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densed chiral pyranopyran
derivatives with antiproliferative activity using
domino Knoevenagel-IMHDA sequences

Sándor Balázs Király, *a Balázs Buglyó,ab Otieno Michael Ooko,ab Attila Bényei, c

Erika Lisztes,d Balázs István Tóth,d Tamás B́ıró,e Kristóf Borozsnyai,a Dávid Oláh,a

Gábor Vasvári,f Dániel Nemes, f Miklós Vecsernyés,g Ferenc Fenyvesih

and Tibor Kurtán *a

We explored a domino Knoevenagel-intramolecular hetero-Diels-Alder (IMHDA) sequence, in which chiral

pentaheterocyclic frameworks containing a pyrano[4,3-b]pyran unit condensed with a pyrone/pyridone and

a tetrahydroquinoline/chroman subunit were synthesized. Substituted 2H-chromenes or 3,6-dihydro-2H-

pyrans bearing an o-(formylaryl)-ether or -amine moiety were used as substrates, along with 4-

hydroxypyrone, -pyridone, -coumarin and 2-quinolone derivatives as active methylene reagents, to

assemble chiral condensed ring systems in a domino sequence. In the IMHDA cyclization step, two

competing heterodiene subunits consisting of an a,b-unsaturated ketone or an ester/lactam carbonyl

afforded regioisomeric condensed coumarin or chromone rings, respectively. Both heterodienes can

undergo cyclization with an endo or exo transition state, resulting in two pairs of diastereomers. Up to four

possible isomers were isolated in the cyclisation reactions and their structures elucidated using 2D NMR,

chiroptical methods, and two single-crystal X-ray diffraction structures. The regio- and diastereoselectivity of

the cyclisation was investigated in terms of temperature, solvent and the structures of the substrate and

reagent. Simplified substrates were prepared from 5,6-dihydro-2H-pyran derivatives, the reactions of which

took place with complete regio- and stereoselectivity, providing a single product with good yields. Some of

the products exhibited antiproliferative activity against human cancer cell lines with IC50 values down to 5.7 mM.
Introduction

The pyranopyran motif is a common core structure in various
natural secondary metabolites of pharmacological interest, and
all of the six possible regioisomeric bicycles (Fig. 1a) are found in
bioactive derivatives.1–4 The two most frequent ones are the pyr-
ano[4,3-b]pyran, found in marine and fungal metabolites such as
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pyripyropene,5 territrems6 or cyclomorusin,7 (Fig. 1b) and the
pyrano[3,2-b]pyran, which is a recurring motif in marine toxins
like okadaic acid, ciguatoxins and brevetoxins.8 Pyrano[3,4-c]
pyran and pyrano[2,3-b]pyran are also common building blocks,
as the ring systems in the aglycone unit of many secoiridoid
glycosides9,10 (Fig. 1c) and saponins,11–13 respectively. The pyrano
[3,4-b]pyran and pyrano[4,3-c]pyran ring systems are much rarer,
found mainly in rotenoids14 and ellagic acid. Tripyrano ring
systems of a more complex nature are much less abundant, and
synthetic availability is limited. It is evident that only a limited
number of natural products15,16 or synthetic bioactive derivatives
with antiviral,17 antibacterial,18 or antitumor19,20 activities, con-
taining a tripyrano skeleton, are currently known.

Hetero-Diels-Alder (HDA) reactions are a valuable tool in the
synthesis of pyran heterocycles. They have been used in the total
synthesis of various pyran natural products.21–27 The reaction can
be conveniently combined with a condensation reaction in
a tandem process, resulting in the domino Knoevenagel-
intramolecular hetero-Diels-Alder (DKIMHDA) reaction.28–37 This
is a versatile and robust tool in the preparation of fused pyran
derivatives, with which complex scaffolds can be assembled in
a single step, with excellent diastereoselectivities. If the di-
enophile or the diene already incorporates a heterocycle, an
RSC Adv., 2026, 16, 23585–23612 | 23585
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Fig. 1 (a) Structures and names of the six condensed pyranopyran bicycles and related bioactive natural products containing (b) pyrano[4,3-b]
pyran or (c) pyrano[3,4-b]pyran subunits. (d) Recent work: assembling novel condensed heterocyclic ring systems possessing a pyrano[3,4-b]
pyran subunit fused with chroman and pyrone rings (X, Y = O) or their nitrogen analogues (X, Y = NMe).
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extended heterocyclic ring system is assembled during the cycli-
zation reaction as also demonstrated by our recent work outlined
in Fig. 1d. For the preparation of pyranopyran ring systems, 4-
hydroxypyrone and -coumarin reagents were used, which are non-
symmetric b-dicarbonyl reagents. In the Knoevenagel interme-
diate, there are two different heterodiene subunits, the a,b-
unsaturated ketone or acyl moiety, capable of undergoing HDA
cyclization (Fig. 1d). In many cases, the cyclization step occurs
with excellent regioselectivity due to the different reactivity of the
two heterodienes, with the a,b-unsaturated ketone moiety react-
ing exclusively.38–40 The a,b-unsaturated ester unit can also take
part in the HDA reaction, especially if the cyclization is
intramolecular,41–43 and the selectivity can be increased by the use
of microwave irradiation44–46 or ionic liquids.47 While the regio-
selectivity varies based on the structure of the substrate,mainly on
the substitution pattern of the dienophile, all reported reactions
share the same cis diastereoselectivity. Other analogue reagents,
such as 4-hydroxy-2H-piran-2-one48,49 and 4-hydroxyquinolin-
2(1H)-one41,50 derivatives were rarely utilized in these reactions.

Our goal was to expand the scope of this reaction by using
heterocyclic dienophiles (2H-chromene and 3,6-dihydro-2H-
pyran) in the DKIMHDA reaction. In the reactions of 2H-
23586 | RSC Adv., 2026, 16, 23585–23612
chromenes 1 and active methylene reagents 2, the initial
Knoevenagel intermediate 3 can undergo an IMHDA reaction
through four different transition states (TSs), as demonstrated
by Tietze and co-workers and our previous DFT calculations.51

In the case of these non-symmetric reagents, the four TSs lead
to four isomers, yielding two diastereomeric pairs of the two
regioisomers (Scheme 1a). The regioselectivity and di-
astereoselectivity of the IMHDA reaction were both found to be
inuenced by the substrate (1) and the reagent (2). In most
cases, the regio- and diastereomers were separated by column
chromatography. The regioisomers were identied by 13C-NMR
and IR spectroscopy, the diastereomers by NOESY measure-
ments, and in two cases, the planar structure and relative
conguration were also conrmed by single-crystal X-ray
diffraction analysis. The domino reactions of the simplied
dihydropyran derivatives 8 demonstrated excellent regio- and
diastereoselectivity, with each reaction yielding a single
product, (6aS*, 10aS*, 17bS*)-10, and no other isomers being
detected (Scheme 1b). The antiproliferative effect of the prod-
ucts was tested on three human cancer cell lines, and several
derivatives showed promising activity with low micromolar IC50

values.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Domino Knoevenagel-intramolecular hetero Diels–Alder reactions of (a) 2H-chromene derivatives 1 and (b) 3,6-dihydro-2H-pyrans
8 with cyclic non-symmetric b-dicarbonyl reagents 2.
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Results and discussion
Domino Knoevenagel-IMHDA reactions with 4-
hydroxycoumarin reagents (2a–c)

Domino Knoevenagel-IMHDA reactions with hydroxycoumarins
are usually carried out in the presence of a base and a wide
variety of solvents can be utilized, including protic,49,50 polar
aprotic,40,52 apolar41 and even ionic liquids47 or solvent-free
conditions.38,39,44 Thus, we started our investigations with
a solvent screening for the reaction of 1a and 2a using piperi-
dine as a base (Table 1). The numbering employed for the
cyclized products is as follows: the numbers 4–7 represent the
regio- and stereochemistry as outlined in Table 1. The rst letter
refers to the structure of the substrate, and the second letter to
that of the active methylene reagent.

The yield, as well as the formation and ratio of the regio- (4aa
and 5aa versus 6aa and 7aa) and diastereomers (4aa versus 5aa
and 6aa versus 7aa), were found to be signicantly dependent on
© 2026 The Author(s). Published by the Royal Society of Chemistry
the solvent utilized in the reaction. It was observed that, of the
apolar solvents, toluene was the only suitable option for the
reaction, as no reaction occurred in hexane (entry 1), due to the
insolubility of substrate 1a. Toluene facilitated the formation of
all four possible isomers, exhibiting low selectivity and favoring
the formation of 7aa as the main product, which could not even
be observed in most solvents. Furthermore, toluene was found
to provide the best overall yield of 78% (entry 2). Among the
protic solvents, ethanol exhibited surprisingly analogous results
to toluene, producing all four isomers in comparable ratios
(entry 8). Acetic acid was found to be incompatible with the
reaction, resulting solely in decomposition of the substrate
(entry 10). When using polar aprotic solvents, a clear correlation
between the reaction's selectivity and the polarity of the solvent
is absent. The formation of 7aa was not detected in these
solvents, and 4aa was the major product, but the ratios did not
follow an obvious pattern (entry 3–7, 9, 11–12). The ratio of
isomers 4aa/6aa/5aa increased in the order ethanol < toluene <
RSC Adv., 2026, 16, 23585–23612 | 23587
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Fig. 2 Formation of the four isomeric products from intermediates (E)-3 and (Z)-3.
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ethyl acetate < acetonitrile < 1,2-dichloroethane z chloroform
z 1,4-dioxane < tetrahydrofuran < dimethylsulfoxide z N,N-
dimethylformamide from 4 : 3 : 3 to 4 : 1 : 0. Since toluene
showed the best overall yield, it was selected the solvent for the
domino sequence. Although it showed the lowest selectivity, the
preparation and isolation of multiple isomers allow a more
comprehensive stereochemical study, and could assist in
establishing a structure–activity relationship.

The formation of up to four isomeric products is most likely
due to a lack of (E)/(Z) selectivity in the Knoevenagel conden-
sation, since from the four possible TSs, only three are viable,
according to Tietze et al.51 This is in accordance with our
previous ndings; in cyclization reactions of 2H-chromene
derivatives 1a–c, exo-Z-syn and exo-E-anti TSs lead to epimeric
products, according to our DFT calculations.34 Using a non-
symmetric reagent for the domino reaction, the Knoevenagel
condensation likely leads to a diastereomeric mixture of (E)/(Z)-
3. Exo-Z-syn TSs from (Z)-3aa and (E)-3aa lead to products 6aa
and 4aa, respectively, with trans orientation of methine protons
12b-H and 19b-H corresponding to (6aS*, 12bR*, 19bS*) relative
conguration (RC) (Fig. 2). In the case of (Z)-3aa, the lactone
carbonyl contributed to the heterodiene affording 6aa, while
(E)-3aa leads to 4aa with the a,b-unsaturated ketone moiety
acting as the heterodiene. Similarly, exo-E-anti TSs from (Z)- and
(E)-3aa lead to products 5aa and 7aa, respectively, with cis
orientation of the protons 12b-H and 19b-H implying (6aS*,
12bR*, 19bR*) RC. Through the exo-E-anti TS, (Z)-3aa produces
5aa with the ketone carbonyl contributing to the heterodiene,
while (E)-3aa leads to 7aa with the participation of the lactone
carbonyl (Fig. 2). Thus the selectivity of the domino reaction
depends on two separate factors: (E)/(Z)-selectivity of the
23588 | RSC Adv., 2026, 16, 23585–23612
Knoevenagel condensation and the relative energies of the TSs
leading to the given isomer in the subsequent cyclization.

