apoptosis and autophagy.[52]

In 2021, Namboothiri synthesized a series of a-carboline derivatives 53 having an ethyl ester function on C2 and
aromatic nuclei on C4 by reacting N-tosyliminoindolines 51 with Morita-Baylis-Hillman acetates 52 (Scheme 15).[54]
In the presence of DABCO (2 eq), which was superior to NEts, DBU, KOH, Cs,COs, and other bases, the C3 anion of
51 reacted with MBH acetate 52 according to a Sy2' reaction, creating the C4—C4a bond of carbolines 53 by elimination
of an acetate anion. Then, a 6-endo-trig cyclization occurred according to an azaMichael-addition, giving a tetrahydro-
o-carboline intermediate aromatized by eliminating HNO, and Tol-SO,H. Methyl-, Bn-, and H-substituents were
tolerated on the indole nitrogen atom. Various aromatic rings of different natures and heteroaromatic nuclei (R? = 2-
thiophene or 2-furan) worked well in this mild reaction. This process, successively creating C—C and C-N bonds, was
(i) realized at rt, (ii) applicable at a gram-scale, and (iii) particularly efficient with excellent yields.

One year after this work, Namboothiri reacted N-tosyliminoindolines 51 with MBH bromides of nitroalkenes 54
(Scheme 15).[53]

' THF, rt ‘

Et0,c~ TOAc
18 examples (65-98%)|

1
SN e
_ - T RN DABCO 2 eq) — \ ‘
N N + N N

RLT\

S~ NO, R! ~

s

= N ~N loluc ne, rt = N (olue ne, 100 °C
| R=Me 'T Y
R 14 examples (74-99%) Me s

51 54 55 56

56a (83 then 89%) 56b (74 then 95%) 56¢ (95 then 92%)

Scheme 15. Synthesis of a-carbolines 53 and 56 using N-tosyliminoindolines 51 with MBH acetates 52 or MBH
bromides 54.

The reaction of N-tosyliminoindolines 51 with MBH bromides 54 led stereoselectively to a series of tetrahydro-o-
carbolines 55 with a broad substrate scope and excellent yields. The reaction achieved with MBH bromides 54, stopped
at the tetrahydro-a-carbolines 55 stage and a further addition of DDQ was necessary to obtain a-carbolines 56. There is

no mention that this oxidation reaction in toluene can occur in a one-pot process.

Swamy studied the reaction of N-tosyliminoindolines 51 with various bis-electrophiles allenic precursors derived from

propargylic alcohols 57 (Scheme 16).[55]

N\
Q1
An Ar®
H PTSA (15 eq) /’ N\ T
R‘%\ tuluene olucne, 110 °C. — \ N/ Art
N
&

9 examp]es (74-89%))

2

5! 57 58 58a (81%) 58b (87%) 58c¢ (81%)

Scheme 16. Synthesis of 2,3,4-triaryl-substituted-o.-carbolines 58.
The reaction was efficient with N-alkylindolines 51 having Me- or Et-groups; it tolerated aromatic rings and
heteroaromatic rings of different natures on propargyl alcohols 57 to give (2,3,4)-triaryl-substituted-a.-carbolines 58

with high yields.
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The same team then studied [3+3] annulations of acetoxy-allenoates 59 with iminoindolines 51 under various

experimental conditions (Scheme 17).[56,57]

R
PPh; (20 mol%) . 5\ s
Cs,CO; (2 eq) R/& N\ CO,Et
toluenc, 80 °C . \ /5
10 examples l'\ N
(64-78%) R 60
R/
N N\ . R? R Ts
— A8
S AcO—K (p-tolyl)sP (20 mol%) R’/\’ N\ i
I\ - toluenc, 110 °C W
CO,Et N
17 examples N
51 59 (65-83%) 1‘{
61
Rl
H
DBU (20 mol%) R'/\’ N\ i CO,Et
toluene, 50 °C . \ N/
20 examples N
(67-92%) ,‘1
62
Ar
"y g COR
a N\ R20, RLTN\ — ¢
Ts . DBU (20 mol%) 4 \
g ~. — — 5 /B Me
T N N a B toluene, 50 °C = " N Y
B 14 examples |
R p
51 63 64 64a (87%) 64b (80%) 64c (59%)
Scheme 17. Synthesis of a-carbolines 60-62 and 64 from annulations of acetoxy-allenoates 59 and 63 with

iminoindolines 51.

