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ABSTRACT

The reductive cyclization of sulfonylalkyl indoles obtained from 2-(o-nitroaryl)indoles, provides an efficient preparation of func-

tionalized indolo[3,2-c]quinolines. This cascade process promoted by zinc powder in acetic acid at reflux, involves a sequential

nitro group reduction, a vinylogous aza-Michael reaction, and a final aromatization.

1 | Introduction

The indoloquinoline scaffold is formally the result of a condensa-
tion between an indole and a quinoline moiety which leads to the
formation of four different regioisomeric entities (Figure 1) [1, 2].
Their structural features are strictly related to those of carbolines
since indoloquinolines can be considered as the corresponding
benzocondensated analogs [3]. Indoloquinolines of synthetic origin
are featured by notable pharmacological profiles which include
antimalarial [4], antiproliferative [5, 6], and antitubercolosis activi-
ties (Figure 2) [7]. Several members of the indoloquinoline family
are natural occurring compounds such as isocryptolepine, isolated
from the roots of Cryptolepis sanguinolenta, used in folk medicine
by the native people in West Africa as antimalarial agent [8].
However, most of these plant metabolites show a significant cellu-
lar toxicity which often prevents their use in preclinical treatments.
This drawback has spurred the search for structural analogs of
these compounds retaining the main backbone of the indoloquino-
line unit but embedding diversified functional groups. This goal
requires increasing efforts to elaborate new synthetic protocols
for the assembling of the indoloquinoline core bearing suitable
substituents at the desired positions. The main synthetic strategies
currently available for the preparation of indolo[3,2-c]quinolines
may involve the de novo build up of the indole ring on a pre-
existing quinoline unit or the implementation of the indole nucleus
introducing the quinoline system [1].

Particularly, the utilization of o-substituted 2-phenylindoles rep-
resents a viable strategy to access a wide range of functionalized
indolo[3,2-c]quinolines as reported in Scheme 1.

The reactivity of the carbon—bromine bond in 2-(o-bromoaryl)
indoles has been exploited for the copper-catalyzed amination
enabling the intermediate aniline to react with an aldehyde lead-
ing to the target indoloquinoline via the corresponding imine
(Scheme 1a) [9]. The Pictet-Spengler process is effective only
using arylaldehydes and the one-pot procedure require further
heating at high temperature to ensure the final aromatization
step. The manganese-promoted addition of boronic acids to
2-(o-isocyanidoaryl)indoles represents a straightforward method
to prepare indolo[3,2-c]quinolines (Scheme 1b) [10]. Arylboronic
acids are effective reactants, but the alkyl analogs only give mod-
erate yields of products. Furthermore, being the isocyanide group
introduced from the corresponding aniline by a couple of addi-
tional steps, the whole transformation seems rather redundant.
In this context, the direct utilization of 2-(o-aminoaryl)indoles in
ring closures with aldehydes appears more favorable. However, it
should be observed that the traditional acid catalyzed Pictet-
Spengler reaction is effective only with arylaldehydes and with
moderate results [11]. The utilization of formaldehyde [12], or
in situ generated 2-oxo-2-arylacetaldehydes usually provides bet-
ter results (Scheme 1c) [13]. The utilization of 2-(o-nitroaryl)
indoles as immediate precursors of the corresponding amino

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2026 The Author(s). Advanced Synthesis & Catalysis published by Wiley-VCH GmbH.

Advanced Synthesis & Catalysis, 2026; 368:e70508
https://doi.org/10.1002/adsc.70508

1of 6


https://orcid.org/0000-0001-6599-3937
https://orcid.org/0000-0002-4941-5878
mailto:alessandro.palmieri@unicam.it
mailto:marino.petrini@unicam.it
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adsc.70508
http://www.advsynthcatal.com
https://doi.org/10.1002/adsc.70508
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.70508&domain=pdf&date_stamp=2026-05-20

indolo[2,3-b]quinoline

Q{5

N
H

indolo[3,2-b]quinoline

indolo[3,2-c]quinoline

FIGURE 1 | Regioisomeric indoloquinoline skeletons.
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FIGURE 2 | Indoloquinolines featured by pharmacological activity.