The reactions of 1a–e with substituted 4-hydroxycoumarin
reagents (2a–c) were carried out in reuxing toluene, using
piperidine as the base. In the reactions of substrate 1c, pos-
sessing an ether linker, aza-Michael addition of piperidine to
intermediate 3 was observed, impeding the cyclization. In these
instances, triethylamine was utilized as a base (entries 5, 10, 16
and 17). For the simplied substrates 8a and 8b, containing
a 3,6-dihydro-2H-pyran moiety, all reactions took place with
complete regio- and diastereoselectivity affording solely the
product (6aS*, 10aS*, 17bS*)-10 with up to 77% yield, irre-
spective of the substitution pattern of the reagent (Table 2,
entries 6, 11, 20 and 21).

In order to ascertain the effect of the temperature on the
reaction, the reaction of 1a and 2a was carried out at three
different conditions; at reux temperature (entry 1), at room
temperature (entry 2), and at 150 °C with microwave activation
(entry 3). An increased diastereoselectivity was observed at room
temperature, favouring derivatives 4aa and 7aa (entry 2). This is
most likely caused by the different selectivity of the initial
Knoevenagel condensation, as the formation of these two
isomers is possible from the same (E)-3aa intermediate through
exo-Z-syn and exo-E-anti transition states for 4aa and 7aa,
respectively (Fig. 2). Microwave irradiation (150 °C) was found
to provide 4aa exclusively, but in a low yield (22%), no other
isomers were detected in the reaction. The low yield is attrib-
uted to decomposition; as multiple side-products were observed
in the reaction mixture (entry 3). Substrate-controlled stereo-
selective domino reaction was tested with the optically active
substrate (R)-1b (entries 4), which promoted the formation of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Monitoring solvent effect in the domino Knoevenagel-hetero
Diels–Alder reaction of 1a and 2a

Entry Solvent

Ratio of isomersb (%)

Yielda (%)4aa 5aa 6aa 7aa

1 Hexane — — — — 0%c

2 Toluene 18 24 24 34 78%
3 1,2-Dichloroethane 52 22 26 — 51%
4 Tetrahydrofuran 60 24 16 — 55%
5 Chloroform 50 27 23 — 50%
6 Ethyl acetate 39 30 31 — 50%
7 Dioxane 52 30 18 — 58%
8 Ethanol 16 19 32 33 46%
9 Acetonitrile 42 27 31 — 67%
10 Acetic acid — — — — 0%d

11 N,N-dimethylformamide 81 — 19 — 35%
12 Dimethylsulfoxide 77 3 20 — 33%

a The products were isolated as a mixture of isomers by crystallization,
yield given is isolated yield. b Ratio of isomers was determined by HPLC
separation from the crystallized mixture. c No reaction. d Full
conversion, but no product observed.
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isomer 5ba as the major product (31%) but diastereomeric 4ba
was also isolated with 28% yield. The inherent chirality of the
substrate affected mostly the regioselectivity, favouring the
enone subunit as the heterodiene, while the diastereselectivity
remained quite low as also demonstrated by entries 14 and 15.
The dimethyl derivative 2b showed superior selectivity in the
domino reactions. The formation of isomer 7 was not detected
with either substrate (entry 7–11) and full diastereoselectivity
was observed with 8a and 1a (entries 7, 8 and 11). The effect of
temperature was also assessed in the reaction of 1a and 2b
(entries 7 and 8). The reaction afforded regioisomers 4ab and
6ab with full diastereoselectivity at both temperatures, and the
regioselectivity was again higher at room temperature, favour-
ing 4ab with 54% yield. The trimethoxy-substituted reagent 2c
afforded three isomers with high regioselectivity and moderate
to low diastereoselectivity in the domino reaction with all three
substates (entry 12–17). Carrying out the reaction at room
temperature induced no signicant change in either the regio-
or diastereoselectivity (entries 13, 15 and 17). Since these
products showed the best antiproliferative activities, two addi-
tional derivatives were prepared to study the effect of the
substitution of the benzaldehyde moiety (R2 and R3). In these
reactions, only the major products were isolated, but the
formation of the other two minor isomers was detected (entry
18–19).

The planar structures of the regioisomers were determined
on the basis of the 13C-chemical shi of the C-19 carbonyl
carbon: the lactone moiety of the coumarin derivatives 4 and 5
exhibited a characteristic peak in the 165–166 ppm range, while
the ketone of the chromone derivatives 6 and 7 in the range of
© 2026 The Author(s). Published by the Royal Society of Chemistry
180–181 ppm. The planar structure is supported by the nC]O

stretching vibrations in the IR spectra of the products: the
isomers 4/5 and 6/7 showed the characteristic IR absorption
bands for a,b-unsaturated esters (1697–1711 cm−1) and ketones
(1667–1669 cm−1), respectively. The relative conguration of
each diastereomeric product was assigned using characteristic
NOE correlations. 12b-H and C-6 are cis in all isomers, owing to
the diastereospecicity of the Diels–Alder reaction (Z congu-
ration of the dienophile double bond in substrates 1a–e). The
RSC Adv., 2026, 16, 23585–23612 | 23589
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trans conguration of the methine protons 12b-H and 19b-H in
products 4 and 5 was determined using key correlations 12b-
Heq/6-Heq, 19b-Hax/6-Hax and 19b-Hax/7-Heq (Fig. S3 and S9). In 6
and 7, 12b-H and 19b-H are cis, which was determined from the
characteristic 12b-Hax/6-Hax, 19b-Hax/12b-Hax and 19b-Hax/6-Hax

correlations (Figure S6).
In the case of optically active products 4ba–4bc, 6ba–6bc and

5ba–5bc, since the absolute conguration (AC) of the C-2
chirality center in (R)-1b (C-7 in the products) is known,53 the
ACs (6aS, 7R, 12bR, 19bS)-4ba–bc, (6aS, 7R, 12bR, 19bS)-6ba–bc
and (6aS, 7R, 12bR, 19bR)-5ba–bc were assigned. The enantio-
mers of racemates 4aa–4ac, 5aa–5ac and 6aa–6ac were sepa-
rated by chiral HPLC, and the on-line HPLC-ECD spectra of the
enantiomers were recorded (Fig. S181–S205). By comparing
these spectra to the ECD spectra of the corresponding C-7
phenyl derivatives with known absolute conguration, the ACs
23590 | RSC Adv., 2026, 16, 23585–23612
of the separated enantiomers were assigned (Fig. S182, S184
and S186). Surprisingly, the HPLC-ECD spectra of 4aa and 6aa
did not show sufficient similarity with the ECD spectra of 4ba
and 6ba, and hence the absolute congurations were not
assigned in these cases.

The structures of racemic 4cc and 6cc were determined
independently by single crystal X-ray diffraction analysis (CCDC
no. 2408634 and 2408635, respectively, Fig. 3), which supported
both the connectivity and the stereochemistry of the assigned
structures (Tables S1–S6).
Domino Knoevenagel-IMHDA reactions with 4-hydroxy-2-
quinolone (2d)

In order to test the effect of the substitution in the carbonyl
moiety on the regioselectivity, the reaction was also carried out
with the lactam derivative 4-hydroxy-2-quinolone (2d) as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Domino Knoevenagel-IMHDA reactions of 2H-chromene derivatives 1 with 4-hydroxy-coumarin derivatives 2a–c. (i): toluene,
piperidine (1 eq.), for entry 1–4, 6–9, 11–15 and 18–21; (ii): toluene, Et3N (1 eq.), for entry 5, 10, 16–17

Entry 1 2 Product (yield)
Regioselectivity
(4 + 5) : (6 + 7)

Diastereoselectivity
(4 + 6) : (5 + 7)

1 1a 2a 4aa (14%)a 42 : 58 42 : 58
6aa (19%)b

5aa (19%)b

7aa (27%)a

2c 1a 2a 4aa (27%)a 52 : 48 61 : 39
6aa (12%)b

5aa (6%)b

7aa (19%)a

3d 1a 2a 4aa (22%)a 100 : 0 100 : 0
4 (R)-1b 2a 4ba (28%)b 82 : 18 55 : 45

6ba (14%)b

5ba (34%)a

5 1c 2a 4ca (34%)a 67 : 33 70 : 30
6ca (19%)a

5ca (17%)a

7ca (6%)a

6 8a 2a 10aa (44%) 100 : 0 100 : 0
7 1a 2b 4ab (40%)a 47 : 53 100 : 0

6ab (45%)a

8c 1a 2b 4ab (54%)a 74 : 26 100 : 0
6ab (19%)a

9 (R)-1b 2b 4bb (31%)a 74 : 26 77 : 23
6bb (16%)a

5bb (14%)a

10 1c 2b 4cb (35%)a 75 : 25 72 : 28
6cb (19%)a

5cb (21%)a

11 8a 2b 10ab (57%) 100 : 0 100 : 0
12 1a 2c 4ac (49%)a 82 : 18 72 : 28

6ac (16%)a

5ac (25%)a

13c 1a 2c 4ac (21%)a 78 : 22 69 : 21
6ac (10%)a

5ac (14%)a

14 (R)-1b 2c 4bc (42%)a 90 : 10 54 : 46
6bc (10%)a

5bc (44%)a

15c (R)-1b 2c 4bc (32%)a 91 : 9 43 : 57
6bc (8%)a

5bc (53%)a

16 1c 2c 4cc (34%)a 80 : 20 77 : 23
6cc (12%)a

5cc (14%)a

17e 1c 2c 4cc (29%)a 84 : 16 74 : 26
6cc (8%)a

5cc (13%)a

18 1d 2c 4dc (42%)a n.d.f n.d.f

19 1e 2c 4ec (32%)a n.d.f n.d.f

20 8a 2c 10ac (77%) 100 : 0 100 : 0
21 8b 2c 10bc (52%) 100 : 0 100 : 0

a Isolated yield. b Isolated as amixture, yield calculated fromNMR integrals. c Reaction carried out at room temperature. d Reaction carried out with
microwave irradiation. e No reaction at r.t., reaction carried out at 55 °C. f Only one isomer isolated, ratios not determined.
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a reagent (Scheme 2). Due to its poor solubility in toluene, the
reactions had to be conducted in ethanol. The selectivity was
governed primarily by the substitution pattern of the 4H-chro-
mene substrate, and this reagent produced the largest differ-
ences among substrates. The 2H-chromene substrate 1a
afforded three isomers, with 4ad being the major product
© 2026 The Author(s). Published by the Royal Society of Chemistry
(48%), and the lactam carbonyl also reacted as part of the
heterodiene to form 6ad with 12% yield. The 2-phenyl derivative
rac-1b gave a mixture of two diastereomers with full regio-
selectivity, favouring the formation of 4bd (60%). In the reaction
of the arylether substrate 1c, only one isomer was isolated with
24% yield (Scheme 2). The regioselectivity was higher than
RSC Adv., 2026, 16, 23585–23612 | 23591
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Fig. 3 ORTEP view at 50% probability level of (a) rac-(6aS*, 12bR*,
19bR*)-4cc (CCDC no. 2408634) and (b) rac-(6aS*, 12bR*, 19bR*)-
6cc (CCDC no. 2408635).
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those with the 4-hydroxycoumarins 2a-c, as the lactam carbonyl
moiety of 2d is even less reactive than the ester group of 2a-c.
The domino sequence with the simplied analogue 8a was
completely regio- and diastereoselective, affording 10ad as the
only product with 42% yield.
Scheme 2 Domino Knoevenagel-IMHDA reactions with 4-hydroxy-2-q

