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Iron-catalyzed divergent synthesis of coumarin
fused N-heterocycles via 6rt-electrocyclization and
isoxazole ring-opening
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We have developed a facile, iron-catalyzed one-pot strategy for the regioselective synthesis of chromeno
[4,3-b]quinolin-6-one derivatives. This transformation proceeds via a three-component tandem annulation
involving 4-hydroxycoumarin, aldehydes, and anilines, through a one-pot imine formation followed by

a 67-electrocyclization under acidic conditions. Furthermore, we extended this methodology to a three-
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proceeding via iron-catalyzed Michael-type addition of isoxazoles, followed by ring opening and

DOI: 10.1039/d5ra06995e subsequent cyclization towards synthesis of chromenol4,3-b]pyridine. The photophysical properties of
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Introduction

Coumarin is a vital and widely occurring structural scaffold,
present in many natural products, bioactive compounds and
renowned for its prominent role in sensor devices due to its
unique electronic properties." Notably, coumarin-fused poly-
cyclic compounds represent a distinctive and highly valuable
class of fused heterocyclic hybrids, frequently encountered in
the core structures of numerous pharmacologically active
compounds and natural products.> These frameworks are
integral to various bioactive natural products like schu-
manniophytine and pheofungin A as illustrated in Fig. 1.}
Building on the significance of chromeno-quinoline scaffolds,
an emerging strategy in modern drug design involves the fusion
of two distinct pharmacophores into a single molecular
framework known as pharmacophore hybridization.* In addi-
tion to coumarin-derived frameworks, fused heterocyclic
systems incorporating 1,4-dihydropyridines (1,4-DHPs) are of
significant interest due to the well-established pharmacological
relevance of the DHP core such as calcium channel modulators,
antihypertensive, antimicrobial, and antioxidant properties.® In
general, conventional methods involve pre-functionalization of
the starting materials and require multi step transformations as
presented in Scheme 1.° In this context, the development of
efficient synthetic methods represent a major challenge in
accessing such complex hybrid scaffolds. Multicomponent
reactions (MCRs) have emerged as efficient approach for the
synthesis of such complex fused molecules by enabling the
simultaneous formation of multiple bonds from readily avail-
able starting materials in a one-pot, atom-economical process.”
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the resulting fused heterocycles showed moderate to good fluorescence quantum yields.

Over the past few decades, several methods have been
developed for the three-component synthesis of chromeno[4,3-
b]quinolin-6-one derivatives.®* However, literature reports indi-
cate that the use of aromatic amines as 1,3-binucleophiles in
MCRs remains relatively less explored and is predominantly
limited to reactions involving aromatic aldehydes.’ To address
these limitations, we initially hypothesized that the combina-
tion of 4-hydroxycoumarin, aldehyde, and aromatic amine
could yield either product 4 or 4/, as outlined in Scheme 1,
depending on the reaction pathway through 6m-electro-
cyclization or Skraup-Doebner-von Miller reaction.'® To over-
come the selectivity challenge, we employed an iron-catalyzed
approach, as iron salts are inexpensive, stable, low in toxicity,
and environmentally benign make them an ideal alternative to
noble metals catalysis while also utilizing air as a green oxidant,
further enhancing the sustainability and practicality of the
system."* Herein, we developed an efficient, selective synthesis
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Fig. 1 Representative example of chromeno-quinoline and 1,4 DHP
based biologically active compounds.
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of chromeno[4,3-b]quinolin-6-one via an iron-catalyzed three-
component tandem annulation involving 4-hydroxycoumarin,
aldehyde, and aniline. The transformation proceeds through
a one-pot imine formation followed by a 6m-electrocyclization
under acidic conditions.

In addition, isoxazoles have gained prominence as versatile
precursors for constructing diverse heterocycles.*” This reactive
feature has been harnessed in various transformations,
including hydrolysis reaction towards synthesis of heterocy-
cles.” The controlled multicomponent exploitation of reactive
isoxazole intermediates offers a powerful route to molecular
diversification and drug-like scaffolds; however, iron-catalyzed
strategies for their transformation remain unexplored, with
no prior reports on the synthesis of coumarin-fused
heterocycles.