The authors showed that 3-acetoxy-allenoates 59 used as &-, B-bis-electrophiles reacted with N-tosyliminoindolines 51
under PPh; catalysis to afford various a-carbolines 60 according to a [3+3] annulation process. At 80 °C, the
combination PPh;-Cs,CO3 causes a cascade reaction involving addition-elimination, aza-Claizen rearrangement, tosyl
migration on C3, and aromatization to give o-carbolines 60.[56] To prepare similarly a-carbolines 61 but having no
substituent on C2, (p-tolyl)sP replaced PPhg and the reaction was achieved at a higher temperature of 110 °C.[57] The
authors also showed the versatility of this metal-free process, which furnished o-carbolines 62 that had no substituent
on C3 and a -CH,CO,Et substituent on C2. The robustness of these cyclization reactions was demonstrated by 1g-scale
reactions offering a choice of functionalized a-carbolines with good to excellent yields. By displacing the ester function
of acetoxy-allenoates 59, Swamy's team synthesized another class of a-carbolines 64 by mixing various iminoindolines
51 with acetoxy-allenoates 63 at 50 °C in toluene in the presence of DBU. Based on control experiments, consistent
proposed reaction mechanisms explain the formation of various substituted a-carbolines, which depend solely on

operating conditions.[56,57]

Wei and Du proposed an atroposelective synthesis of axially chiral 4-aryl-a-carbolines 67 by reacting iminoindolines

51 with arylpropiolates 65 using N-heterocyclic carbenes (NHCs) (Scheme 18).[58]

O
N,
; N.
B N
66 (10 mol%)
7Bu
K,CO; (1.2 eq)
acetone, rt, 1 h

2/50°C, 6h

28 examples (37-86%)

67b R? =3,5-rBu,Bn (62%)

65 Ar = 4-NO,C¢H, 67a R? = 3,5-rBu,Bn (65%) 67¢ R? = 3,5-1Bu,Bn (65%)

Scheme 18. Synthesis of axially chiral 4-aryl-o.-carbolines 67.
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As mentioned above, iminoindolines 51 used as C-N 1,3 bis-nucleophiles reacted with naphtyl propiolates 65 in the
presence of NHC-catalysts in a formal [3+3] annulation reaction. After examining experimental conditions where NHC
catalyst 66, acetone as the solvent and K,CO; as the base gave the best results, the authors prepared various o-
carbolines 67 with an excellent axial chirality. The reaction tolerated various functional groups (R = Et, allyl, Bn, Ph,
Me; R*= CI, Br, OMe, Me; R® = Ar, thienyl, Br, Me, CN,...). The authors applied this process to a scale-up synthesis (1
mmol-scale) and achieved late-stage modifications to demonstrate the utility of this method. DFT calculations, achieved
for understanding the origin of the stereoselectivity, were consistent with the experimental observations in a mechanism
where an allenoate intermediary is proposed.

3.3 Synthesis of a-carbolines from other indoles and indole derivatives

Wang and Lu proposed another access to a-carbolines 70 having a carbonyl function on C2 by mixing 3-diazo-indolin-

2-imines 68 with furan derivatives 69 under rhodium catalysis (Scheme 19).[59]

al i e}
'~ ~
o o
s /@\ ha(oa)4 (2 mol%) \ P \ p
N R} R} DCE 80 °C N N
Me IT Ph “I H

R!

o
SO,R? 26 examples (26-86%)

69 (10 eq) 70 70a (64%) 70b (47%) 70¢ (36%)

& =—7
/A

Scheme 19. Rh-catalyzed reactions of 3-diazo-indolin-imines 68 with furan derivatives 69.

The authors showed that various substituents were compatible with this reaction, affording a-carbolines 70 in variable
yields (R® = Tol, 64%; R? = Ph, 65%; R* = p-FCgH., 61%; R? = p-CICgH., 57%; R? = 2-naphthyl, 61%; R* = Me, 26%).
Electron-donating groups (R' = Me, OMe) and electron-withdrawing substituents (R* = Cl, Br, F) were tolerated in this
reaction, furnishing the expected a-carbolines 70 in average yields. Interestingly, the reaction worked well with
unsubstituted furan (R® = H), providing a series of a-carbolines 70 having on C2 an aldehyde function (5 examples; 33
to 48%). The reaction also worked with mono-substituted furan derivatives but gave mainly a mixture of a-carbolines
with variable ratios and generally with modest yields. The authors proposed a reasonable cascade reaction mechanism
where an a-imino rhodium carbene intermediate is formed and acts as an electrophilic-nucleophilic entity towards furan

derivatives 70 in a [3+3] cyclization process.

Lin and Yan recently published a metal-free synthesis of poly-substituted o-carbolines 73 and 74 via the reaction of

indolin-2-ones 71 having on C3 an enone function with 2-(nitromethylene)imidazolidine 72 (Scheme 20).[60]

R!