23592 | RSC Adv., 2026, 16, 23585–23612
Domino Knoevenagel-IMHDA reaction with 4-hydroxypyrone
(2e) and -pyridone reagents (2f)

Since the presence or absence of the condensed benzene ring in
the substrates (1a–e or 8a, 8b) had a decisive effect on both the
regio- and diastereoselectivity of the domino sequence, reagents
lacking the condensed benzene ring, 4-hydroxy-6-methyl-2H-
pyran-2-one (2e) and its lactam derivative 4-hydroxy-1,6-di-
methylpyridin-2(1H)-one (2f), were also tested. In the domino
reaction, substrates containing an amine linker (1a and 1b) gave
three or four isomers, while the substrate 1c containing an
arylether linker afforded the two regioisomers with complete
diastereoselectivity. To test the effect of the reaction tempera-
ture on the selectivity of the IMHDA reaction, the domino
reaction sequences were carried out both at reux and at room
temperature as well (entries 1–6). In the reaction of (R)-1b, the
temperature had a signicant effect on the diastereoselectivity:
the main product was 4be at reux, and 5be at room
uinolone (2d).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature. The regioselectivity however, was only slightly
affected by the temperature, the ratio of 6be increases at lower
temperature (entry 3–4). In the reaction of 1a, isomer 5ae was
the major product at both temperatures. Lowering the
temperature had the same effects as for 1b: formation of 5ae is
preferred at lower temperature, but the 4ae/6ae ratio changes
only slightly (entry 3–4). Substrate 1c did not react at room
temperature, so the reaction was carried out at 55 °C (entry 6).
The temperature had no effect on the diastereoselectivity, only
4ce and 6ce were formed at both temperatures, the regio-
selectivity however, was governed by the temperature: the major
product was 6ce at reux, and 4ce at lower temperature (entry 5–
6). In the reactions of amide derivative 2f, the two competing
heterodiene moieties are an a,b-unsaturated lactam and a -
ketone subunit. Surprisingly, there was just a minor change in
the regioselectivity compared to reactions of the pyran deriva-
tive 2e. This suggests that the decisive factor in the selectivity is
the favorable or unfavorable intramolecular interactions in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
transition states (steric effects), and not the HOMO–LUMO
orbital energies (electronic effects). In the reaction of 1c with 2f
only one isomer was isolated, which was due to the observed
decomposition of the other isomers, and not the selectivity of
the cyclization (entry 11) (Table 3).
Antiproliferative activity

The antiproliferative activity of the condensed heterocyclic
products were tested on three human cancer cell lines, and
results are shown in Table 4. Derivatives with no signicant
inhibition at 50 mM concentration were considered inactive,
IC50 values were determined where signicant (>50%) anti-
proliferative effect was observed. All the active derivatives have
(S*, R*, S*) relative conguration and all except for one belong
to the series of products 4, in which the a,b-unsaturated ketone
moiety acts as a heterodiene in the IMHDA cyclization step. The
trimethoxy derivative 4ac showed the best activity with an IC50
RSC Adv., 2026, 16, 23585–23612 | 23593
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Table 3 Domino Knoevenagel-IMHDA reactions of 2H-chromene derivatives 1 with 4-hydroxy-6-methyl-2-pyrone 2a and 1,6-dimethyl-4-
hydroxy-1,6-dimethylpyridine-2(1H)-one 2b. (i): toluene, piperidine (1 eq.), for entry 1–4, 7–8 and 9–10; (ii): toluene, Et3N (1 eq.), for entry 5–6
and 11

Entry 1 2 Product (yield)a
Regioselectivity
(4 + 5)/(6 + 7)

Diastereoselectivity
(4 + 6) : (5 + 7)

1 1a 2e 4ae (16%) 42 : 58 72 : 28
6ae (35%)
5ae (14%)
7ae (6%)

2b 1a 2e 4ae (14%) 53 : 47 65 : 35
6ae (37%)
5ae (27%)

3 (R)-1b 2e 4be (32%) 85 : 15 74 : 26
6be (8%)
5be (14%)

4b (R)-1b 2e 4be (13%) 76 : 24 47 : 53
6be (14%)
5be (31%)

5 1c 2e 4ce (10%) 28 : 72 100 : 0
6ce (26%)

6c 1c 2e 4ce (16%) 72 : 28 100 : 0
6ce (6%)

7 8a 2e 10ae (42%) 100 : 0 100 : 0
8 8b 2e 10be (32%) 100 : 0 100 : 0
9 1a 2f 4af (31%) 54 : 46 76 : 24

6af (31%)
5af (13%)
7af (7%)

10 rac-1b 2f 4bf (15%) 49 : 51 77 : 23
6bf (29%)
5bf (13%)

11 1c 2f 4cf (11%) n.d. n.d.

a Isolated yield. b Reaction carried out at room temperature. c No reaction at r.t., reaction carried out at 55 °C.
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value of 5.7 mM on the CaCo-2 cell line (entry 1), while it was
inactive (>50 mM) against A2780 and WM35 cells. Doxorubicin
has a reported IC50 value of 12.5 mM on the Caco-2 cell line.54,55

The structural analogues 4ec and 4aa, lacking the C-2 nitro
substituent of the condensed benzene ring or two methoxy
groups of the coumarin subunit, respectively, had lower activity
against the CaCo-2 cell line (entry 2 and 3). In 4dc, the
replacement of the C-2 nitro group of 4ac with a triuoromethyl
Table 4 In vitro antiproliferative activity of the products of the domino
reactions against Caco-2, A2780 and WM35 human cancer cell lines
reported as IC50 valuesa

Entry Compound

Cell lines/IC50 (mM)

CaCo-2 A2780 WM35

1 4ac 5.7 >50 >50
2 4ec 24.1 >50 >50
3 4aa 13.4 >50 >50
4 4dc >50 >50 >50
5 rac-4ba 13.3 >50 >50
6 (6aS, 7R, 12bR, 19bS)-4ba 26.3 >50 >50
7 4ce nd 25.1 >50
8 4cd nd 17.7 >50
9 6ae 11.5 >50 >50

a nd: not determined.

23594 | RSC Adv., 2026, 16, 23585–23612
one resulted in the complete elimination of activity (IC50 > 50
mM, entry 4). The additional C-7 phenyl group and the resultant
chirality center of rac-4ba and (6aS, 7R, 12bR, 19bS)-4ba
decreased the activity compared to that of 4ac (entry 5 and 6).
Against the A2780 cell line, moderate activities with IC50 values
of 25.1 and 17.7 mM were identied for 4ce and 4cd, containing
an oxygen linker instead of the NMe in position 5 and
condensed 2-quinolone or 2-pyrone subunits, respectively.
From the other diastereomeric (5) and regioisomeric products
(6 and 7), only the regioisomeric 6ae exhibited activity against
the CaCo-2 cell line with an IC50 value of 11.5 mM.
Experimental
Materials and methods

Chemicals were purchased puriss p.a. from commercial suppliers,
and solvents were puried by distillation before use. For thin-layer
chromatography (TLC), silica gel plates Merck 60 F254 were used
and compounds were visualized by irradiation with UV light.
Column chromatography was performed using silica gel Merck 60
(particle size 0.063–0.200 mm) (Merck, Darmstadt, Germany).
Melting points were determined on a Koer hot-stage apparatus
and are uncorrected. The NMR spectra were recorded on Bruker
Avance II 400 (1H: 400 MHz. 13C: 100 MHz) and Bruker Avance II
500 MHz (1H: 500 MHz. 13C: 125 MHz) spectrometers using TMS
© 2026 The Author(s). Published by the Royal Society of Chemistry
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as internal standard (Bruker, Billerica, MA, USA). Chemical shis
were reported as d in ppm and 3JH,H coupling constants in Hz. IR
spectra were recorded on a JASCO (Tokyo, Japan) FT/IR-4100
spectrometer and absorption bands are presented as wave-
number in cm−1. The optical rotations of the compounds were
measured by a PerkinElmer (Norwalk, CT) 341 polarimeter. ECD
spectra were recorded on a JASCO (Tokyo, Japan) J-810 spec-
tropolarimeter. Electrospay Quadrupole Time-of-Flight HRMS
measurements were performed with a MicroTOF-Q type QqTOF
MS instrument equipped with an ESI source from Bruker (Bruker
Daltoniks, Bremen, Germany).

Chiral HPLC separation and ECD measurement

Separation of 4aa–af, 5aa–af and 6aa–af were performed on
a JASCO (Tokyo, Japan) HPLC system with Chiralpak-IC column
(5 mm, 250 × 4.6 mm, hexane/dichloromethane/methanol
eluent, 1 mL min−1

ow rate) and HPLC-ECD spectra were
recorded in stopped-ow mode on a JASCO (Tokyo, Japan) J-810
spectropolarimeter equipped with a 10mmHPLC ow cell. ECD
ellipticity (3) values were not corrected for concentration. For an
HPLC-ECD spectrum, three consecutive scans were recorded
and averaged with 2 nm bandwidth, 1 s response, and standard
sensitivity. The HPLC-ECD spectrum of the eluent recorded in
the same way was used as background. The concentration of the
injected sample was set so that the HT value did not exceed
500 V in the HT channel down to 230 nm.

Microwave irradiation experiments

Reactions were performed using single-mode CEM Discover
Systems (CEM Corporation, Charlotte, NC, USA) in dynamic
mode. Reaction times refer to the hold time at the desired set
temperature and not to the total irradiation time. Stirring speed
was set to “High” (ca. 700 rpm). Standard 10 ml volume cylin-
drical Pyrex® reaction vessels (inner diameter 12 mm, obtained
from CEM Corporation, USA) were used, equipped with small
cylindrical magnetic stirring bars. The vessels were sealed with
PEEK snap caps and standard PTFE-coated silicone septa. The
external IR thermometer of the equipment was used to monitor
the reaction temperatures. Pressure sensing is achieved by
a hydraulic sensor. Reaction cooling is performed by compressed
air automatically aer the heating period has elapsed.

X-ray crystallographic study

X-ray quality crystals could be grown from appropriate solvents by
slow evaporation. A chosen crystal was then xed under a micro-
scope onto a Mitegen loop using high-density oil. Diffraction
Intensity data was collected at ambient temperature on a Bruker-
D8 Venture diffractometer (Bruker AXS GmbH, Karlsruhe, Ger-
many) equipped with INCOATEC ImS 3.0 (Incoatec GmbH, Gees-
thacht, Germany) dual (Cu andMo) sealed tubemicro sources and
a Photon II Charge-Integrating Pixel Array detector (Bruker AXS
GmbH, Karlsruhe, Germany) using Mo Ka (l = 0.71073 Å) radia-
tion. High-multiplicity data collection and integration were per-
formed using APEX5 (version 2017.3-0, Bruker AXS Inc., 2017,
Madison, WI, USA) soware. Data reduction and multiscan
absorption correction were performed using SAINT (version 8.38A,
© 2026 The Author(s). Published by the Royal Society of Chemistry
Bruker AXS Inc., 2017, Madison, WI, USA). The structure was
solved using direct methods and rened on F2 using the SHELXL
program56 incorporated into the APEX5 suite. Renement was
performed anisotropically for all non-hydrogen atoms. Hydrogen
atoms were placed in idealized positions on parent atoms. The CIF
le was manually edited using publCIF soware,57 while graphics
were designed using the Mercury program.58 The results for the X-
ray diffraction structure determinations followed the Checkcif
functionality of PLATON soware (Utrecht University, Utrecht, the
Netherlands).59

Molecular structure analysis

The single crystal X-ray diffraction study had proved the relative
conguration of the stereogenic carbon centers. In structure 4cc
there are two molecules in the asymmetric unit with slightly
different conformation (Fig. S218). Solving the structure in
centrosymmetric space group No. 14 (P21/n) gives disordered
structure so the space group of Pn was accepted as correct space
group. The lattice symmetry generates the enantiomeric pair of
the compound. In case of 6cc the crystals were very thin needles
resulting in high Rint value. Nevertheless, in both cases we
consider the structures as reliable and correct.