In this context, we design our approach involving a three-
component annulation of 4-hydroxycoumarin, isoxazole deriv-
ative and ammonium acetate. We hypothesized that the reac-
tion proceeds via a 4-aminocoumarin intermediate, which
undergoes path (a) or path (b) nucleophilic attack on the
isoxazole derivative, afforded either product 7 or 7/, depending
on the reaction pathway, as illustrated in Scheme 1. Here we
present Fe-catalyzed Michael type nucleophilic attack on the
isoxazole derivative, followed by cyclization towards selective
synthesis of coumarin-fused 1,4-dihydropyridine 7 frameworks
enabling the in a one-pot approach.

Results and discussion

To optimize the reaction conditions for the synthesis of
compound 4a, a series of experiments were conducted by
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varying catalysts, solvents, additives, and temperature, as
summarized in Table 1, beginning with the reaction of aniline 1
and benzaldehyde 2, followed by the addition of 4-hydrox-
ycoumarin 3 in acetic acid at room temperature. However, the
starting materials still remained at room temperature (Table 1,
entry 1). Furthermore, increasing the reaction temperature
from 50 °C to 100 °C resulted in only 30% product formation
(Table 1, entry 2). Based on our previous research interest in
iron-catalyzed transformations and the potential of iron(m) salts
to act as Lewis acid to accelerate the three component reaction.
Upon adding a catalytic amount of FeCl; to the reaction
mixture, we observed a significant increase in product yield,
reaching up to 87% (Table 1, entry 3). To further optimize the
reaction, we screened various catalysts such as FeCl,, Fe-
powder, ZnCl,, Cul and Cu(OTf), and found FeCl; to be the
most effective for promoting this three-component annulation
(Table 1, entries 3-8). A comprehensive solvent screening was
carried out using a range of solvents, including DMSO, toluene,
DCE, isopropanol, and water; however, none of these supported
the formation of the desired product 4a. Other solvents such as
trifluoroacetic acid (TFA), 1,4-dioxane, DMF, and acetonitrile
afforded only moderate to low yields. These observations clearly
indicate that acetic acid (AcOH) was the most suitable solvent
for promoting the annulation reaction and achieving optimal
product yield (Table 1, entries 9-17). It was observed that the

Table 1 Selected optimization studies®

©\ (? FeC|3 (20 mol%)

NH, @\)l AcOH 100 °C

Entry Catalyst Solvent Temperature 4a yield”
1 — AcOH rt n.d.
2 — AcOH 100 °C 30%
3 FeCl, AcOH 100 °C 87%
4 FeCl, AcOH 100 °C 10%
5 Fe-powder AcOH 100 °C Trace
6 ZnCl, AcOH 100 °C 20%
7 Cul AcOH 100 °C n.d.
8 Cu(OTf), AcOH 100 °C n.d.
9 FeCl, TFA 100 °C Trace
10 FeCl; 1,4-Dioxane 100 °C 20%
11 FeCl; DMF 100 °C 10%
12 FeCl; DMSO 100 °C n.d.
13 FeCl; Toluene 100 °C n.d.
14 FeCl; CH;CN 100 °C 20%
15 FeCl, DCE 100 °C n.d.
16 FeCl; Isopropanol 100 °C n.d.
17 FeCl, H,O 100 °C n.d.
18 FeCl; — 100 °C n.d.
19° FeCl, AcOH 100 °C 10%
204 FeCl; AcOH 100 °C 70%
21 — HCI 100 °C 10%