Cs,CO; (1 eq) Cs,CO; (1 eq)

-—
EtOH, air, rt, 48 h N o HN EtOH, air, rt, 12 h
10 examples (75-97%) H 23 examples (72-93%)
7 72

74a (78%) 74b (97%) T4e (80%) 73a (93%) 73b (83%) 73c (80%)

Scheme 20. Green synthesis of o-carbolines 73 and 74 from the reaction between indolin-2-ones 71 with 2-

(nitromethylene)imidazolidine 72.

Examination of experimental conditions revealed that this reaction, achieved in EtOH, was optimized when realized
with a base where Cs,CO; gave the best results. The authors observed that using a prolonged reaction time of 48 h, a-

carbolines 73 were converted to their more stable isomers 74. In the presence of Cs,COs, the creation of the C—C bond
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starts with a Michael-addition on the a-carbon of enamine 72 to the unsaturated double bond of 71. Then, the
cyclization step, creating the C—N bond, involves a 1,2-addition of the intermediate's secondary enamine, followed by
H,0 elimination and air oxidation. As seen in Scheme 20, the reaction tolerated electronic groups of different natures
on both starting materials. This protocol is of great interest for synthesizing these original heterocycles simply by

mixing the reagents in EtOH in the presence of a small quantity of Cs,CO; for 12 or 48 hours.

Yao proposed to create the pyridine ring of 4-aryl-a-carbolines 76 by mixing 2,3-disubstituted indoles 74 with 3-
bromopropenals 75 (Scheme 21).[61]

Ar

CO,Et
CO,Et
RS CHO ~
D At R N R \
() NH ’ ‘ DCE, 70 °C — \ » - N \V
N 2 °E, 70 °C N < N
74 75 (1.5 eq) |12 cXamples (28-87%) 76 77 (<5%) 76a (84%) 76b (58%) T6¢ (82%)

Scheme 21. Synthesis of 4-aryl-substituted o.-carbolines 76 from the reaction of indoles 74 with 3-bromopropenals 75.
The screening of various solvents revealed that 1,2-dichloroethane (DCE) gave better results when compared with 1,2-
dimethoxyethane (DME),1,2-dibromoethane (1DCE), 1,4-dioxane, and toluene. The reaction conducted in DCE was
examined with different additives (camphor sulfonic acid, AcOH, FeCls;, BF3.Et,0, HCI, I,, and TFA). Optimizing
conditions required to heat at 70 °C in 1,2-DCE, 2-amino-1H-indoles 74 with 3-bromopropenals 75 (1.5 eq) and TFA (1
eq). The reaction is general, as various substituents of different natures were well tolerated on indoles 74 (R = Cl, Br,
OMe, CF5;) and electron-poor and electron-rich aromatic rings on 3-bromopropenals 75. After imine formation, the
reaction evolved according to a 6m-electrocyclization, creating the pyridine ring after eliminating one equivalent of
EtOCOBr.

3.4 Synthesis of tetracyclic a-carbolines

The last part of this section concerning the creation of the pyridine ring of a-carbolines is dedicated to preparing

tetracyclic compounds in which a phenyl ring is linked to the pyridine ring of a-carbolines (Scheme 22).

¥
Ar
Scheme 22a: OH ~ 2
AN eCly (2 RLZTN\ T N
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Scheme 22. Synthesis of 6H-indolo[2,3-b]quinolines from indoles.
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Wang published in 2016 a green access to 6H-indolo[2,3-b]quinolines 79 as neocryptolepine analogues[62] by coupling
ortho-substituted aniline derivatives 78 with indoles 77 having no substituent on C2 and C3 (Scheme 22a).[63] An
examination of various metal salts showed that 2.5 eq of FeCl; gave 6H-indolo[2,3-b]quinolines 79 with the best yields.
This strong Lewis-acid generated a benzylic carbocation which added indole 77 in a Friedel-Craft reaction. Then, ferric

chloride enabled total oxidation, producing the desired product 79 with moderate to good yields.

The same year, Li constructed the pyridine ring of 6H-indolo[2,3-b]quinolines 82 by forming C—N and C-C bonds
using N-substituted indoles 80 and substituted-anthranilic derivatives 81 (Scheme 22b).[64] N-Pyrimidinylindoles and
N-pyridinylindoles 80 bearing electron-donating or electron-withdrawing substituents at different positions coupled
with anthranilic derivatives 81, giving 6H-indolo[2,3-b]quinolines 82 with good to excellent yields. Similarly,
electronic groups of various natures (OMe, F, Cl, Br) at different ring positions of anthranilic derivatives 81were well
tolerated in this process. The authors removed the pyrimidinyl ring on the nitrogen atom of indole 80 (R = H) to prepare

neocryptolepine in a formal synthesis.