MTT assay60,61

A2780 and WM35 cells were purchased from Sigma (St. Louis,
MO, USA) and ATCC (Manassas, VA, USA), respectively. Human
White colon adenocarcinoma (Caco-2) cells (European Collection
of Cell Cultures (ECACC, UK) were isolated from a primary
colonic tumor in a 72-year-old White male using the explant
culture technique. Caco-2 human epithelial colorectal adeno-
carcinoma cells were grown in plastic cell culture asks in Dul-
becco's Modied Eagle's Medium, supplemented with 3.7 g L−1

NaHCO3, 10% (v/v) heat-inactivated fetal bovine serum (FBS), 1%
(v/v) non-essential amino acids solution, 1% (v/v) L-glutamine,
100 IU ml−1 penicillin, and 100 mg ml−1 streptomycin at 37 °C in
an atmosphere of 5% CO2. The cells were routinely maintained
by regular passaging. The number of viable cells was indirectly
determined by measuring the conversion of the tetrazolium salt
MTT [3-(4,5-dimethilthiasol-2-il)-2,5-diphenyltetrasolium
bromide, Sigma-Aldrich] to formazan by mitochondrial dehy-
drogenases. Cells were plated in 96-well multi-titer plates (10 000
cells per well density) in quadruplicates and were cultured for 3
days and treated by the compounds daily. Negative control group
was treated with equal amount of vehicle solvent (DMSO) and the
positive control group was treated with 1 mg ml−1 doxorubicin
(for A2780 andWM35). Cells were then incubated with 5mgml−1

MTT for 3 hours, precipitated formazan crystals were desolved in
acidic isopropanol (10% 1 M HCl in isopropanol supplemented
with 10% Triton X 100) and concentration of formazan was
assessed colorimetrically by measuring absorbance at 565 nm.
Procedure is based on the one outlined in the cell proliferation
kit (Sigma, St. Louis, MO, USA).

Determination of IC50

Logistic dose–response curves were tted using the equation y
= A2 + (A1 − A2)/(1 + (x/x0)

p) where the parameters are the
RSC Adv., 2026, 16, 23585–23612 | 23595
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following: A1: initial value (ymin), A2: nal value (ymax), x0: center
(EC/IC50) and p is the calculated power. Fittings were carried out
and parameters were calculated using Origin 8.6 (OriginLab
Corporation, Northampton, MA, USA).
General methods for the domino Knoevenagel-hetero Diels–
Alder reactions

Method A. In a round-bottom ask, 2H-chromene derivative
1a–b or 1d–e or 5,6-dihydro-2H-pyran derivative 8a–b (100 mg)
and 4-hydroxycoumarine derivative 2a–c, 4-hydroxypyrone 2e or
4-hydroxypyridone 2f (1.2 equivalent) were dissolved in toluene
(5 ml). To the solution piperidine (1 equivalent) was added, and
the solution was reuxed overnight. The following day, addi-
tional reagent (0.6 equiv.) was added, and the reaction was kept
at reux temperature until the starting material was consumed.
The solution was concentrated in vacuo, and puried by column
chromatography (hexane/chloroform/ethyl acetate).

Method B. In a round-bottom ask, 2H-chromene derivative
1c (100 mg) and 4-hydroxycoumarine derivative 2a–c, 4-
hydroxypyrone 2e or 4-hydroxypyridone 2f (1.2 equivalent) were
dissolved in toluene (5 ml). To the solution triethylamine (1
equivalent) was added, and the solution was reuxed overnight.
Additional reagent (0.6 equiv.) was added every 12 hours until
all the starting material was consumed. The solution was
concentrated in vacuo, and puried by column chromatography
(hexane/ethyl acetate).

Method C. In a round-bottom ask, 2H-chromene derivative
1a–c or 5,6-dihydro-2H-pyran derivative 8a (100 mg) and 2,4-
dihydroxyquinoline 2d (1.2 equivalent) were dissolved in
ethanol (3 ml). To the solution piperidine (1 equivalent) was
added, and then reuxed overnight. The solution was concen-
trated in vacuo, and puried by column chromatography
(hexane/ethyl acetate).
Domino Knoevenagel-IMHDA reactions of 2H-chromene
derivatives 1a–e with 4-hydroxy-coumarin derivatives 2a–c

rac-(6aS*, 12bR*, 19bS*)- and (6aS*, 12bR*, 19bR*)-11-methoxy-
5,15,-dimethyl-2-nitro-5,19b-dihydro-6H,12bH,19H-di-
chromeno[30,40:5, 6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-
(6 aS*,12bR*,19bS*)-4aa and rac-(6aS*, 12bR*, 19bR*)-5aa] and
rac-(6aS*, 12bR*, 19bS*)- and (6aS*, 12bR*, 19bR*)-11-methoxy-
5,17-dimethyl-2-nitro-5,19b-dihydro-6H,12bH,19H-dichromeno
[30,20:5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-(6
aS*,12bR*,19bS*)-6aa and rac-(6aS*, 12bR*, 19bR*)-7aa]

The reaction of 1a and 2a was carried out according to
method A. Cooling the reaction to room temperature, a precip-
itate formed which was ltered and washed with cold ether,
affording the mixture of rac-(6aS*, 12bR*, 19bS*)-4aa, rac-(6aS*,
12bR*, 19bS*)-6aa, rac-(6aS*, 12bR*, 19bR*)-5aa and rac-(6aS*,
12bR*, 19bR*)-7aa as yellow powder. The mixture was separated
by column chromatography (hexane/chloroform/acetone 10 :
10 : 1), affording rac-(6aS*, 12bR*, 19bS*)-4aa as yellow powder
(14%), the 1 : 1 mixture of rac-(6aS*, 12bR*, 19bS*)-6aa and rac-
(6aS*, 12bR*, 19bR*)-5aa as yellow powder (37%) and rac-(6aS*,
12bR*, 19bR*)-7aa as yellow powder (27%).
23596 | RSC Adv., 2026, 16, 23585–23612
Alternatively, the reaction was carried out at room tempera-
ture, and aer workup, afforded rac-(6aS*, 12bR*, 19bS*)-4aa as
yellow powder (27%), the 2 : 1 mixture of rac-(6aS*, 12bR*,
19bS*)-6aa and rac-(6aS*, 12bR*, 19bR*)-5aa as yellow powder
(17%) and rac-(6aS*, 12bR*, 19bR*)-7aa as yellow powder (19%).

The reaction was also repeated using microwave irradiation.
The sealed vessel was heated to 150 °C for 30 minutes, it was
then cooled down, and the solvent was removed in vacuo. Aer
workup, the reaction afforded rac-(6aS*, 12bR*, 19bS*)-4aa as
yellow powder (22%) and rac-(6aS*, 12bR*, 19bR*)-7aa as yellow
powder (19%).

rac-(6 aS*,12bR*,19bS*)-4aa: yellow powder, mp 311–314 °C,
Rf = 0.44 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz, CDCl3)
d 2.35 (s, 3H, 30-H), 2.97 (s, 3H, 20-H), 3.29 (d, J = 13.2 Hz, 1H, 6-
Ha), 3.68 (d, J= 13.2 Hz, 1H, 6-Hb), 3.86 (s, 3H, 10-H), 3.91 (d, J =
11.4 Hz, 1H, 7-Ha), 3.98 (dd, J = 11.4 and 1.8 Hz, 1H, 7-Hb), 4.24
(s, 1H, 19b-H), 5.05 (d, J= 1.8 Hz, 1H, 12b-H), 6.57 (d, J= 9.2 Hz,
1H, 4-H), 6.90 (d, J = 10.0 Hz, 1H, 9-H), 6.95–7.03 (m, 2H, 10-H
and 12-H), 7.27 (d, J = 8.6 Hz, 1H, 17-H), 7.36 (dd, J = 8.6 and
2.2 Hz, 1H, 16-H), 7.43 (bs, 1H, 14-H), 7.99 (dd, J = 9.2 and
2.7 Hz, 1H, 3-H), 8.09 (d, J = 2.7 Hz, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 20.9 (C-30), 30.7 (C-6a), 33.1 (C-19b), 39.7 (C-20),
54.6 (C-6), 55.9 (C-10), 67.5 (C-7), 72.2 (C-12b), 100.6 (C-19a),
110.3 (C-4), 114.4 (C-13b), 115.8 (C-9), 116.7 (C-14), 117.9 (C-
10), 118.1 (C-12), 118.2 (C-12a), 121.3 (C-19c), 122.7 (C-17),
124.8 (C-3), 126.1 (C-1), 133.6, (C-16) 133.9 (C-15), 138.5 (C-2),
146.7 (C-8a), 148.9 (C-4a), 151.1 (C-17a), 154.1 (C-11), 157.2 (C-
13a), 163.9 (C-19). IR (KBr) n: 1047, 1217, 1276, 1298, 1318,
1499, 1702, 2853, 2925 cm−1; HRMS: calcd for C29H24N2O7Na [M
+ Na]+ 535.1476, found 535.1478.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 50 : 45 : 5), and the on line
HPLC-ECD spectra were recorded.

(6 aR,12bS,19bR)-4aa: tR = 9.08 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 387.5 (2.30), 331.5sh
(−4.01), 316 (−10.38), 304.5sh (−4.80), 289 (3.42), 277 (2.91),
254.5 (−5.33), 229 (−51.26).