¢ Reactions condition 1a (0.5 mmol), 2a (0.5 mmol), 3a (0.5 mmol) and
catalyst (20 mol%) in 2 ml of solvent for 10 h. ? Isolated yield. ¢ Under N,
atmosphere. ¢ Catalyst (10 mol%).
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coupling product did not form in the absence of AcOH (Table 1,
entry 18). Additionally, conducting the reaction under
a nitrogen atmosphere resulted in less than 10% product yield,
confirming that aerobic conditions are essential for the reaction
to proceed efficiently (Table 1, entry 19). Reducing the catalyst
loading from 20 mol% to 10 mol% led to a decrease in the
product yield (Table 1, entry 20).
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On the other hand, when the reaction was carried out using
a Brensted acid (HCI), only 10% of the cyclized product was
obtained (Table 1, entry 21). Based on the above observations
and optimization of the catalyst loading, it was found that
20 mol% FeCl; in AcOH solvent was the best condition for
cyclization. With the optimized reaction conditions in hand, we
next explored the substrate scope of the multicomponent
annulation for the synthesis of chromeno[4,3-b]quinolin-6-one

4t, 68% 4u, 65%

\.

FeCI3 (20 mol%)

AcOH 100 °C

10h

4w, 65%

Scheme 2 Substrate scope of chromeno[4,3-b]lquinolin-6-one derivatives.
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derivatives 4. In the initial part, a variety of aniline derivatives
bearing substituents such as methyl, ethyl, methoxy, dimethyl,
and nitro were evaluated. The reaction exhibited good tolerance
toward electron-rich anilines for synthesis of compound (4a-e,
40) with 78-87% yields, while electron-deficient substituents
like nitro failed to undergo the desired transformation 4f.
Similarly, a range of aromatic aldehydes substituted with
methyl, methoxy, floro, bromo, chloro, o-methoxy, m-chloro,
and CHO groups participated efficiently in the annulation and
synthesized the respective products (4g-j, 1 and n-r) with 70-
88% yield, except for electron withdrawing substituted alde-
hydes such as nitro, cyano attach group were unreactive to
deliver the product (4k, m). Notably, the protocol also accom-
modated heteroaromatic aldehydes such as 2-thiophene,
naphthalene, 5-methyl-2-thiophene, and 2-pyridine, affording
the corresponding chromeno[4,3-b]quinolin-6-one products
(4s-v) with 79-65% yields. Furthermore, formaldehyde was well-
tolerated, delivering the desired product 4w in comparable
yields (Scheme 2).

Under the optimized reaction conditions, we further
explored the substrate scope for the synthesis of 2-methyl-5-oxo-
4-phenyl-1,5-dihydro-4H-chromeno[4,3-b]pyridine-3-carboxylic
acid derivatives 7, as illustrated in Scheme 3. This trans-
formation represents another three-component coupling reac-
tion, wherein 4-hydroxycoumarin was first treated with
ammonium acetate, followed by the addition of (E)-4-benzyli-
dene-3-methylisoxazol-5(4H)-one 6 (detail synthesis procedure
in SI) in acetic acid under standard condition delivered 75%
yield. After temperature screening, we found that the reaction
also proceeded efficiently at 80 °C, affording the annulated
product in 85% yield.

After the successful synthesis of compound 7, we further
investigated the substrate scope of (E)-4-benzylidene-3-methyl
isoxazol-5(4H)-one 6 by varying the substituents on the phenyl
ring. Substrates bearing electron-donating groups such as
methyl and methoxy were well tolerated under the standard
reaction conditions, affording the desired three-component
annulated products in good yields. In contrast, substrates
containing electron-withdrawing groups failed to produce the
target products, indicating a limitation of the reaction with
electron-deficient aryl systems. While previous studies have

(j\)l @/I‘( FeCly (20 mol%)
AcOH 80 Tacoms0C

NH,OAc

5 7

0 0 0
HN"XY” “OH HN"XY” “oH HN" XY “oH

X0 XL CLXo

0o 0o oo OMe
7a, 85% 7b, 84% 7c, 82%

Scheme 3 Substrate scope of 2-methyl-5-oxo-4-phenyl-1,5-di-
hydro-4H-chromenol4,3-blpyridine-3-carboxylic acid.
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primarily focused on Fe-mediated cleavage of the isoxazole ring
under acidic conditions, often leading to one-pot intra-
molecular transformations such as cyclizations or heterocycle
to heterocycle rearrangements. We demonstrate the novel
example of ring-cleaved intermediate generated under FeCl;
catalysis mild acidic condition efficiently harnessed in a three-
component annulation reaction. This transformation not only
proceeds smoothly under mild conditions but also enables the
rapid assembly of structurally complex and pharmaceutically
relevant heterocycles.

