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sis of indenoisoquinolines and
indenoisochromenes by rhodium-catalysed
cyclocondensation of N-substituted benzamides
with 2-diazoindenediones†

Dong Young Kim, Yu Kimura, Risako Miura and Teruyuki Kondo *

An atom-and step-economical method for the synthesis of indenoisoquinolines as a scaffold of

topoisomerase I inhibitors was developed using rhodium-catalysed cyclocondensation of N-

monosubstituted benzamides with 2-diazoindenedione, where the unexpected indenoisochromenes

were obtained in high yields with high selectivity through rhodium-catalysed cyclocondensation of N-

tert-butylbenzamides with 2-diazoindenediones (2). These results indicated that the kinds of substituents

on a nitrogen atom of the starting benzamides controlled which product—indenoisoquinolines or

indenoisochromenes—could be obtained selectively by the tuning of rhodium catalyst systems under

optimal reaction conditions. Namely, indeno[1,2-c]isoquinolin-5,11-diones (3 and 5) were formed directly

from 1,3-dicarbonyl intermediates by intramolecular nucleophilic attack of an amide nitrogen atom on

a carbonyl group in 1,3-dicarbonyl intermediates, followed by dehydration, whereas indeno[1,2-c]

isochromene-5,11-diones (7) were obtained from enol tautomers of 1,3-dicarbonyl intermediates by

intramolecular nucleophilic attack of a hydroxyl group on an amide carbonyl group together with

liberation of an amine.
Introduction

Recently, considerable attention has been focused on the
transition-metal complex-catalysed synthesis of fused hetero-
cycles in one step.1 Among the various possibilities, we focused
our attention on the development of atom- and step-economical
methods for the synthesis of indenoisoquinolines, which are
highly fused N-heterocyclic compounds bearing a planar tetra-
cyclic structure. The topoisomerase I (Top I) inhibitory activity
of indenoisoquinolines2 was proved by a COMPARE analysis,3

which also showed better pharmacokinetic features and
stability than those of the known Top I inhibitors such as
naturally occurring camptothecins (CPTs) (Fig. 1).4 Indeed, two
water-soluble CPTs, irinotecan (LMP400) and topotecan, have
been used for clinical cancer therapy to date.5 However, CPTs
have serious drawbacks, such as signicant dose-limiting
toxicity and instability of the DNA binding complex aer
removal of CPTs.4

Top I inhibition activity, DNA interaction, and cytotoxicity of
indenoisoquinolines in human cancer cell cultures have been
individually evaluated and reported by Cushman,6 Kiem,7 and
emistry, Graduate School of Engineering,

oto 615-8510, Japan. E-mail: teruyuki@

for his outstanding contribution to

the Royal Society of Chemistry
Ryckebusch;8 these studies proved the biological and pharma-
cological importance of indenoisoquinolines.9 However, only
multi-step syntheses of indenoisoquinolines have been re-
ported so far through the simple combination of well-known
traditional reagents and reactions.10 Recently, transition-metal
complex-catalysed approaches have emerged as alternative
methods for the synthesis of indenoisoquinolines. Represen-
tative examples are summarised in Scheme 1: The ammonia-
based four-component Ugi reaction, followed by a Cu(II)-cata-
lysed annulation reaction to give indeno[1,2-c]isoquinoline-
5,11-diones (Scheme 1a);11 the Pd(II)-catalysed coupling reac-
tion of amino acids with 2-(2-bromophenyl)-1H-indene-1,3(2H)-
diones, generated from the modied Dieckmann condensation
Fig. 1 Structures of camptothecin, irinotecan, topotecan, and
indenoisoquinoline.
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Scheme 1 Transition-metal complex-catalysed synthesis of
indenoisoquinolines.

Table 1 Optimisation of the selective synthesis of indenoisoquinoline
3a a

Entry Additives Solvent Temp (oC)
Isolated yield of
3a (%)