(6 aS,12bR,19bS)-4aa: tR = 11.94 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 383.5 (−1.83), 331.5sh
(2.57), 317 (6.54), 304.5sh (3.01), 289.5 (−2.62), 277.5 (−2.74),
255 (3.38), 228.5 (33.91).

rac-(6 aS*,12bR*,19bS*)-6aa and rac-(6aS*, 12bR*, 19bR*)-
5aa: yellow powder, Rf = 0.36 (hexane/ethyl acetate 1 : 1). 1H
NMR (400MHz, CDCl3) d 2.38 and 2.48 (s, 3H, 30-H), 2.96 and 3.05
(s, 3H, 20-H), 3.19–3.32 (m, 3H, 6-H and 6-Ha), 3.35 (dd, J = 11.7
and 2.1 Hz, 1H, 7-Ha), 3.68 (d, J = 13.2 Hz, 1H, 6-Hb), 3.80 (s, 3H,
10-H), 3.82–3.89 (m, 4H, 10-H and 7-Hb), 3.96 (s, 2H, 7-H), 4.18 and
4.47 (s, 1H, 19b-H), 4.89 (d, J = 1.1 Hz, 1H, 12b-H), 5.20 (s, 1H,
12b-H), 6.57 (d, J = 9.2 Hz, 1H, 4-H), 6.66 (d, J = 9.1 Hz, 1H, 4-H),
6.83–6.91 (m, 3H, 2 × 9-H and 12-H), 6.94 (d, J = 3.0 Hz, 1H, 12-
H), 6.95–7.02 (m, 2H, 2 × 10-H), 7.24 (d, J = 8.5 Hz, 1H, 15-H),
7.29 (d, J= 8.6 Hz, 1H, 17-H), 7.39 (dd, J= 8.5 and 2.3 Hz, 1H, 16-
H), 7.44 (dd, J= 8.6 and 2.3 Hz, 1H, 16-H), 7.52 (s, 1H, 14-H), 7.78
(d, J= 2.3 Hz, 1H, 1-H), 7.98 (dd, J= 9.2 and 2.3 Hz, 1H, 3-H), 8.04
(bs, 1H, 1-H), 8.09 (bs, 1H, 18-H), 8.11 (dd, J= 9.1 and 2.4 Hz, 1H,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3-H). 13C NMR (100 MHz, CDCl3) d 21.0 and 21.1 (C-30), 31.2 (C-
6a), 32.6 (C-19b), 35.5 (C-6a), 37.2 (C-19b), 38.3 and 39.8 (C-20),
54.5 and 54.6 (C-6), 55.9 and 56.0 (C-10), 63.2 and 67.7 (C-7), 75.0
and 76.3 (C-12b), 97.3 and 99.0 (C-19a), 109.9 and 110.4 (C-4),
114.7 (C-13b), 115.2 and 115.5 (C-10), 116.7 (C-17), 117.1 (C-15),
117.4 (C-12a), 117.8 and 118.4 (C-12), 118.5 and 119.0 (C-9),
119.6 and 121.8 (C-19c), 122.3 (C-18a), 122.3 (C-1), 122.7 (C-14),
124.8 and 125.1 (C-3), 125.9 (C-18), 126.6 (C-1), 133.8 (C-16),
134.1 (C-15), 134.7 (C-16), 135.7 (C-17), 138.1 and 138.8 (C-2),
146.9 and 148.6 (C-8a), 149.0 (C-4a), 151.2 (C-17a), 151.6 (C-
14a), 151.8 (C-4a), 153.9 and 154.4 (C-11), 160.3 (C-19), 160.5
and 161.5 (C-13a), 178.3 (C-19). IR (KBr) n: 1215, 1289, 1318, 1498,
1606, 1630, 1732, 2926 cm−1; HRMS: calcd for C29H24N2O7Na [M
+ Na]+ 535.1476, found 535.1478.

The enantiomers of rac-(6aS*, 12bR*, 19bR*)-5aa were
separated on a Chiralpak IC column (hexane/dichloromethane/
methanol 30 : 63 : 7), and the on-line HPLC-ECD spectra were
recorded.

1st eluting enantiomer: tR = 4.57 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 360.5 (−0.81), 313.5
(0.71), 293.5 (−2.03), 269 (−2.88), 248 (−2.85).

2nd eluting enantiomer: tR = 7.41 min (Chiralpak IC,
hexane/dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3),
hexane/dichloromethane/methanol 30 : 63 : 7]: 352 (0.74), 313
(−0.34), 293.5 (1.66), 269 (2.84), 247.5 (3.06).

The enantiomers of rac-(6 aS*,12bR*,19bS*)-6aa were sepa-
rated on a Chiralpak IC column (hexane/dichloromethane/
methanol 30 : 63 : 7), and the on-line HPLC-ECD spectra were
recorded.

1st eluting enantiomer: tR = 6.51 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 387 (−14.58), 314
(−18.50), 294.5sh (−7.83), 283sh (5.83), 275.5 (8.52), 241.5sh
(−12.47).

2nd eluting enantiomer: tR = 12.30 min (Chiralpak IC,
hexane/dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3),
hexane/dichloromethane/methanol 30 : 63 : 7]: 389 (9.21), 313.5
(11.62), 294.5sh (4.76), 284sh (−3.39), 275 (−5.29), 241.5sh
(7.54).

rac-(6aS*, 12bR*, 19bR*)-7aa: yellow powder, mp 235–238 °
C, Rf = 0.22 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.48 (s, 3H, 30-H), 3.06 (s, 3H, 20-H), 3.26 (s, 2H, 6-H),
3.36 (dd, J = 11.7 and 2.2 Hz, 1H, 7-Ha), 3.80 (s, 3H, 10-H), 3.87
(d, J= 11.7 Hz, 1H, 7-Hb), 4.15 (s, 1H, 19b-H), 4.90 (d, J= 2.2 Hz,
1H, 12b-H), 6.69 (d, J = 9.2 Hz, 1H, 4-H), 6.81 (d, J = 8.9 Hz, 1H,
9-H), 6.92 (d, J = 2.9 Hz, 1H, 12-H), 6.95 (dd, J = 8.9, 2.9 Hz, 1H,
10-H), 7.27 (d, J= 8.9 Hz, 1H, 15-H), 7.52 (dd, J= 8.7 and 2.4 Hz,
1H, 16-H), 7.74 (dd, J= 2.7 and 1.2 Hz, 1H, 1-H), 7.96 (bs, 1H, 18-
H), 8.15 (dd, J = 9.2 and 2.7 Hz, 1H, 3-H). 13C NMR (100 MHz,
CDCl3) d 20.9 (C-30), 34.9 (C-6a), 36.8 (C-19b), 38.2 (C-20), 54.3 (C-
6), 55.9 (C-10), 62.8 (C-7), 77.0 (C-12b), 98.6 (C-19a), 109.9 (C-4),
112.1 (C-18a), 115.3 (C-12), 116.5 (C-12a), 116.8 (C-15), 117.7 (C-
9), 118.7 (C-19c), 118.9 (C-10), 121.8 (C-1), 123.8 (C-18), 125.1 (C-
3), 135.2 (C-17), 136.3 (C-16), 137.9 (C-2), 148.4 (C-8a), 151.6 (C-
4a), 153.9 (C-14a), 154.7 (C-11), 158.9 (C-19), 162.3 (C-13a). IR
(KBr) n: 1216, 1287, 1315, 1498, 1607, 1631, 1736, 2852,
© 2026 The Author(s). Published by the Royal Society of Chemistry
2925 cm−1; HRMS: calcd for C29H24N2O7Na [M + Na]+ 535.1476,
found 535.1478.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 30 : 63 : 7), and the on-line
HPLC-ECD spectra were recorded.

(6 aS,12bR,19bR)-7aa: tR = 6.11 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 386 (−21.92), 312.5
(−16.39), 275.5 (−1.22), 258 (−20.20), 241 (−13.70).

(6 aR,12bS,19bS)-7aa: tR = 13.64 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 387 (13.61), 312 (10.40),
254.5 (12.97), 242sh (7.80).

(6aS, 7R, 12bR, 19bS)– and (6aS, 7R, 12bR, 19bR)-11-methoxy-
5,15-dimethyl-2-nitro-7-phenyl-5,19b-dihydro-6H,12bH,19H-di-
chromeno[30,4':5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one
[(6aS, 7R, 12bR, 19bS)-4ba and (6aS, 7R, 12bR, 19bR)-5ba] and
(6aS, 7R, 12bR, 19bS)-11-methoxy-5,17-dimethyl-2-nitro-7-
phenyl-5,19b-dihydro-6H,12bH,19H-dichromeno[30,20:5,6;
400,300:2,3]pyrano[3,4-c]quinolin-19-one [(6aS, 7R, 12bR, 19bS)-
6ba]

The reaction of (R)-1b and 2a was carried out according to
method A. Cooling the reaction to room temperature, a precip-
itate formed which was ltered and washed with cold ether,
affording (6aS, 7R, 12bR, 19bS)-4ba as yellow powder (10%). The
ltrate was concentrated in vacuo, and it was puried by column
chromatography (hexane/ethyl acetate 2 : 1), affording the
mixture of (6aS, 7R, 12bR, 19bS)-4ba and (6aS, 7R, 12bR, 19bS)-
6ba as yellow powder (32%) and (6aS, 7R, 12bR, 19bR)-5ba as
yellow powder (34%).

(6aS, 7R, 12bR, 19bS)-4ba: yellow powder, mp 335–336 °C, Rf

= 0.21 (hexane/ethyl acetate 2 : 1). [a]D = +35 (c = 0.80 g/100 ml
in CHCl3). ECD [nm (D3), MeCN] (231 mg/4 ml): 354sh (7.71), 323
(7.85), 296sh (−0.93), 267 (−7.81), 245.5 (9.22), 210.5 (−31.69),
197.5 (66.34).1H NMR (400 MHz, CD2Cl2) d 2.50 (s, 3H, 300-H),
2.93 (s, 3H, 200-H), 3.30 (d, J = 13.1 Hz, 1H, 6-Ha), 3.55 (d, J =
13.1 Hz, 1H, 6-Hb), 3.84 (s, 3H, 100-H), 3.97 (s, 1H, 19b-H), 5.07 (s,
1H, 7-H), 5.23 (s, 1H, 12b-H), 6.59 (d, J = 9.3 Hz, 1H, 4-H), 7.03
(m, 2H, 9-H and 10-H), 7.07 (s, 1H, 12-H), 7.25 (d, J= 8.5 Hz, 1H,
17-H), 7.29–7.38 (m, 2H, 20-H and 60-H), 7.44 (m, 3H, 30-H, 40-H
and 50-H), 7.54 (dd, J = 8.5 and 2.3 Hz, 1H, 16-H), 7.97 (dd, J =
9.3 and 2.7 Hz, 1H, 3-H), 7.99–8.06 (m, 2H, 1-H and 14-H).13C
NMR (100 MHz, CDCl3) d 21.0 (C-300), 32.7 (C-19b), 33.1 (C-6a),
40.0 (C-200), 50.4 (C-6), 56.0 (C-100), 73.3 (C-12b), 77.1 (C-7),
101.2 (C-19a), 110.4 (C-4), 114.4 (C-13b), 115.8 (C-17), 116.9 (C-
9), 118.0 (C-10), 118.3 (C-12), 118.4 (C-12a), 122.4 (C-19c),
122.9 (C-3), 124.6 (C-1), 126.2 (C-14), 127.5 (C-20 and C-60),
128.6 (C-30 and C-50), 129.3 (C-40), 133.9 (C-16), 134.0 (C-10),
134.1 (C-17), 138.5 (C-2), 147.9 (C-14a), 148.5 (C-8a), 151.5 (C-
4a), 154.4 (C-11), 158.1 (C-13a), 163.6 (C-19). IR (KBr) n: 1117,
1228, 1262, 1315, 1497, 1556, 1726, 2915 cm−1. HRMS: calcd for
C35H28N2O7Na [M + Na]+ 611.1789, found 611.1790.