Also in 2016, Sekar prepared indoles fused tetracycles, including 6H-indolo[2,3-b]quinolines 84 via iodine-mediated
domino C2 aminating cyclization of N-tosylaniline derivatives 83, followed by a N-detosylation reaction and
subsequent aromatization (Scheme 22c).[65] This metal-free protocol was evaluated in a variety of solvents (MeCN,
CCl,, toluene, THF, DMSO, and EtOH), and best results were obtained in hot MeCN (60 °C). The substrate scope
examined with C5-substituted indole derivatives 83 revealed that electron-rich and electron-poor substituents did not
interfere in this process (84a, R = Br 85%:; 84b, R' = OMe 83%).

In 2015, Pal synthesized as apoptosis inductors, various 6H-indolo[2,3-b]quinolines 86 having on C11 an ethyl acetate
function using a Pd-catalyzed intramolecular oxidative alkenylation of the indole ring of (E)-alkyl-3-(2-(1H-indol-2-
ylamino)phenyl)acrylates 85 followed by a N-desulfonylation reaction (Scheme 22d).[66] This cyclization reaction
achieved with Pd(OAc),, found as the best Pd-catalyst in MeCN, was dramatically increased using TFA as an additive.
This reaction did not require an inert atmosphere and did not proceed without Pd(OAc), and Cu(OAc),, indicating the
pivotal role played by the Pd-catalyst and the oxidant. Functional groups (Et, Me, Hex, OMe, F, Br, CI) installed on
different positions of the tetracycle showed the generality of the present method. Compounds 86a-c inhibited the growth
of various cancer cell lines (A549, lung; Cal27, tongue; MCF-7, breast; TZM-BL, cervical) with a comparable efficacy
as Gemcitabine. These cytotoxic compounds were next tested as apoptosis inductors in zebrafish embryos and showed
remarkable effects with low ECs, values of 2.20, 4.18, and 1.59 uM, respectively. Interestingly, when evaluated in
zebrafish embryos, these promising 6H-indolo[2,3-b]quinolines 86a-c displayed no significant teratogenicity
(therapeutic index (T1) for 86¢ = 6.26).

NH
1
R
N e 88 (0.8 eq)
(e

& R \ N2 [Cp*RhCly], (1 mol%)
[Ru(p-cymene)Cl,], (2.5 mol%) /- AgSbF¢ (4 mol%)
AgSbF (5 mol%) = PivOH (1 eq)
N NTs _—
DCE, 80 °C | EtOH, 40 °C N
1
21 examples (50-97%) R 33 examples (15-98%) I‘('
87 89
OEt/Ph \/OEt
i o
Me H
91a (97%) 91b (80%) 91c (50%) 89a (91%) 89b (85%) 89¢ (85%)

Scheme 23. Synthesis of 7H-indolo[2,3-c]isoquinolines 89 and 91 from 3-diazoindolin-2-imines 87.
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Recently, two accesses to the 7H-indolo[2,3-c]isoquinoline scaffold have been obtained from the reaction of 3-

diazoindolin-2-imines 87 with imine derivatives 88[67] or azomethine ylides 90[68] (Scheme 23).

In 2016, the group of Li et al constructed the indolo[2,3-c]isoquinoline core of compounds 89 via a [3+3] cyclization
reaction of diazo compounds 87 with aryl imines (R = Ph, 4-FC¢H,, 4-BrC¢H,) or arylimidates 88 (R = OEt, OnPr,
OiPr) under Rh(lll)-catalysis. Best conditions required mixing compounds 88 with a slight excess of 87 (1.2 eq) in the
presence of [Cp*RhCl,], (1 mol%), AgSbFs (4 mol%), and PivOH (1 eq) in EtOH at 40 °C. The reaction creating the
C-C and C-N bonds of the pyridine ring was effective on a 1-gram scale and was compatible with several functional
groups (R® = H, Me, Et, F, Br, Cl, CO,Et, Ac, OBn, Bn; R' = H, Me, Et, Bn). In 2023, Shankaraiah prepared a series of
indolo[2,3-c]isoquinolines 91 from diazo compounds 87 with N,N’-cyclic azomethine ylides 90 in the presence of
various catalysts (Cul/CuCl/Cu/Br; (nBusN),Cu,l4, Pd(PPhs),, [RhCp*Cl,],, where [Ru(p-cymene)Cl,], predominated
(Scheme 23).[68] The [3+3] annulation process was efficient at a 2.6 mmol scale and provided indolo[2,3-

clisoquinolines 91 having substituents of different natures at variable positions of the tetracycle with excellent yields.