1 — DCE 120 26
2 AgSbF6 DCE 120 62
3 AgOAc DCE 120 89
4 AgPF6 DCE 120 82
5 AgBF4 DCE 120 47
6 NaOAc DCE 120 60
7 Cu(OAc)2$H2O DCE 120 38
8b AgOAc MeOH 120 92
9 AgOAc Toluene 120 83
10 AgOAc MeCN 120 88
11 AgOAc 1,4-Dioxane 120 75

b
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of phthalides with o-bromobenzaldehydes, followed by Heck-
type carbonylative cycloamination with amino acids in the
presence of a stoichiometric amount of Fe(CO)5 (Scheme 1b);12

the Co(II)/Zn-catalysed dual annulation reaction of 2-bromo-
benzaldehydes, amines, and alkynes to highly substituted
indeno[1,2-c]-isoquinolin-5-ones, which were easily converted
into indeno[1,2-c]isoquinoline-5,11-diones by oxidation with
SeO2 (Scheme 1c);13 and a Rh(III)-catalysed [4 + 2] cascade
annulation of 2-phenyloxazolines with 2-diazo-1,3-indandiones
to afford indeno[1,2-c]isoquinoline-5,11-diones (Scheme 1d).14

Thus, the development of a novel atom- and step-economical
synthetic method for a variety of indeno[1,2-c]isoquinoline-
5,11-diones is urgently desired.

In our continuing interest in transition-metal-catalysed
syntheses of various biologically important heterocyclic
compounds,15 we focused our attention on the development of
the straightforward synthesis of indeno[1,2-c]isoquinoline-5,11-
diones. Aer many trials, we succeeded in developing the
divergent synthesis of indenoisoquinolines, i.e. indeno[1,2-c]
isoquinoline-5,11-diones (3 and 5) from 1, 4, and 2-diazo-1,3-
indandione (2), and indenoisochromenes, i.e. indeno[1,2-c]
isochromene-5,11-diones (7) from N-tert-butylbenzamides (6)
and 2 by a Cp*Rh(III)-catalysed cyclocondensation reaction
(Scheme 2). These results indicate that the present divergent
synthesis of indenoisoquinolines and indenoisochromenes is
dominated by a steric effect rather than an electronic effect of
the substituents on a nitrogen atom of the starting benzamides.
Recently, erce competition has emerged in this research area,16

but no one has succeeded in developing a rhodium-catalysed
divergent synthesis of the fused heterocyclic compounds so far.

Indeno[1,2-c]isochromene-5,11-diones (7) are key scaffolds
in a large number of natural products that exhibit broad
Scheme 2 [Cp*Rh]-catalysed divergent synthesis of
indenoisochromenes and indenoisoquinolines.

15284 | RSC Adv., 2026, 16, 15283–15289
biological and clinical activities, such as anti-fungal, anti-
tumour, anti-allergic, and anti-inammatory activities.17 In
addition, indeno[1,2-c]isochromene-5,11-diones (7) are one of
the most important types of synthetic intermediates for the
synthesis of indeno[1,2-c]isoquinoline-5,11-diones (vide infra).18
Results and discussion

The reaction of N-methoxybenzamide 1a with 2-diazo-1H-
indene-1,3(2H)-dione 2 was carried out in the presence of
[Cp*RhCl2]2 (5.0 mol%) in 1,2-dichloroethane at 120 °C for 12 h
in air (1 atm, balloon), and the desired indeno[1,2-c]
isoquinoline-5,11-dione 3a was obtained in 26% yield (Table
1, entry 1).

First, the effect of additives was examined; the addition of
several silver salts increased the yield of 3a (entries 2–5). Addi-
tion of NaOAc was also effective to give 3a in 60% yield (entry 6).
However, no promoting effect was observed for Cu(OAc)2$H2O
(entry 7, 3a, 38%). Among the metal salts examined, AgOAc was
the most effective, and 3a was obtained in an isolated yield of
89% (entry 3). Other silver salts, such as AgSbF6, AgPF6, and
AgBF4, released the chloride ligand from [Cp*RhCl2]2 to
generate a coordinatively unsaturated cationic rhodium
species, [Cp*Rh]+, but 3a was obtained in moderate yields.
These results indicate that the present reaction proceeds by
a neutral, rather than cationic, rhodium species, such as
12 AgOAc MeOH 60 92
13b AgOAc MeOH r.t. 85
14b,c AgOAc MeOH 60 88
15b,d AgOAc MeOH 60 42
16b,e AgOAc MeOH 60 92