(6aS, 7R, 12bR, 19bS)-4ba and (6aS, 7R, 12bR, 19bS)-6ba:
yellow powder, Rf = 0.21 (hexane/ethyl acetate 2 : 1). 1H-NMR
(400 MHz, CDCl3): 2.37 and 2.53 (s, 3H, 300-H), 2.88 and 2.92
(s, 3H, 200-H), 3.26 (d, J = 13.2 Hz, 1H, 6-Hb), 3.54 (d, J = 12.8 Hz,
1H, 6-Ha), 3.85 and 3.88 (s, 3H, 100-H), 4.05 and 4.32 (s, 1H, 19b-
RSC Adv., 2026, 16, 23585–23612 | 23597
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H), 5.05 and 5.13 (s, 1H, 7-H), 5.15 and 5.28 (s, 1H, 12b-H), 6.52
(d, J = 8.8 Hz, 1H, 4-H), 7.03 (m, 3H, 9-H, 10-H and 12-H), 7.38
(m, 8H, 16-H, 17-H, 15-H and Ph), 7.89 (d, J = 7.4 Hz, 1H, 3-H),
8.06 and 8.21 (bs, 1H, 1-H), 8.14 (s, 1H, 18-H). 13C-NMR (100
MHz, CDCl3): 20.9 and 21.0 (C-300), 31.9 and 32.6 (C-19b), 32.9
and 33.2 (C-6a), 39.8 and 39.9 (C-200), 50.1 and 50.3 (C-6), 55.8
and 55.9 (C-100), 73.2 and 75.7 (C-12b), 77.0 (C-7), 97.5 and 101.1
(C-19a), 110.2 and 110.3 (C-4), 114.3 (C-13b), 114.8 and 115.6 (C-
9), 116.6 and 117.0 (C-10), 117.3 and 118.3 (C-12a), 118.0 (C-15),
118.1 and 118.4 (C-12), 118.9 (C-17), 122.2 and 122.3 (C-19c),
122.6 (C-18a), 122.8 (C-18), 124.4 and 124.5 (C-3), 126.0 and
126.1 (C-1), 126.5 (C-15), 127.5 (C-30 and C-50), 128.5 (C-20 and C-
60), 129.1 and 129.2 (C-40), 133.7 (C-16), 133.9 and 134.0 (C-10),
134.1 (C-17), 134.7 (C-14), 135.5 (C-16), 138.3 and 138.4 (C-2),
147.8 (C-14a), 148.3 and 148.4 (C-18a), 151.3 and 151.5 (C-4a),
154.3 and 154.4 (C-11), 158.0 (C-13a), 160.9 (C-19), 163.5 (C-
13a), 177.6 (C-19). IR (KBr) n: 1231, 1313, 1498, 1582, 1614,
1628, 1707 cm−1; HRMS: calcd for C35H28N2O7Na [M + Na]+

611.1789, found 611.1790.
(6aS, 7R, 12bR, 19bR)-5ba: yellow powder, mp 200–202 °C, Rf

= 0.10 (hexane/ethyl acetate 2 : 1). [a]D = −566 (c = 0.83 g/
100 ml in CHCl3). ECD [nm (D3), MeCN] (232 mg/4 ml): 395
(−4.96), 345 (−0.41), 312.5 (−7.45), 280.5 (5.64), 251 (−7.04),
235 (3.59), 208.5 (−113.53), 197.5 (109.55). 1H NMR (400 MHz,
CDCl3) d 2.43 (s, 3H,300-H), 2.91 (s, 3H, 200-H), 3.26 (d, J= 12.4 Hz,
1H, 6-Ha), 3.76 (d, J = 12.8 Hz, 1H, 6-Hb), 3.89 (s, 3H, 100-H), 4.31
(s, 1H, 19b-H), 4.93 (s, 1H, 12b-H), 5.35 (s, 1H, 7-H), 5.99 (d, J =
9.2 Hz, 1H, 4-H), 6.89 (m, 4H, 20-H, 30-H, 50-H and 60-H), 6.94–
7.03 (m, 3H, 9-H, 12-H and 40-H), 7.06 (dd, J = 8.9 and 3.0 Hz,
1H, 10-H), 7.34 (d, J = 8.5 Hz, 1H, 17-H), 7.43 (d, J = 1.8 Hz, 1H,
16-H), 7.47 (dd, J= 8.6 and 1.6 Hz, 1H, 1-H), 7.57 (dd, J= 9.2 and
2.4 Hz, 1H, 3-H), 7.61 (s, 1H, 14-H). 13C NMR (100 MHz, CDCl3)
d 20.9 C-300), 29.7 (C-200), 38.2 (C-6a), 38.6 (C-19b), 53.4 (C-6), 55.9
(C-100), 77.3 (C-7), 79.3 (C-12b), 99.5 (C-19a), 109.5 (C-4), 114.6 (C-
13b), 115.0 (C-12), 116.5 (C-17), 117.1 (C-12a), 117.6 (C-11), 118.2
(C-19c), 118.6 (C-10), 122.6 (C-14), 124.2 and 124.3 (C-1 and C-3),
128.3 (Ph), 133.8 (C-16), 134.0 (C-15), 136.8 (C-10), 137.3 (C-2),
148.8 (C-8a), 151.1 (C-17a), 152.2 (C-4a), 153.9 (C-11), 160.7 (C-
13a), 161.1 (C-19). IR (KBr) n: 1040, 1230, 1304, 1497, 1579,
1609, 1715 cm−1; HRMS: calcd for C35H28N2O7Na [M + Na]+

611.1789, found 611.1790.
rac-(6aS*, 12bR*, 19bR*)- and rac-(6 aS*,12bR*,19bS*)-11-

methoxy-15-methyl-12bH,19H,19bH-pyrano[3,2-c:3,4-c':5,6-c'']
trichromen-19-one [rac-(6aS*, 12bR*, 19bR*)-4ca and rac-(6aS*,
12bR*, 19bR*)-5ca] and rac-(6aS*, 12bR*, 19bR*)– and rac-(6
aS*,12bR*,19bS*)-11-methoxy-17-methyl-12bH,19H,19bH-pyr-
ano[2,3-b:5,4-c':5,6-c'']trichromen-19-one [rac-(6aS*, 12bR*,
19bR*)-6ca and rac-(6aS*, 12bR*, 19bR*)-7ca]

The reaction of 1c and 2a was carried out according to
method B, and the crude product was puried by column
chromatography (hexane/ethyl acetate 8 : 1), affording rac-(6aS*,
12bR*, 19bR*)-4ca as white crystals (34%), rac-(6
aS*,12bR*,19bS*)-5ca as pale yellow amorphous solid (17%),
rac-(6aS*, 12bR*, 19bR*)-6ca as pale yellow crystals (19%) and
rac-(6 aS*,12bR*,19bS*)-7ca as white crystals (6%).

rac-(6aS*, 12bR*, 19bR*)-4ca: white crystals, mp 240–242 °C,
Rf = 0.53 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
23598 | RSC Adv., 2026, 16, 23585–23612
d 2.36 (s, 3H, 20-H), 3.88 (s, 3H, 10-H), 3.95 (d, J = 11.7 Hz, 1H, 7-
Ha), 3.99 (d, J = 11.6 Hz, 1H, 7-Hb), 4.14 (d, J = 11.8 Hz, 1H, 6-
Ha), 4.28 (s, 1H, 19b-H), 4.34 (d, J = 11.8 Hz, 1H, 6-Hb), 5.31 (m,
1H, 12b-H), 6.86 (d, J = 8.2 Hz, 1H, 4-H), 6.89–6.97 (m, 2H, 2-H
and 9-H), 7.01 (dd, J = 8.9 and 3.0 Hz, 1H, 10-H), 7.06 (d, J =
2.9 Hz, 1H, 12-H), 7.17 (t, J= 7.7 Hz, 1H, 3-H), 7.25 (d, J= 8.5 Hz,
1H, 17-H), 7.35 (dd, J= 8.5 and 1.6 Hz, 1H, 16-H), 7.47 (s, 1H, 14-
H), 7.53 (d, J = 7.9 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3)
d 20.8 (C-20), 30.5 (C-6a), 32.0 (C-19b), 55.9 (C-10), 66.1 (C-7), 68.4
(C-6), 71.1 (C-12b), 101.1 (C-19a), 114.5 (C-13b), 116.0 (C-12),
116.4 (C-17), 117.0,(C-4), 118.0 (C-9 and C-10), 118.2 (C-12a),
122.1 (C-2), 122.3 (C-19c), 122.8 (C-14), 128.4 (C-3), 129.9 (C-1),
133.4 (C-16), 133.9 (C-15), 146.7 (C-8a), 150.9 (C-17a), 152.3 (C-
4a), 154.1 (C-11), 157.1 (C-13a), 164.3 (C-19). IR (KBr) n: 1048,
1219, 1498, 1583, 1631, 1698, 2928 cm−1; HRMS: calcd for
C28H22O6Na [M + Na]+ 477.1309, found 477.1308.

rac-(6aS*, 12bR*, 19bS*)-5ca: pale yellow amorphous solid,
Rf = 0.39 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.37 (s, 3H, 20-H), 3.43 (dd, J= 11.6 and 2.0 Hz, 1H, 7-Ha), 3.81–
3.89 (m, 4H, 7-Hb and 10-H), 3.96 (dd, J = 10.4 and 1.8 Hz, 1H, 6-
Ha), 4.24 (dd, J = 10.4 and 1.0 Hz, 1H, 6-Hb), 4.39 (s, 1H, 19b-H),
4.89 (d, J = 2.0 Hz, 1H, 12b-H), 6.85 (d, J = 9.0 Hz, 1H, 9-H),
6.88–6.98 (m, 3H, 12-H, 2-H and 4-H), 6.98 (dd, J = 9.0 and
3.1 Hz, 1H, 10-H), 7.06 (d, J= 7.5 Hz, 1H, 1-H), 7.16–7.25 (m, 1H,
3-H), 7.27 (d, J = 8.6 Hz, 1H, 17-H), 7.37 (dd, J = 8.5 and 1.8 Hz,
1H, 16-H), 7.53 (bs, 1H, 14-H). 13C NMR (100 MHz, CDCl3) d 21.0
(C-20), 35.6 (C-19b), 36.4 (C-6a), 56.0 (C-10), 63.4 (C-7), 69.5 (C-6),
75.6 (C-12b), 99.3 (C-19a), 114.8 (C-13b), 115.4 (C-12), 116.5 (C-
17), 116.8 (C-4), 117.4 (C-12a), 117.8 (C-9), 118.5 (C-10), 121.3
(C-2), 122.8 (C-14), 122.9 (C-19c), 126.3 (C-1), 128.4 (C-3), 133.5
(C-16), 134.0 (C-15), 148.9 (C-8a), 151.2 (C-17a), 153.7 (C-11),
154.8 (C-4a), 159.7 (C-13a), 161.7 (C-19). IR (KBr) n: 1043,
1221, 1498, 1578, 1625, 1714, 2834, 2931 cm−1; HRMS: calcd for
C28H22O6Na [M + Na]+ 477.1309, found 477.1308.

rac-(6aS*, 12bR*, 19bR*)-6ca: pale yellow crystals, mp 271–
274 °C, Rf= 0.29 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
CDCl3) d 2.45 (s, 3H, 20-H), 3.82 (s, 3H, 10-H), 3.94 (s, 2H, 7-H),
4.10 (d, J = 11.9 Hz, 1H, 6-Ha), 4.20 (s, 1H, 19b-H), 4.33 (d, J =
11.8 Hz, 1H, 6-Hb), 5.40 (s, 1H, 12b-H), 6.84 (m, 2H, 4-H and 9-
H), 6.92 (m, 2H, 2-H and 10-H), 7.10 (d, J = 2.9 Hz, 1H, 12-H),
7.15 (d, J = 8.0 Hz, 1H, 3-H), 7.21 (d, J = 8.5 Hz, 1H, 15-H), 7.36
(d, J = 7.8 Hz, 1H, 1-H), 7.46 (dd, J = 8.5 and 1.6 Hz, 1H, 16-H),
7.91 (s, 1H, 18-H). 13C NMR (100 MHz, CDCl3) d 20.9 (C-20), 30.8
(C-6a), 31.7 (C-19b), 55.9 (C-10), 66.3 (C-7), 68.2 (C-6), 71.8 (C-
12b), 100.9 (C-19a), 112.3 (C-17a), 115.2 (C-12), 116.8 (C-15),
117.2 (C-9), 117.6 (C-19c), 117.9 (C-4), 119.1 (C-10), 121.5 (C-
12a), 122.1 (C-2), 123.5 (C-18), 128.7 (C-3), 129.4 (C-1), 135.0
(C-17), 136.0 (C-16), 146.5 (C-8a), 151.7 (C-14a), 152.5 (C-4a),
154.4 (C-11), 159.7 (C-19), 161.8 (C-13a). IR (KBr) n: 1042,
1218, 1267, 1453, 1498, 1574, 1624 cm−1; HRMS: calcd for
C28H22O6Na [M + Na]+ 477.1309, found 477.1310.