We conclude this section concerning the synthesis of a-carbolines obtained from modifications of indole derivatives by

evoking, to our knowledge, the single example of access to this nucleus from 7-azaindoles 92a,b (Scheme 24).[69]

PA(OAC), 20 mol%) |  MeO,C, MeO,C,
/ ‘ Y, AgOAc (50 mol%) : — ~
N K505 (deq)
COMe + Ny F T iMe0,C \ MeO,C \ /
N PivOH, 130 °C i
Beq) / : N N
R : 5 N
: H |
92a (R = Ms) i Ts
92b (R =Ts) i 93a (68%) 93b (60%)

Scheme 24. Synthesis of a-carbolines 93a,b from 7-azaindoles 92a,b.

In 2015, Laha et al proposed a tandem approach to 2,3-disubstituted carbazoles (not showed) from indoles and methyl
acrylate according to two successive oxidative Heck reactions followed by thermal electrocyclization and oxidation (9
examples, 65-88%). To build the benzene ring of carbazoles, optimization of reaction conditions showed that PivOH
was superior to DMSO as a solvent, and an association of K,S,0g with AgOAC resulted in an excellent conversion of
starting materials. The reaction tolerated acrylates, styrene, and styrene derivatives as Heck partners and substituents of
different natures (Cl, OMe, F) on the nucleophilic aromatic ring. However, the reaction did not work with 1H-indoles
and with N-alkylindoles. As an extension of this work, Laha demonstrated that the process is also applicable with a
similar efficiency to 7-azaindoles 92a,b. Notably, 7-azaindole 92a having an N-Ms group gave (NH)-free a-carboline

93a (68%), compensating for unsubstituted heterocycles' lack of reactivity.
4. Synthesis of a-carbolines by creating two rings from anilines and benzene derivatives
4.1 Synthesis of a-carbolines from anilines and nitrobenzene substrates

We begin this section by discussing access to a-carbolines and benzene-fused o-carbolines from ortho-substituted
primary anilines and their nitro-precursors. We then present recent syntheses of a-carbolines from secondary anilines

and trisubstituted anilines.

Patel published a microwave-assisted cascade strategy for the construction of 4-aryl-indolo[2,3-c]isoquinolines 96 from
aryl ortho-(phenylethynyl)anilines 94 and phenyl isothiocyanates 95 in the presence of Ag,COs; under microwave
irradiation (Scheme 25).[70]
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Scheme 25. Synthesis of 4-aryl-indolo[2,3-c]isoquinolines 96 from the reaction of ortho-(phenylethynyl)anilines 94 and

phenyl isothiocyanates 95.

This synthetic route, which successively creates three new bonds and two adjacent heterocycles, works perfectly with
all kinds of electron-withdrawing or electron-donating substituents on each aromatic ring, whatever their position. The
authors demonstrated the superiority of Ag,CO; as the metal salt used as a desulfurizing agent. This methodology is
significant in that it is transposable to a 1-gram scale and uses readily available alkynes 94 obtained via Sonogashira

couplings and commercially available phenyl isocyanates 95.

Yi and Zhang proposed rapid and easy access to YCH337, a synthetic 3-substituted a-carboline with a dual anti-cancer

activity targeting microtubules and topoisomerase 11 (Topll) (Scheme 26).[71]

o
= OMe Fe (8 eq)
‘ AcOH, reflux
NO, CN
O

97 YCH337 (55%, anti-tumor)

Scheme 26. Synthesis of YCH337 from 2-nitrophenylacetonitrile derivative 97.

2-Nitrophenylacetonitrile derivative 97 was first synthesized via an aldolization reaction realized under alkaline
conditions (NaOAc) with 2-(2-nitrophenyl)acetonitrile and 6-methoxy-4-oxo-4H-chromene-3-carbaldehyde.[72] Then,
the nitro group of 97 was reduced with iron in AcOH, furnishing an aniline intermediate which cyclized on the nitrile
function used as an electrophilic-nucleophilic group to give YCH337, after a second cyclization creating the pyridine
ring. Biological tests revealed that YCH337 inhibited microtubule polymerization by binding to the colchicine site,
leading to spindle assembly disruption of HelLa cells. YCH337 blocked the cellular cycle of these cancer cells in the
G2/M phase and induced apoptosis at a low concentration. The authors also showed that YCH337 suppressed Topll and
caused DNA double-strand breaks. Finally, in vivo results revealed that YCH337 inhibited the proliferation and growth
of human colon cancer HT29 xenografts in nude mice.