a Reaction conditions: 1 (0.20 mmol), 2 (0.24 mmol), [Cp*RhCl2]2
(5 mol%), additives (10 mol%) in solvent (4.0 mL) for 12 h in air (1
atm, balloon). b 1 h. c [Cp*RhCl2]2 (4 mol%). d Additives (5 mol%).
e Additives (20 mol%). DCE = 1,2-dichloroethane, MeOH = methanol,
MeCN = acetonitrile, OAc = acetate, r.t. = room temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cp*Rh(OAc)2 (vide infra). Next, the effect of solvents was inves-
tigated, and methanol was the best solvent (3a, 92%), with
markedly faster conversion than the other solvents examined
(entries 8–11). In addition, the present reaction proceeded well
at 60 °C (3a, 92%, entry 12), and 3a was also obtained in 85%
yield even at room temperature (entry 13). The loadings of
[Cp*RhCl2]2 and AgOAc were then optimised (entries 14–16).
Reducing the amount of [Cp*RhCl2]2 to 4 mol% slightly
decreased the yield of 3a to 88% (entry 14). Notably, lowering
the amount of AgOAc to 5 mol% resulted in a pronounced drop
in yield (42%, entry 15), whereas increasing AgOAc to 20 mol%
maintained high efficiency to give 3a in 92% yield (entry 16).

Under the optimal reaction conditions, the scope of N-
monoalkoxybenzamides (1a–1o) was examined in the reaction
with 2, and the results are summarised in Scheme 3. N-M-
ethoxybenzamides bearing 4-methyl (1b), 4-methoxy (1c), 4-
chloro (1d), 4-triuoromethyl (1e), and 4-nitro (1f) substituents
on a phenyl group smoothly reacted with 2 to give the corre-
sponding indeno[1,2-c]isoquinoline-5,11-diones (3b–3f) in iso-
lated yields of 82–93%.

To investigate regioselectivity, meta-substituted N-methoxy-
benzamides 1g–1i were examined. While high yields were
generally obtained, 1g furnished 3ga as the major regioisomer
(3ga : 3gb = 17 : 1), indicating preferential C(sp2)-H activation at
the less hindered 6-position.19 In contrast, 1h and 1i gave
regioisomeric mixtures (3ha : 3hb = 3 : 1 and 3ia : 3ib = 1 : 2.5).
Notably, 1i preferentially afforded the 2-substituted regio-
isomer, which may be rationalised by differences in C–H bond
acidity and/or the stability of the corresponding the metal–
carbon bond.20 In addition, the reaction of 2-substituted N-m-
ethoxybenzamides (1j and 1k) with 2 gave the corresponding
indeno[1,2-c]isoquinoline-5,11-diones (3j and 3k) in moderate
yields. The reactions of both 1-naphthamide (1l) and thiophene-
2-carboxamide (1m) with 2 also proceeded to give the corre-
sponding 3l and 3m in 68% and 88% yields, respectively. N-
Ethoxybenzamide (1n) and N-benzyloxybenzamide (1o) also
reacted with 2 smoothly to give 3n and 3o in 90% and 93%
yields, respectively.

In sharp contrast, when the reactions of N-aryl-substituted
benzamides (4a–4n) with 2 were carried out in MeOH at 60 °C
Scheme 3 Selective synthesis of N-alkoxyindeno[1,2-c]isoquinoline-
5,11-diones by a catalyst systemof [Cp*RhCl2]2 combinedwith AgOAc.

© 2026 The Author(s). Published by the Royal Society of Chemistry
for 1 h using the same catalyst system of [Cp*RhCl2]2 combined
with AgOAc, no indeno[1,2-c]isoquinoline-5,11-diones 5 were
obtained. Thus, ne tuning of the rhodium catalyst system as
well as the reaction conditions was apparently required. Aer
many trials, we found that the catalyst system of [Cp*RhCl2]2
combined with both Cu(OAc)2$H2O and CsOAc showed the
highest catalytic activity for the reactions of N-monoaryl-
substituted benzamides (4a–4n) with 2 in 1,2-dichloroethane
at 80 °C for 3 h to give the desired indeno[1,2-c]isoquinoline-
5,11-diones (5a–5n) in high yields with high selectivity
(Scheme 4). Notably, intramolecular competition reactions
using meta-substituted N-aryl benzamides 4f–4h were largely
governed by steric effects to give 5f–5h as the single regioisomer
in the yields of 31–73%with high selectivity. Substituents on the
N-aryl ring (4l–4n) had only a minor effect on the reaction
outcome, and the corresponding products 5l–5n were obtained
in moderate to good yields (81–89%).