derivatives has been poorly exploited for this purpose. The only
notable example refers to the molybdenum(VI)-catalyzed reac-
tion of 2-(o-nitroaryl)indoles with 1,2-diols which are preliminar-
ily oxidatively cleaved to two molecules of aldehydes (Scheme 1d)
[14]. The reduction of the nitro group is brought by the formed
molybdenum(IV) species thus regenerating the active oxidizing
catalyst. In order to circumvent the limited reactivity observed in
the direct use of aldehydes, we sought to somewhat exploit the
chemistry of sulfonylalkyl indoles as known precursors of alky-
lideneindolenine intermediates [15-17]. To this scope, 2-(0-nitro-
aryl)indoles 1 have been converted into sulfonylalkyl indoles 2 by
a three-component Friedel-Crafts reaction with aldehydes and p-
toluenesulfinic acid (Scheme 2) [18].

Under reductive conditions, the sulfonylalkyl indole 2 would
undergo a series of transformations including reduction of the
nitro group and elimination of p-toluenesulfinic acid leading
to the alkylideneindolenine intermediate 3. As previously dem-
onstrated, this intermediate acts as an effective vinylogous imine
which can react with the primary amino group leading to a dihy-
droindoloquinoline that by final aromatization, affords the target
indolo[3,2-c]quinoline 4. The devised strategy provides a comple-
mentary approach to the more common indoloquinoline
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SCHEME 1 | Synthetic strategies for the preparation of indolo[3,2-c]
quinolines.
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SCHEME 2 | Our approach to the synthesis of indolo[3,2-c]
quinolines.

syntheses based on the formation of aldehyde imines to be
involved in intramolecular Friedel-Crafts reaction with the
indole ring.

2 | Results and Discussion

The preparation of sulfonylalkyl indoles 2 has been carried out
using our improved protocol involving a three-component reac-
tion of indoles 1 with aldehydes and p-toluenesulfinic acid
(Table 1) [18]. The acidity level of the p-toluenesulfinic acid is
not enough to effectively promote the preliminary Friedel-
Crafts addition of the aldehyde to the indole and thus p-toluene-
sulfonic acid is required to enhance the reactivity of the aldehyde.
Alkanals and arylaldehydes are reactive under the devised reac-
tion conditions leading to the corresponding sulfonylalkyl
indoles in satisfactory yields.
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TABLE 1 | Synthesis of sullfonylalkyl indoles 2 from 2-(o-nitroaryl)
indoles 1.

o

I

R TH
p-TolSO ,H
R? 50 mol% p-TolSO3H 2

1 EtOAc, reflux

oM
2n, 73% © 20, 71% 2p, 66%

*Reaction conditions: indole 1 (2.0 mmol), aldehyde (2.0 mmol), p-TolSO,H
(2.4 mmol), p-TolSO;H (1.0 mmol), in EtOAc (8 mL) at reflux for 3 h. Yields
are for pure isolated products.

A somewhat limitation has been found in the availability of 2-(o-
nitroaryl)indoles 1 whose preparation, for particular functional-
ized compounds, has been proved rather troublesome. On several
occasions, procedures from literature based on the classical
Fischer indole synthesis have shown poor reliability. The conver-
sion of nitroarenes into the corresponding anilines has been
largely studied and several reducing agents as well as reduc-
tant/catalyst combinations are available for this purpose [19-
22]. However, the simultaneous presence of another reductable
function like the p-toluenesulfonyl group, introduces some che-
moselectivity constraints in the choice of a suitable reducing
agent for the nitro group.