Wan and Liu developed an efficient approach to a-carbolines 100 and 102 from the reaction of secondary anilines 98
with trifluoromethyl ketones (R® = CF3) or acetopyruvates (R® = CO,Et) 99 and with unsaturated o-ketoesters
101(Scheme 27).[73]
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Scheme 27. Synthesis of o-carbolines 100 and 102 via iron-catalyzed tandem cyclization reactions.
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Optimization of reaction conditions by varying metal salts (Zn(OTf),, Cu(OTf),, Fe,(SO,)s, FeCl,, FeCls, Fe(OTf)s,...)
and solvents (PhCI, DCE, DMSO, MeCN, MeNO,, dioxane, and toluene) revealed that best results were obtained by
mixing aniline derivatives 98 in slight excess (1.5 eq) with ketones 99 or 101 (1 eq) in the presence of Fe(OTf); (10
mol%) in hot toluene or DCE (100 °C) for 8 h. In the presence of Fe(OTf);, aniline 98 through intramolecular
cyclization gave an indolimine intermediate, which was not isolated and reacted as a nucleophilic tong with bis-
electrophilic ketones 99 and 101 with total regioselectivity. Using catalytic environmental-benign iron salts and a
straightforward protocol, a-carbolines derivatives 100 and 102 bearing on C4 position, CFs-, esters-, and aryl-groups
were obtained in good to excellent yields with a large variety of functional groups on different positions of the tricyclic
nucleus (ClI, Br, I, Me, OMg, CF3,...).

Under Ni-catalysis, Liu synthesized a-carbolines 105 from the reaction of N-tosyl-ynamide nitriles 103 with alkynes
104 (Scheme 28).[74]
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Scheme 28. Synthesis of a-carbolines 105 from the reaction of N-tosyl-ynamide nitriles 103 with alkynes under Ni-

catalysis.

This method, which created the indole and the pyridine-ring of a-carbolines 105 successively through a [2+2+2]
cycloaddition of N-tosyl-ynamide nitriles 103 with alkynes under Ni(0) catalysis, worked well with internal alkynes and
terminal alkynes. The authors observed high regioselectivity when N-tosyl-ynamide nitriles 103 were mixed with
terminal alkynes. The regioselectivity was governed by electronic effects rather than steric factors (105b and 105c).
Interestingly, Liu showed that this catalytic method gave rapid access to a range of &-carbolines (not showed) by

replacing the ortho-alkyne function of compounds 103 with an ortho-cyano group (26 examples, 50-94%).

In 2019, Wang and Chang prepared a series of a-carbolines 107 via a metal-free [2+2+2] cycloaddition of N-tosyl-
ynamide nitriles 103 with ynamides 106 (Scheme 29).[75] Optimization of the [2+2+2] cycloaddition revealed that,
among a variety of catalysts (BFs-Et,O, AICIs, Znl,, Tf,0, TfOMe, TMSOTf, TfOH, TFA, and CSA), TMSOTf (20
mol%) gave the best results on a model substrate (99%, R = Ph; R' = Me; R? = Bn; EWG = Ts) when the reaction was
achieved in DCM at rt.

R R
7 R
. SVE TMSOTH (20 mol%) — EWG
+ RI———N ’
N/CN \Rz DCM, rt \ N/ N\
| N R?
Ts 26 examples (35-99%) |

103 106 107 107a (87%) 107b (99%) 107c (35%)

Scheme 29. TMSOTf catalyzed synthesis of 2-amino-a-carbolines 107 from N-tosyl-ynamide nitriles 103 with
ynamides 106.

This environmentally friendly methodology gives rapid access to variously substituted 2-amino-a.-carbolines 107 with
high to excellent yields, generally superior to 80%, except for compound 107c bearing on C4, a para-nitrophenyl
substituent. Substituents such as Ts, Cs, Ns, and Bn were tolerated in this protocol, which is also compatible with
various substituents on the C4 position of a-carbolines 107 (R = Ar, 2-thiophene, Bn, n-hex, c-Pr, TMS, and H). As
previously published by Liu[74], replacing the ortho-alkyne with a nitrile in N-tosyl-ynamide nitriles 103 with a nitrile

in this [2+2+2] cyclization process gave amino-3-carbolines rapid access.
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At the same period, Mulcahy proposed complementary access to various 2-aryl-a-carboline derivatives 110 via a

[2+2+2] cyclotrimerization of cyanamides 108 under Rh-catalysis (Scheme 30).[76]
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Scheme 30. Synthesis of 2-aryl-a-carbolines 110 from cyanamides 108 and 109.