In order to understand the mechanistic pathway and validate
the role of individual components in the FeCl;-catalyzed three-
component annulation reaction, some control experiments
were performed. To examine whether the iron-catalyzed annu-
lation proceeds through a radical pathway, we carried out
radical-trapping experiments using TEMPO as a scavenger. The
reactions were conducted in the presence of TEMPO under the
standard conditions. In both cases, the desired products 4a and
7a were obtained in comparable yields to the control reactions,
indicating that the reaction pathway does not involve radical
intermediates. Additional mechanistic insights were gained by
examining the effect of the sequence of component addition. It
was observed that simultaneous addition of all three compo-
nents aniline 1, benzaldehyde 2, and 4-hydroxycoumarin 3 led
to a decrease in product yield. In contrast, a stepwise approach
preforming the imine intermediate by reacting compound 1
and 2 at room temperature, followed by the addition of 4-

1. Reaction with radical scavenger agent

oo s

2. Reaction with radical scavenger agent

o, OF

NH,OAc I I

5 7a, 71%

FeCl; (20 mol%)
TEMPO (2 equiv.)

Acetic acid
100 °C

FeCl3 (20 mol%)
TEMPO (2 equiv.)

AcOH, 100 °C

3. Reaction with imine

o oy

4. Reaction with Lewis acid

Q@@

5. Reaction with 4-amino coumarin

Scheme 4 Control experiments.
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hydroxycoumarin in acetic acid resulted in a significantly
improved yield. This observation prompted the independent
synthesis and reaction of the imine intermediate with 4-
hydroxycoumarin, which successfully delivered product 4a in
high yield, confirming the imine as a key intermediate in the
annulation pathway. To assess the role of FeCl;, the reaction
was also conducted using Sc(OTf); as an alternative Lewis acid.
The formation of product 4a in comparable yield indicated that
FeCl; primarily functions as a Lewis acid to promote the
transformation. To further understand the reaction pathway,
the reaction between 4-amino coumarin 9 and isoxazole deriv-
ative 6 were carried out under optimized conditions, affording
compound 7 in 86% yield. This result supports the initial
formation of 4-amino coumarin, followed by its subsequent
reaction (Scheme 4).

Based on control experiments and supporting literature, we
have proposed a plausible reaction mechanism. Specifically, we
describe two distinct three-component annulation pathways

View Article Online
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involving 4-hydroxycoumarin, each following a different acti-
vation and cyclization mechanism (Scheme 5). In the first
mechanistic pathway, the reaction begins with the in situ
formation of imine intermediate a from aniline and benzalde-
hyde, which undergoes nucleophilic attack by 4-hydrox-
ycoumarin at the imine carbon facilitated by FeCl; under acidic
conditions. In the subsequent step, elimination of aniline leads
to the formation of a stable intermediate ¢, which further
undergoes a 1, 2-addition of aniline followed by 6m-electro-
cyclization. Resulting intermediate e undergoes oxidative
aromatization to furnish the chromeno[4,3-b]quinolin-6-one
scaffold 4. On the other hand, the second annulation pathway
begins with the reaction of 4-hydroxycoumarin and ammonium
acetate, resulting in the formation of 4-aminocoumarin inter-
mediate II. Subsequently, treatment of the isoxazole derivative 6
with FeCl; leads to the formation of intermediate I, which
undergoes Michael type nucleophilic attack by 4-amino-
coumarin at the electrophilic benzylidene carbon, resulting in

air
oxidation
e
Fe(lll)-.,

6 +Fe(lll) — >
OH QNHz
BN NH4OAC N
(o) (o) (o) o
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Scheme 5 Plausible mechanism.
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the formation of intermediate III. Following this isomerisation
and nucleophilic attack of NH,- on the B-carbon of carbonyl
yields to intermediate V and subsequent hydrolysis leading to
the formation of the desired product 7.