Besides, further improvements to the rhodium catalyst
system as well as the reaction conditions were required for the
reaction of N-tert-butylbenzamide (6a) with 2. As a result, the
catalyst system of [Cp*RhCl2]2 combined with both AgSbF6 and
Cu(OAc)2$H2O showed the highest catalytic activity for the
reaction of 6a with 2 in 1,2-dichloroethane at 110 °C for 2 h,
giving the unexpected indeno[1,2-c]isochromene-5,11-dione
(7a) in 82% yield. The yields of indeno[1,2-c]isochromene-
5,11-diones (7a–7f) were higher than those of 7g–7k. For 7g–
7k, the lower isolated yields are mainly attributed to incomplete
conversion, and the corresponding benzamides 6g–6k were
partially recovered. All reactions gave indeno[1,2-c]
isochromene-5,11-diones (7) as the sole cyclised products
(Scheme 5).

Regarding the divergent cyclocondensation selectivity, the
Cp*Rh(III)-catalysed annulation was primarily governed by the
steric effect of the N-substituent of the starting benzamides,
rather than by electronic effects. These results indicate that an
appropriate combination of the rhodium catalyst system and
the N-substituent under the optimised conditions enables the
divergent synthesis of indeno[1,2-c]isoquinoline-5,11-diones
Scheme 4 Selective synthesis of N-arylindeno[1,2-c]isoquinoline-
5,11-diones by a catalyst system of [Cp*RhCl2]2 combined with both
Cu(OAc)2$H2O and CsOAc.

RSC Adv., 2026, 16, 15283–15289 | 15285
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Scheme 5 [Cp*RhCl2]2/AgSbF6-catalysed synthesis of indeno[1,2-c]
isochromene-5,11-dione.
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and indeno[1,2-c]isochromene-5,11-diones in high yields with
high selectivity.

The synthetic utility of the present reaction was demon-
strated by the deprotection of a methoxy group of N-methoxy-
indeno[1,2-c]isoquinoline-5,11-dione (3a). For example,
treatment of 3a with NaH in DMF at 120 °C for 1 h gave the
deprotected 8 in 72% yield (Scheme 6a).21 When indeno[1,2-c]
isochromene-5,11-dione (7a) was treated with ethanamine in
CH2Cl2 at room temperature for 24 h with stirring, 6-ethyl-5H-
indeno[1,2-c]isoquinoline-5,11(6H)-dione (9) was obtained in
69% yield (Scheme 6b).18 In addition, the recyclability of the
rhodium catalyst was investigated in the cyclocondensation
reaction of 1awith 2 in methanol at 60 °C for 1 h under air. Aer
the reaction, the resulting mixture was cooled to room
temperature, and the product 3a was obtained as a solid, which
was ltered and then washed with as little methanol as possible.
Subsequently, both 1a and 2 were added to the organic layer
containing the active rhodium catalyst, and the reaction was
carried out at 60 °C for 1 h in air. The present rhodium catalyst
can be cycled at least three times, and 3a was obtained in high
Scheme 6 Synthetic transformation.

15286 | RSC Adv., 2026, 16, 15283–15289
yield with high selectivity (1st 83%, 2nd 92%, 3rd 92%), where
the slightly lower yield in the rst run is mainly attributed to
partial loss of 3a during isolation owing to its slight solubility in
methanol and partial retention in the mother liquor. But the
yield of 3a decreased to 45% with the fourth reuse (Scheme
6c).22

To obtain further insights into the reaction mechanism, the
following reactions were investigated (Scheme 7). When 1a was
treated with a catalyst system of [Cp*RhCl2]2 (5 mol%) and
AgOAc (10 mol%) in the presence of 20 equiv. of methanol-d4 in
1,2-dichloroethane at room temperature for 1 h, H/D exchange
at the 2- and 6-positions (ortho-positions) of a phenyl group in
1a occurred smoothly to give 83% of deuterium incorporation
(Scheme 7a). This result could explain the reason why the
catalytic activity of [Cp*RhCl2]2 increased remarkably upon
addition of AgOAc, Cu(OAc)2$H2O, or CsOAc (vide supra).

As a result, the coordination of acetate ligand to an active
rhodium species is essential for high catalytic activity. There-
fore, the catalytic activity of Cp*Rh(OAc)2 in the absence of
AgOAc was investigated in the reaction of 1a with 2 to give the
desired 3a in 87% yield (Scheme 7b). In addition, the catalytic
activity of the reported ve-membered rhodacycle, [Rh]
(5 mol%) coordinated by a pyridine ligand,23 was examined for
the cyclocondensation reaction of 1a with 2 in the presence of
AgOAc (10 mol%) in MeOH at 60 °C for 1 h to give 3a in 60%
yield (Scheme 7c).