The [2+2+2] cyclotrimerization of cyanamides 108 having a disubstituted alkyne function worked well under Rh-
catalysis to furnish 2-aryl-a-carbolines 110 bearing electron-rich or electron-poor phenyl rings at C2 position with
excellent yields. This approach offers the advantage of rapid synthesis (20 minutes) using microwave irradiation (MWI)
to construct the a-carboline scaffold of compounds 110. The authors also showed that a.-carbolines 110 were obtained
in modest yields directly from cyanamides 109 having a terminal alkyne function according to a Sonogashira reaction
followed by a cyclotrimerization reaction in a one-pot process. The main disadvantage of this process is the relatively
long synthesis of cyanamides 108 and 109, for which 6 or 5 steps, respectively, are needed from 2-iodoanilines, which

complicates the introduction of substituents on the phenyl ring of a-carbolines 110.
4.2 Synthesis of a-carbolines from benzene derivatives

Zhang and Fan proposed attractive access to C2-C3 disubstituted-a-carbolines 113 via a one-pot cascade reaction of
ortho-bromo-2-(2,2-dibromovinyl)benzene derivatives 111 with enolizable aldehydes 112 and aqueous ammonia under
Cul-catalysis (Scheme 31).[77]

Cul (10 mol%)

DABCO (20 mol%)

NN Br oo+ NG5 PivOH (1 eq) R/\/ AN \

RT/ Br ’ T e s K \ N \ s
ll3

113a (43%) 113b (47%) 113c (52%)

Scheme 31. Synthesis of a-carbolines 113 from the condensation of tribromo-derivatives 111 with aldehydes and
aqueous ammonia.

The reaction evolved in different ways when achieved with aromatic aldehydes and with enolizable aldehydes subject to
aldolization, giving respectively pyrimido[4,5-b]indoles (not showed) or a-carbolines 113. The results of this study
revealed that acetaldehyde, propionaldehyde, butyraldehyde, 3-methylbutanal, and 3-phenylpropanal reacted with
NH;OH and compounds 111 under Cul catalysis to give a-carbolines 113 having on C2 and C3 substituents which
differ by only one methylene group. Notably, with acetaldehyde (R* = H), a mono-substituted 2-methyl-a-carboline was
obtained (38%), while the other aldehydes, having a longer carboned chain, gave 2,3-disubstituted-carbolines. Because
the mechanism of this process starts with an auto-condensation reaction of aldehydes 112, the authors also showed that
o,B-unsaturated aldehydes such as cinnamaldehyde, reacted under these conditions with ortho-bromo-2-(2,2-
dibromovinyl)benzene 111 (R = H) and NH4OH to give 2-phenyl-a-carboline (50%) after creating multiple C—N and
C-C bonds.
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In 2020, Zhao mixed ortho-alkenyl arylisocyanides 114 with vinyl azides 115 under Rh/Cu co-catalysis to synthesize
2,4-disubstituted-o.-carbolines 116 (Scheme 32).[78]

Me0,C Me0,C Me0,C

1
[RR(COD)CI], (2.5 mol%) A @ mo
Cul (5 mol%) \ =
~ RN DPPE (5 mol%) R Q O
R—‘\ . Y _ O Gmebe) . \ /= P \ / Ph \ / i ) /
| _ . R toluene, O, 120 °C ]:1 N \©

114 115 2 eq) 116 3 116a (62%) 116b (50%) 116¢ (62%)

Scheme 32. Synthesis of 2,4-disubstituted-a.-carbolines 116 by mixing ortho-alkenyl aryl isocyanides 114 with vinyl
azides 115 under Rh/Cu co-catalysis.

In this reaction, vinyl carbodiimides intermediates[79] generated from the Rh-coupling of ortho-alkenyl aryl
isocyanides 114 with vinyl azides 115 underwent intramolecular [4+2] cycloaddition to give 2,4-disubstituted-a.-
carbolines 116 in good yields. This process is of great interest, as it forms the 7-azaindole ring of carbolines 116 in a
single electron movement by creating two C—C bonds and one C-N bond. This coupling cyclization tolerated
isocyanides 114 bearing various substituents (R = Me, OMe, Cl, Br, Ph) and (R! = CO,Me, C¢Fs, 2-Py). Similarly, the
reaction showed broad tolerance to various vinyl azides 115 (R2 Ph, 4-MeCg¢H,, 3-MeC¢H,, 2-CICsH,4, 3-FCsH4, Bn,
c-Hexenyl,...). The authors proposed a convincing mechanism based on control experiments (absence of the Rh-
catalyst, standard conditions without O,, reaction achieved with a vinyl carbodiimide, the addition of Cul after 3.5 h of
reaction.[78,79]
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Scheme 33. Synthesis of indoloquinolines 118a,b and 118a,b.