After successfully establishing the iron-catalyzed tandem
cyclization, we evaluated the practicality of the methodology by
scaling up the reaction to the gram scale, which afforded
compound 7a in 75% yield. Furthermore, compound 7c¢
underwent efficient decarboxylation and aromatization upon
treatment with N-bromosuccinimide (NBS) in methanol at room
temperature. The reaction was completed within 5 minutes,
yielding compound 10 in 89% yield (Scheme 6).

N’I
NBS (1 equiv.) N
- .
MeOH, rt, 5 min. 0 0" X0 O 0
7c 10, 89% I

Scheme 6 Synthesis of 4-(4-methoxyphenyl)-2-methyl-5H-chro-
menol(4,3-blpyridin-5-one.
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Fig. 2 Emission spectra of 4a, 4c, 4d, 40, 4p, 4q, 4t, 4u, 4v and 4w in
CHCls (5 x 107 mol LY.

Table 2 Photophysical properties

Compound Xabs max~ (NM) Aem max (M) log D°
4a 359 436 3.65 0.49
4c 381 434 3.54 0.39
4d 368 433 3.81 0.20
40 382 433 3.65 0.28
4p 364 434 3.84 0.19
4q 358 436 3.60 0.83
4t 375 433 3.69 0.26
4u 365 434 3.54 0.36
4v 374 433 3.67 0.27
4w 349 433 3.17 0.86

“ Absorption maxima in CHCl; (5 x 10~° mol L™?). * Emission maxima
in CHCI; (5 x 10® mol L™"). ¢ Fluorescence quantum yield, determined
by quinine sulfate (®r = 0.546 in H,S0,).
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In addition, the photophysical properties of the selectively
synthesized coupling products (4a, 4c, 4d, 40, 4p, 4q, 4t, 4u, 4v,
and 4w) were investigated through fluorescence emission and
UV-visible spectroscopy in CHCI; at a concentration of 5 x
10~° M (Fig. 2). The UV-visible spectra of these selected deriv-
atives display absorption bands ranging from 250 to 400 nm,
typically comprising two to three distinct peaks. These peaks are
attributed to different electronic transitions, such as n — w*
and © — 7* transitions. The emission maxima (Aem(max) for
these derivatives are observed in the range of 430-440 nm.
Notably, these compounds exhibit strong fluorescence with
high quantum yields (¢g) reaching up to 0.86, indicating
excellent photophysical property (Table 2).

Conclusion

In conclusion, we have developed an efficient and straightfor-
ward iron(m)-catalyzed one-pot three-component annulation
strategy for the selective synthesis of two distinct coumarin-
fused heterocycles: 7-phenyl-6H-chromeno[4,3-b]quinolin-6-
one and 2,4-dimethyl-5-oxo-1,5-dihydro-4H-chromeno[4,3-b]
pyridine-3-carboxylic acid. This work highlights two divergent
multicomponent reaction pathways using 4-hydroxycoumarin
as the common starting material. The first pathway proceeds via
a imine formation followed by 6m-electrocyclization then
aromatization, leading to chromeno[4,3-b]quinolin-6-one
derivatives. The second involves nucleophilic attack and
subsequent ring-opening of isoxazoles, affording chromeno[4,3-
b]pyridine-3-carboxylic acid analogues. Both methods are atom-
economical, operationally simple, and provide access to struc-
turally diverse coumarin-fused heterocycles. Additionally, pho-
tophysical studies of the synthesized compounds revealed
moderate to good fluorescence quantum yields, indicating their
potential utility as fluorescent sensors. The construction of
diverse hybrid drug-like scaffolds highlights their broad
potential for applications in both medicinal and materials
chemistry.
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