When typical silver salts, such as AgSbF6, AgPF6, and AgBF4,
were added to the chlorine-bridged rhodium dimer complex,
[Cp*RhCl2]2, the chlorine ligand was released from the rhodium
centre to give a cationic and coordinatively unsaturated
mononuclear rhodium species. The anions of these silver salts
are highly stable and have no interaction with the cationic
rhodium species in solution. As a result, the catalyst system of
[Cp*RhCl2]2 combined with AgOAc showed the best catalytic
activity in the cyclocondensation of 1a with 2 to give 3a in the
isolated yield of 87%, which strongly suggests that neutral
Cp*Rh(OAc)2 is the active catalyst species.

Considering all results obtained in this study, the most
plausible mechanism of the present reaction is illustrated in
Scheme 8. First, [Cp*RhCl2]2 is converted into a neutral and
Scheme 7 Mechanistic study.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 A plausible mechanism.
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catalytically active Cp*Rh(OAc)2 species (A) in the presence of
AgOAc with deposition of AgCl. Subsequently, the reaction of
Cp*Rh(OAc)2 occurs with N-monosubstituted benzamides 1,
followed by intramolecular ortho-C(sp2)–H bond cleavage of
a phenyl group to generate a ve-membered rhodacyclic inter-
mediate (B)23 with liberation of two molecules of acetic acid.
Next, the reaction of intermediate (B) with 2-diazo-1H-indene-
1,3(2H)-diones (2) proceeds with evolution of N2 to give a car-
bene-coordinated rhodacyclic intermediate (C).24 Then, inser-
tion of a carbene ligand into a rhodium–C(sp2) bond in
intermediate C proceeds to give a six-membered rhodacyclic
intermediate (D). Finally, the protonation of intermediate D
proceeds by the rst liberated acetic acid (two equivalents) to
give a 1,3-dicarbonyl product (E) together with the regeneration
of a neutral and catalytically active Cp*Rh(OAc)2 species (A).

About the products 3 and 5, indeno[1,2-c]isoquinolin-5.11-
dione (3) was directly formed from a 1,3-dicarbonyl product
(E) through the intramolecular nucleophilic attack of an amide
nitrogen atom together with the liberation of water. In addition,
the intramolecular migration of a carbonyl a-hydrogen in a 1,3-
dicarbonyl product (E) gives an enol (F) through keto–enol
tautomerism. For an enol (F), the intramolecular nucleophilic
attack of a hydroxyl group on a carbonyl group occurred to give
indeno[1,2-c]isochromene-5,11-dione (7) together with libera-
tion of an amine. With the ne tuning of rhodium catalyst
systems as well as the reaction conditions, the kinds of
substituents on a nitrogen atom in amides (1) perfectly
controlled which product, indenoisoquinoline (3) or inden-
oisochromene (7), was obtained in high yield with high selec-
tivity, where the steric hindrance of the substituent such as
a tert-butyl group on a nitrogen atom in amides (1) operates
more effectively than the electronic effect of the substituents
(OMe, OEt, C6H5, 4-MeC6H4, 4-MeOC6H4, and 4-ClC6H4) (vide
supra).
Conclusion

In this study, a novel divergent synthesis of indeno[1,2-c]
isoquinoline-5,11-diones and indeno[1,2-c]isochromene-5,11-
© 2026 The Author(s). Published by the Royal Society of Chemistry
diones was developed through Cp*Rh(III)-catalysed C(sp2)–H
bond cleavage followed by cyclocondensation reactions that are
applicable to a wide range of both benzamides. In addition, the
present reaction has the following four characteristics. (1)
During the reaction, there was no change in the oxidation state
of an active rhodium species, and the reaction proceeds with
a neutral trivalent, not cationic trivalent, rhodium species. (2)
The nal divergent cyclocondensation step was fully controlled
by changing the steric effect of substituents on a nitrogen atom
of the starting benzamides. (3) The ne tuning of both the
rhodium catalyst systems and the reaction conditions was
essential for the present Cp*Rh-catalysed divergent synthesis of
indeno[1,2-c]isoquinoline-5,11-diones and indeno[1,2-c]
isochromene-5,11-diones, probably due to the weak coordi-
nating ability of an acetate ligand to the rhodium centre. (4)
Furthermore, Cp*Rh(OAc)2 catalyst can be cycled at least three
times only through the ltration of the reaction mixture.

This work provides divergent access to fused heterocycles,
indeno[1,2-c]isoquinoline-5,11-diones and indeno[1,2-c]
isochromene-5,11-diones, and will be of interest to both
synthetic organic chemistry and medicinal chemistry.
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