rac-(6aS*, 12bR*, 19bS*)-7ca: white crystals, mp 199–201 °C,
Rf = 0.18 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.47 (s, 3H, 20-H), 3.46 (dd, J = 11.5 and 2.1 Hz, 1H, 7-Ha), 3.81
(s, 3H, 10-H), 3.86 (d, J = 11.5 Hz, 1H, 7-Hb), 3.95 (d, J = 10.4 Hz,
1H, 6-Ha), 4.26 (d, J = 10.4 Hz, 1H, 6-Hb), 4.37 (s, 1H, 19b-H),
4.93 (d, J = 1.3 Hz, 1H, 12b-H), 6.81 (d, J = 8.7 Hz, 1H, 9-H),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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6.90–6.98 (m, 4H, 2-H, 4-H, 10-H and 12-H), 7.01 (d, J = 7.3 Hz,
1H, 3-H), 7.22 (m, 1H, 1-H), 7.26 (d, J = 8.6 Hz, 1H, 15-H), 7.50
(dd, J = 8.6 and 2.3 Hz, 1H, 16-H), 7.93 (bs, 1H, 18-H). 13C NMR
(90 MHz, CDCl3) d 21.0 (C-20), 35.3 (C-19b), 36.1 (C-6a), 55.9 (C-
10), 63.0 (C-7), 69.4 (C-6), 76.5 (C-12b), 99.1 (C-19a), 112.3 (C-
14a), 115.1 (C-4), 116.7 (C-12a), 116.8 (C-15), 117.0 (C-12),
117.8 (C-9), 119.0 (C-10), 121.2 (C-2), 122.0 (C-19c), 123.6 (C-
18), 126.0 (C-3), 128.6 (C-1), 135.1 (C-17), 136.1 (C-16), 148.7
(C-8a), 151.8 (C-17a), 153.9 (C-4a), 154.7 (C-11), 159.0 (C-19),
162.2 (C-13a). IR (KBr) n: 1041, 1113, 1218, 1276, 1498, 1552,
1629, 1733, 2929 cm−1; HRMS: calcd for C28H22O6Na [M + Na]+

477.1309, found 477.1310.
rac-(6aS*, 12bR*, 19bS*)-11-methoxy-5,15,16-trimethyl-2-

nitro-5,19b-dihydro-6H,12bH,19H-dichromeno[30,4':5,6;
400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-(6aS*, 12bR*,
19bS*)-4ab] and rac- (6aS*, 12bR*, 19bS*)-11-methoxy-5,16,17-
trimethyl-2-nitro-5,19b-dihydro-6H,12bH,19H-dichromeno
[30,20:5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-(6aS*,
12bR*, 19bS*)-6ab]. The reaction of 1a and 2b was carried out
according to method A, and the crude product was puried by
column chromatography (hexane/chloroform/acetone 5 : 5 : 1),
affording rac-(6aS*, 12bR*, 19bS*)-4ab as yellow crystals (40%)
and rac-(6aS*, 12bR*, 19bS*)-6ab as yellow powder (45%).

Alternatively, the reaction was carried out at room tempera-
ture, affording rac-(6aS*, 12bR*, 19bS*)-4ab as yellow crystals
(54%) and rac-(6aS*, 12bR*, 19bS*)-6ab as yellow powder (19%).

rac-(6aS*, 12bR*, 19bS*)-4ab: yellow crystals, mp 307–309 °
C, Rf = 0.25 (hexane/chloroform/acetone 5 : 5 : 1). 1H NMR (400
MHz, CDCl3) d 2.23 (s, 3H, 30-H), 2.33 (s, 3H, 40-H), 2.95 (s, 3H,
20-H), 3.27 (d, J = 13.2 Hz, 1H, 6-Ha), 3.68 (d, J = 13.2 Hz, 1H, 6-
Hb), 3.85 (s, 3H, 10-H), 3.90 (d, J= 11.5 Hz, 1H, 7-Ha), 3.99 (d, J =
11.5 Hz, 1H, 7-Hb), 4.24 (s, 1H, 19b-H), 5.02 (s, 1H, 12b-H), 6.53
(d, J = 9.2 Hz, 1H, 4-H), 6.89 (d, J = 9.8 Hz, 1H, 9-H), 6.95–7.01
(m, 2H, 10-H and 12-H), 7.14 (s, 1H, 17-H), 7.36 (s, 1H, 14-H),
7.95 (dd, J = 9.2 and 2.5 Hz, 1H, 3-H), 8.07 (bs, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 19.3 (C-30), 20.4 (C-40), 30.7 (C-6a), 33.2
(C-19b), 39.8 (C-2), 54.7 (C-6), 56.0 (C-10), 67.6 (C-7), 72.2 (C-12b),
100.0 (C-19a), 110.3 (C-4), 112.4 (C-13b), 116.0 (C-12), 117.5 (C-
17), 117.9 (C-10), 118.1 (C-9), 118.5 (C-12a), 121.6 (C-19c),
123.1 (C-14), 124.8 (C-3), 126.2 (C-1), 133.1 (C-15), 138.5 (C-2),
142.8 (C-16), 146.9 (C-8a), 149.1 (C-4a), 151.6 (C-17a), 154.2 (C-
11), 157.5 (C-13a), 164.2 (C-19). IR (KBr) n: 1037, 1208, 1281,
1322, 1498, 1630, 1705, 2926, cm−1; HRMS: calcd for
C30H26N2O7Na [M + Na]+ 549.1632, found 549.1631.

The enantiomers of rac-(6aS*, 12bR*, 19bS*)-4ab were
separated on a Chiralpak IC column (hexane/dichloromethane/
methanol 50 : 45 : 5), and the on-line HPLC-ECD spectra were
recorded.

(6aR, 12bS, 19bR)-4ab: tR = 10.14 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 390 (3.30), 330.5sh
(−6.59), 316 (−16.13), 302.5sh (−7.42), 288sh (3.94), 277.5
(4.82), 255.5 (−4.44), 230 (−58.44).

(6aS, 12bR, 19bS)-4ab: tR = 13.11 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 390 (−2.51), 330.5sh
© 2026 The Author(s). Published by the Royal Society of Chemistry
(5.53), 316 (13.82), 302.5sh (5.89), 288sh (−3.85), 277.5 (−4.16),
255.5 (3.87), 230 (48.37).

rac-(6aS*, 12bR*, 19bS*)-6ab: yellow powder, mp 185–188 °
C, Rf = 0.19 (hexane/chloroform/acetone 5 : 5 : 1). 1H NMR (500
MHz, CDCl3) d 2.37 (s, 3H, 30-H), 2.38 (s, 3H, 40-H), 2.96 (s, 3H,
20-H), 3.26 (d, J = 13.2 Hz, 1H, 6-Ha), 3.66 (d, J = 13.2 Hz, 1H, 6-
Hb), 3.81 (s, 3H, 10-H), 3.95 (q, J = 11.8 Hz, 2H, 7-H), 4.45 (s, 1H,
19b-H), 5.18 (s, 1H, 12b-H), 6.58 (d, J = 9.2 Hz, 1H, 4-H), 6.86–
6.92 (m, 2H, 9-H and 12-H), 6.97 (dd, J = 9.0 and 2.9 Hz, 1H, 10-
H), 7.11 (s, 1H, 15-H), 8.01 (dd, J= 9.0 and 2.0 Hz, 1H, 3-H), 8.04
(s, 1H, 18-H), 8.05 (bs, 1H, 1-H). 13C NMR (100 MHz, CDCl3)
d 19.4 (C-40), 20.5 (C-30), 31.1 (C-6a), 32.5 (C-19b), 39.8 (C-20), 54.6
(C-6), 55.9 (C-10), 67.7 (C-7), 74.8 (C-12b), 97.1 (C-19a), 110.3 (C-
4), 115.2 (C-12), 117.5 (C-15), 118.4 (C-9), 118.9 (C-10), 120.4 (C-
18a), 122.0 (C-19c), 124.8 (C-3), 126.2 (C-18), 126.6 (C-1), 134.8
(C-17), 138.7 (C-2), 143.9 (C-16), 146.9 (C-8a), 149.0 (C-4a), 151.8
(C-14a), 154.3 (C-11), 160.2 (C-13a), 178.2 (C-19). IR (KBr) n:
1042, 1213, 1267, 1291, 1320, 1499, 1619, 1706, 2924 cm−1;
HRMS: calcd for C30H26N2O7Na [M + Na]+ 549.1632, found
549.1631.

The enantiomers of rac-(6aS*, 12bR*, 19bS*)-6ab were
separated on a Chiralpak IC column (hexane/dichloromethane/
methanol 50 : 45 : 5), and the on-line HPLC-ECD spectra were
recorded.

(6aR, 12bS, 19bR)-6ab: tR = 8.12 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 355 (−4.02), 301.5sh
(−9.02), 294 (−11.85), 264.5sh (−16.06), 246.5 (−31.16).

(6aS, 12bR, 19bS)-6ab: tR = 15.72 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 355 (1.33), 301.5sh
(3.11), 294 (3.90), 264.5sh (5.68), 246.5 (10.64).

(6aS, 7R, 12bR, 19bS) and (6aS, 7R, 12bR, 19bR)-11-methoxy-
5,15,16-trimethyl-2-nitro-7-phenyl-5,19b-dihydro-6H,12bH,19H-
dichromeno[30,4':5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one
[(6aS, 7R, 12bR, 19bS)-4bb and (6aS, 7R, 12bR, 19bR)-5bb] and
(6aS, 7R, 12bR, 19bS)-11-methoxy-5,16,17-trimethyl-2-nitro-7-
phenyl-5,19b-dihydro-6H,12bH,19H-dichromeno[30,20:5,6;
400,300:2,3]pyrano[3,4-c]quinolin-19-one [(6aS, 7R, 12bR, 19bS)-
6bb]

The reaction of (R)-1b and 2b was carried out according to
method A, and the crude product was puried by column
chromatography (hexane/chloroform/ethyl acetate 5 : 5 : 1),
affording (6aS, 7R, 12bR, 19bS)-4bb as yellow powder (26%),
(6aS, 7R, 12bR, 19bS)-6bb as yellow powder (16%) and (6aS, 7R,
12bR, 19bR)-5bb as yellow powder (44%).