Since the synthetic strategy portrayed in Scheme 2 entails the
generation of an alkylideneindolenine intermediate 2 by elimina-
tion of the arylsulfinic acid, a competitive reductive desulfonyla-
tion should be definitely prevented. As a matter of fact, the

substitution of the arylsulfonyl group with a hydrogen atom
would rule out from any possible ring closure by the generated
amino group [23]. Based on this assumption, reductive method-
ologies focused on the utilization of nucleophilic hydride donors
have been disregarded in advance since intermediates of type 3
are promptly reduced by these reagents [24]. Selecting the more
appealing protocols available for the desired transformation, we
were mainly concerned by sustainability and practicality issues
avoiding the use of expensive, toxic, or elaborate reducing sys-
tems. Therefore, we turned our attention to the reductive prop-
erties of metals working under acidic conditions and thus we
preliminarily tested iron powder in ethanol/hydrochloric acid
at reflux for the conversion of sulfonylalkyl indole 2a into indo-
loquinoline 4a (Table 2, entry 1) [25]. Under these reaction con-
ditions, the indoloquinoline 4a is obtained but in rather poor
yield. Encouraged by this result, a different method using iron
powder and calcium chloride thus avoiding strongly acidic con-
ditions was attempted (Table 2, entry 2) [26]. A slight increase in
the yield of the desired product was recorded with this method
which however was still unsatisfactory for synthetic purposes.
The reducing properties of zinc metal under acidic conditions
have been exploited for a wide number of synthetic transforma-
tions [27].

The reduction of 2a to indoloquinoline 4a was initially carried
out using zinc powder in methanol in the presence of an excess
of acetic acid (10 eq.) following a procedure devised for prepa-
ration of a related indole alkaloid (Table 2, entry 3) [28].
However, the result was not satisfactory and thus the same pro-
cess has been realized in acetic acid as solvent under reflux
(Table 2, entry 4). The indoloquinoline 4a has been obtained
in satisfactory yield applying these modified conditions.
Despite the interesting result obtained with the latter method,
we were interested in evaluating the behavior of sulfonylalkyl
indoles under catalytic hydrogenation conditions. To this scope,

TABLE 2 | Optimization studies for the reductive cyclization of
sulfonylalkyl indoles 2 to indolo[3,2-c]quinolines 4.

Ts =N
O \ NO, reductant O \ Y4
—_—
e
N
O H

2a 4a
Entry Promoter Solvent, T (°C) Yield, %"
1 Fe powder EtOH-HCI, A 28
2 Fe, CaCl, EtOH-H,0, 60 39
3 Zn powder AcOH, MeOH, 60 25
4 Zn powder AcOH, reflux 64
5° H,, Raney Ni MeOH, 80 ¢
6° H,, 10% Pd/C MeOH, 80 =€
7 Et,SiH, PdCl, EtOH, A 22

?Yield of pure isolated products.

PReaction performed under flow chemical conditions using an H-Cube Mini
Plus, instrument (catalyst cartridge 30 X 4 mm; pressure: 25 bar; flow rate:
0.3 mL/min).

‘Complex mixture of products is formed.
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TABLE 3 | Synthesis of indolo[3,2-c]quinolines 4 by reductive ring
closure of sulfonylalkyl indoles 2.*

4a, 64% 4b, 76% (78%)"! 4c, 92%

Q V

4h, 68% 4i, 86% (83%)! 4j, 53%

Cl
4k, 93% 41, 66%

Et H

OMe OMe
4n, 90% 40, 62% 4p, 89%

*Reaction conditions: sulfonylalkyl indole 2 (1.0 mmol), zinc powder

(10 mmol), in AcOH (5mL) at reflux for 3 h. Yields are for pure isolated
products.

PReaction carried out on 5.0 mmol substrate.

2a was hydrogenated under flow chemical conditions using
both Raney-nickel and 10% palladium on carbon but only a
complex mixture of products was evidenced for these processes
(Table 2, entries 5,6).

Finally, the reductive properties of triethylsilane in palladium
catalyzed reactions have been tested in this process, evidencing
a positive outcome albeit with rather poor efficiency (Table 2,
entry 7) [29]. The zinc/acetic acid protocol for the reductive cycli-
zation of sulfonylalkyl indoles 2 to indoloquinolines 4 has been
employed on a series of substrates leading to the target products
from satisfactory to good yields (Table 3). As a preliminary obser-
vation, 6-aryl-substuted indoloquinolines are obtained in higher
yields over the 6-alkyl analogs. This is presumably due to the eas-
ier elimination of the p-toluenesulfinic group leading to the fully