In 2020, Tummatorn published a domino N,-extrusion/cyclization of ortho-substituted diarylketones 117 in the
presence of TMSN;[80] for synthesizing original indologuinolines 119 having anti-cancer and antiplasmodial activities
after an N-methylation reaction of compounds 118 (Scheme 33).[81] This synthetic transformation tolerated various
functional groups (R* = alkyl, Ar; R? = alkyl, OMe; R® = Me, Cl, F, OMe) and provided the expected indoloquinolines
118 with average yields. After a N-methylation reaction (yields not given), twenty-three neocryptoline analogues 119
were evaluated against four cancer cell lines (HuCCA-1; human cholangiocarcinoma, A549; human lung
adenocarcinoma, HepG2; human liver carcinoma, MOLT-3; human acute lymphoblastic leukaemia) and compared the
results with normal human embryonic kidney HEK-293 cell line. Interestingly, indoloquinoline 119a was the most
promising compound of the series, with micromolar level of cytotoxicity and an excellent selectivity index (from ~20
to ~70). Indoloquinolines 119 were next evaluated for their antiplasmodial activities using two standard laboratory P.
falciparum isolates, chlorogquine-sensitive (CQ-S) clone 3D7 and chloroquine-resistant (CQ-R) clone K1. The results

were disappointing: only indoloquinoline 119b displayed a modest millimolar level of antimalarial activity.

5.0 Biological activities of a-carbolines prepared by functionalization of a preformed a-carboline ring
The eight year period from 2015-2023 has witnessed a rising interest in synthesizing novel a-carboline derivatives as
potential ligands simply by functionalizing a preformed o-carboline ring. Figure 5 grouped a selection of biologically

active a-carbolines synthesized this way after 2015.
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For example, anti-cancer o-carbolines 120[82] and TJY-16[83] were cytotoxic, induced apoptosis and blocked the
cellular cycle of cancer cells in the G2/M phase, whereas carbolines 121[84], 122[85], and 123[86] acted as kinase

inhibitors.

Anticancer ligands:
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QA7
0 J@f

120 OMe  TIY-16

Anti-Alzheimer ligands: Cardioprotective ligand

\ / % co

o
H.\I\N/Eﬁ \ / Me /Q)

Figure 5. Selection of a-carbolines described after 2015 prepared by functionalization of the a-carboline skeleton.

124 ZCH-9 126

Carboline derivative 124, prepared from N-functionalization of the a-carboline skeleton, has an 1Cso value of 0.037 uM
toward HDACS, and significantly higher 1Cso values against other HDAC isoforms, indicating its high inhibitory
activity and an excellent selectivity toward HDACG6.[87] In 2022, carboline 125 was identified as a potent DNA methyl
transferase inhibitor (DNT1), but was less effective than its carbazole analogue.[88] In addition to these ligands with
antitumor activity, o-carbolines ZCH-9[89] and 126[90] were designed and synthesized as potential ligands in
Alzheimer's disease therapy by inhibiting activity against NO production (ICsy = 1.45 puM) and by decreasing the
hyperphosphorylation of tau protein in okalik acid treated SH-SY5Y cells, respectively. Wang and Li showed that a-

carboline 127[91] was a promising cardioprotective agent against H,O,-induced oxidative injury.
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Figure 6. Summary of recent accesses described in this review to the a-carboline nucleus.
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5. Conclusion

In the only other report about the synthesis of a-carbolines in 2015,[22] Wadsworth concluded, "many syntheses of o-
carbolines described are limited by low yields, expensive reagents, starting material that are difficult to prepare or

obtain...".

Eight years later, this update shows considerable progress in accessing the a-carboline skeleton with good yields

according to modern methodologies compatible with environmental requirements.

Figure 6 summarizes the recent methods and improvements described for preparing variously substituted a-carbolines
by forming the pyrrole central ring, the benzene ring, the pyridine ring and the 7-azaindole ring of this tricyclic system
from accessible starting materials. This simplicity of synthesis and the wide tolerance towards functional groups should

encourage medicinal chemists to develop biological projects using this type of core as a pharmacophore.

Indeed, although many biological properties have been attributed to this nucleus (Figure 7) and its indoloquinoline
analogues (anti-cancer, antiplasmodial, antibacterial, anti-Alzheimer, antidepressant, MKK4 inhibitor, etc.), few

structure-activity relationship studies have been conducted.
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Figure 7. Some bioactive o-carbolines described in this review.

As part of our structure-activity studies, we will shortly insert this type of core into various isoCombretastatin

A4[92,93] analogues to examine its effect on human cancer cell lines.

This review will hopefully encourage the chemical community to propose access to this heterocycle via totally "green"

and economical processes and to introduce this tricyclic nucleus in various medicinal projects.
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