NO,
\ nitro

- TolSO ,H
N O reduction It AN
H
2
R3
vinylogous
aza-Michael O ( NH aromatization
_—
v )
H

alkylideneindoleninium 7
ion

SCHEME 3 | Plausible mechanism for the cascade process.

conjugated system in the arylideneindolenine intermediate 3.
The adopted reaction conditions are compatible with the pres-
ence of halogen-containing aryl and heteroaromatic groups.
However, the presence of an additional para nitro group in
the aryl(tosyl)methyl framework of sulfonyl indole 2g did not
allow the preparation of the corresponding indoloquinoline
4g. The utilization of zinc metal as a cheap, nontoxic reducing
agent coupled with acetic acid makes this procedure quite com-
petitive over related methods featured by limited sustainability
features. The scaled-up reactions reported in Table 3 for a couple
of indoloquinolines show comparable yields confirming the reli-
ability of the synthetic protocol. Considering the acidic environ-
ment brought by the adopted reductive conditions, a plausible
mechanism for the cascade process is depicted in Scheme 3.
After the reduction of the nitro group, the amino derivative 5
undergoes an acid-promoted elimination to the corresponding
iminium ion 6 [30, 31]. The subsequent intramolecular vinylo-
gous aza-Mannich reaction of 6 affords the dihydropyridine
intermediate 7 which upon dehydrogenation finally leads to
the target compound 4. Obviously, the possibility that the elimi-
nation of p-toluenesulfinic acid precedes the nitro reduction can-
not be ruled out since we were unable to evidence any trace of the
intermediate 5 in the reaction mixture.

3 | Conclusion

In conclusion, an improved synthesis of indolo[3,2-c]quinolines
has been devised by a two-step protocol starting from 2-(o-nitro-
aryl)indoles. In order to circumvent the sluggish reactivity of
aldehydes in Pictet-Spengler reactions with 2-(o-aminoaryl)
indoles, the aldehyde has been trapped in the formation of
sulfonylalkyl indoles by a three-component process with
2-(o-nitroaryl)indoles, and p-toluenesulfinc acid. The obtained
sulfonylalkyl indoles have been subsequently converted into
indolo[3,2-c]quinolines using zinc powder in acetic acid at
reflux. The latter transformation is the result of a cascade pro-
cess involving the nitro reduction, the p-toluenesulfinic acid
elimination leading to an indoleninium ion intermediate fol-
lowed by a ring closure and final aromatization. In view of
the practical importance of indolo[3,2-c]quinolines as bioactive
compounds, our disclosed procedure offers a new and improved
alternative for the preparation of these polyheterocyclic
derivatives.
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4 | Experimental Section

4.1 | General Procedure for the Preparation of
Sulfonylalkyl Indoles 2

To a stirred solution of indole 1 (2 mmol), p-toluenesulfinic acid
(2.4 mmol) and p-toluenesulfonic acid monohydrate (1 mmol) in
EtOAc (8 mL) were added the aldehyde (2 mmol). The resulting
reaction mixture was stirred at reflux for 3 h, and after cooling at
room temperature was treated with saturated NaHCO; (7 mL).
The aqueous layer was extracted with EtOAc (3 x 20 mL), and
the combined organic extracts were dried over anhydrous
Na,SO,, filtered and evaporated at reduced pressure. The crude
reaction product 2 was purified by flash chromatography (hex-
ane:EtOAc = 70:30) to afford a yellow or orange solid.

4.2 | General Procedure for the Preparation of
Indolo[3,2-c]quinolines 4

A round bottom flask equipped with a magnetic stiring bar, con-
taining sulfonylalkyl indole 2 (1 mmol), was purged by nitrogen
flow. Zinc powder (10 mmol) was then added followed by glacial
acetic acid (5 mL) and the reaction mixture heated under reflux
for 3h. After cooling to room temperature, the mixture was
diluted with water (5mL) and neutralized with 2M aqueous
solution of Na,CO; until pH=7. The resulting solution was
extracted with CH,Cl, (3x 15mL) and the combined organic
extracted were dried on Na,SO,. After removal of the solvent
at reduced pressure, the crude indoloquinoline 4 was purified
by flash chromatography (toluene:EtOAc=70:30) to afford a
white solid.
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