(6aS, 7R, 12bR, 19bS)-4bb: yellow powder, mp 221–223 °C, Rf

= 0.44 (hexane/chloroform/ethyl acetate 5 : 5 : 1). [a]D = −7 (c =
1.00 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (288 mg/4 ml):
331sh (1.67), 317 (5.73), 307sh (2.84), 288.5 (−4.26), 277 (−3.93),
252.5 (0.28), 230 (24.87), 212 (−67.01), 198.5 (113.93). 1H NMR
(400 MHz, CDCl3) d 2.27 (s, 3H, 300-H), 2.36 (s, 3H, 400-H), 2.92 (s,
3H, 200-H), 3.24 (d, J = 12.9 Hz, 1H, 6-Ha), 3.53 (d, J = 12.9 Hz,
1H, 6-Hb), 3.88 (s, 3H, 100-H), 4.03 (s, 1H, 19b-H), 5.05 (s, 1H, 7-
H), 5.12 (s, 1H, 12b-H), 6.52 (d, J= 9.2 Hz, 1H, 4-H), 7.03 (m, 3H,
9-H, 10-H and 12-H), 7.20 (s, 1H, 17-H), 7.29 (d, J = 6.8 Hz, 2H,
20-H and 60-H), 7.38 (m, 3H, 30-H, 40-H and 50-H), 7.44 (s, 1H, 14-
RSC Adv., 2026, 16, 23585–23612 | 23599
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H), 7.93 (dd, J = 9.2 and 2.5 Hz, 1H, 3-H), 8.12 (bs, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 19.3(C-300), 20.5 (C-400), 32.7 (C-19b),
33.1 (C-6a), 39.9 (C-200), 50.5 (C-6), 56.0 (C-100), 73.2 (C-12b),
77.1 (C-7), 100.3 (C-19a), 110.3 (C-4), 112.3 (C-13b), 115.8 (C-
12), 117.6 (C-17), 118.0 (C-10), 118.2 (C-9), 118.5 (C-12a), 122.6
(C-19c), 123.1 (C-14), 124.6 (C-3), 126.2 (C-1), 127.5 (C-20 and C-
60), 128.6 (C-30 and C-50), 129.3 (C-40), 133.2 (C-16), 134.1 (C-10),
138.5 (C-2), 143.0 (C-15), 148.0 (C-8a), 148.6 (C-4a), 151.8 (C-
17a), 154.4 (C-11), 158.3 (C-13a), 163.8 (C-19). IR (KBr) n: 1036,
1233, 1314, 1498, 1630, 1705, 2921 cm−1; HRMS: calcd for
C36H30N2O7Na [M + Na]+ 625.1945, found 625.1948.

(6aS, 7R, 12bR, 19bS)-6bb: yellow powder, mp 210–213 °C, Rf

= 0.33 (hexane/chloroform/ethyl acetate 5 : 5 : 1). [a]D= 115 (c=
1.01 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (299 mg/4 ml):
390 (2.15), 310.5 (−1.85), 300.5sh (1.50), 293.5 (2.27), 266sh
(4.66), 246.5 (7.15), 211.5 (−33.58), 199 (35.49), 191.5 (−94.02).
1H NMR (400 MHz, CDCl3) d 2.42 (s, 3H, 300-H), 2.44 (s, 3H, 400-
H), 2.93 (s, 3H, 200-H), 3.22 (d, J = 12.9 Hz, 1H, 6-Ha), 3.55 (d, J =
12.9 Hz, 1H, 6-Hb), 3.85 (s, 3H, 100-H), 4.34 (s, 1H, 19b-H), 5.15 (s,
1H, 7-H), 5.27 (s, 1H, 12b-H), 6.53 (d, J = 9.2 Hz, 1H, 4-H), 6.97
(s, 1H, 12-H), 7.03 (m, 2H, 9-H and 10-H), 7.19 (s, 1H, 15-H),
7.26–7.33 (m, 2H, 20-H and 60-H), 7.40 (m, 3H, 30-H, 40-H and 50-
H), 7.96 (dd, J= 9.1 and 2.6 Hz, 1H, 3-H), 8.07 (bs, 1H, 1-H), 8.16
(s, 1H, 18-H). 13C NMR (100 MHz, CDCl3) d 19.4 (C-400), 20.5 (C-
300), 32.0 (C-19b), 33.4 (C-6a), 39.9 (C-200), 50.3 (C-6), 56.0 (C-100),
75.7 (C-12b), 77.0 (C-7), 97.4 (C-19a), 110.3 (C-4), 115.0 (C-12),
117.5 (C-12a), 117.6 (C-15), 118.5 (C-10), 119.0 (C-9), 120.5 (C-
18a), 122.9 (C-19c), 124.5 (C-3), 126.5 (C-18), 126.7 (C-1), 127.6
(C-20 and C-60), 128.6 (C-30 and C-50), 129.2 (C-40), 134.0 (C-10),
134.8 (C-17), 138.7 (C-2), 144.0 (C-16), 148.0 (C-8a), 148.4 (C-4a),
151.9 (C-14a), 154.5 (C-11), 160.8 (C-13a), 177.7 (C-19). IR (KBr)
n: 1261, 1314, 1432, 1463, 1498, 1621, 2922 cm−1; HRMS: calcd
for C36H30N2O7Na [M + Na]+ 625.1945, found 625.1948.

(6aS, 7R, 12bR, 19bR)-5bb: yellow powder, mp 201–204 °C, Rf

= 0.10 (hexane/chloroform/ethyl acetate 5 : 5 : 1). [a]D= 453 (c=
1.10 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (199 mg/4 ml):
399.5 (−6.64), 313 (−8.66), 282.5 (7.96), 251.5 (−9.34), 237
(2.85), 208.5 (−143.57), 198.5 (129.65). 1H NMR (400 MHz,
CDCl3) d 2.31 (s, 3H, 400-H), 2.41 (s, 3H, 300-H), 2.91 (s, 3H, 200-H),
3.23 (d, J = 12.4 Hz, 1H, 6-Ha), 3.75 (d, J = 12.4 Hz, 1H, 6-Hb),
3.87 (s, 3H, 100-H), 4.30 (s, 1H, 19b-H), 4.90 (s, 1H, 12b-H), 5.34
(s, 1H, 7-H), 6.00 (d, J = 9.1 Hz, 1H, 4-H), 6.90 (brs, 4H, 20-H, 30-
H, 50-H and 60-H), 6.93–7.00 (m, 3H, 9-H, 12-H and 40-H), 7.05
(dd, J = 8.9 and 3.0 Hz, 1H, 10-H), 7.23 (s, 1H, 17-H), 7.47 (d, J =
2.4 Hz, 1H, 1-H), 7.55 (s, 1H, 14-H), 7.58 (dd, J = 9.1 and 2.4 Hz,
1H, 3-H). 13C NMR (90 MHz, CDCl3) d 19.4 (C-400), 20.6 (C-300),
37.9 (C-200), 38.5 (C-6a), 38.9 (C-19b), 53.7 (C-7), 56.1 (C-100), 77.4
(C-7), 79.5 (C-12b), 98.8 (C-19c), 109.6 (C-4), 112.6 (C-13b), 115.2
(C-9), 117.4 (C-17), 117.8 (C-12), 118.6 (C-19a and C-12a), 118.7
(C-10), 123.0 (C-14), 124.4 (C-1 and C-3), 127.7–128.5 (Ph), 133.2
(C-15), 137.0 (C-16), 137.7 (C-10), 143.1 (C-2), 149.1 (C-8a), 151.6
(C-17a), 152.3 (C-4a), 154.1 (C-11), 160.9 (C-13a), 161.4 (C-19). IR
(KBr) n: 1037, 1228, 1302, 1319, 1498, 1613, 1717, 2920 cm−1;
HRMS: calcd for C36H30N2O7Na [M + Na]+ 625.1945, found
625.1948.

rac-(6aS*, 12bR*, 19bR*)- and rac-(6 aS*,12bR*,19bS*)-11-
methoxy-15,16-dimethyl-12bH,19H,19bH-pyrano[3,2-c:3,4-
23600 | RSC Adv., 2026, 16, 23585–23612
c':5,6-c'']trichromen-19-one [rac-(6aS*, 12bR*, 19bR*)-4cb and
rac-(6aS*, 12bR*, 19bR*)-5cb] and rac-(6aS*, 12bR*, 19bR*)-11-
methoxy-16,17-dimethyl-12bH,19H,19bH-pyrano[2,3-b:5,4-
c':5,6-c'']trichromen-19-one [rac-(6aS*, 12bR*, 19bR*)-6cb]. The
reaction of 1c and 2b was carried out according to method B,
and the crude product was puried by column chromatography
(hexane/ethyl acetate 2 : 1), affording rac-(6aS*, 12bR*, 19bR*)-
4cb as white crystals (35%), rac-(6aS*, 12bR*, 19bR*)-6cb as pale
yellow amorphous solid (19%) and rac-(6aS*, 12bR*, 19bS*)-5cb
as yellow amorphous solid (21%).

rac-(6aS*, 12bR*, 19bR*)-4cb: white crystals, mp 323–324 °C,
Rf = 0.55 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.26 (s, 3H, 30-H), 2.35 (s, 3H, 20-H), 3.88 (s, 3H, 10-H), 3.95 (dd,
J = 11.7, 1.4 Hz, 1H, 7-Ha), 3.99 (d, J = 11.6 Hz, 1H, 7-Hb), 4.14
(d, J = 11.8 Hz, 1H, 6-Ha), 4.26 (s, 1H, 19b-H), 4.33 (d, J =

11.8 Hz, 1H, 6-Hb), 5.31 (s, 1H, 12b-H), 6.85 (d, J = 8.2 Hz, 1H, 4-
H), 6.89–6.96 (m, 2H, 2-H and 9-H), 7.00 (dd, J = 9.0 and 3.0 Hz,
1H, 10-H), 7.05 (d, J = 2.9 Hz, 1H, 12-H), 7.12–7.19 (m, 2H, 3-H
and 17-H), 7.40 (s, 1H, 14-H), 7.53 (d, J = 7.9 Hz, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 19.2 (C-30), 20.3 (C-20), 30.5 (C-6a), 32.0
(C-19b), 55.9 (C-10), 66.1 (C-7), 68.4 (C-6), 71.0 (C-12b), 100.2 (C-
19a), 112.4 (C-13b), 116.0 (C-12), 116.9 (C-4), 117.1 (C-17), 117.9
(C-2), 118.0 (C-10), 118.3 (C-12a), 122.1 (C-9), 122.5 (C-19c),
123.0 (C-14), 128.3 (C-3), 129.9 (C-1), 132.9 (C-15), 142.4 (C-16),
146.7 (C-8a), 151.2 (C-17a), 152.3 (C-4a), 154.1 (C-11), 157.3 (C-
13a), 164.6 (C-19). IR (KBr) n: 1039, 1217, 1231, 1499, 1573,
1630, 1699, 2930 cm−1; HRMS: calcd for C29H24O6Na [M + Na]+

491.1465, found 491.1465.
rac-(6aS*, 12bR*, 19bR*)-6cb: pale yellow amorphous solid,

Rf = 0.45 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.35 (s, 3H, 30-H), 2.37 (s, 3H, 20-H), 3.81 (s, 3H, 10-H), 3.93 (dd,
J = 11.8 and 1.5 Hz, 1H, 7-Ha), 4.01 (d, J = 11.8 Hz, 1H, 7-Hb),
4.13 (d, J = 11.8 Hz, 1H, 6-Ha), 4.28 (d, J = 11.7 Hz, 1H, 6-Hb),
4.48 (s, 1H, 19b-H), 5.43 (s, 1H, 12b-H), 6.81 (dd, J = 8.1 and
1.0 Hz, 1H, 4-H), 6.85–6.91 (m, 2H, 2-H and 9-H), 6.91–7.01 (m,
2H, 10-H and 12-H), 7.07–7.17 (m, 2H, 3-H and 15-H), 7.41 (d, J
= 7.9 Hz, 1H, 1-H), 8.00 (s, 1H, 18-H). 13C NMR (100 MHz,
CDCl3) d 19.4 (C-30), 20.5 (C-20), 31.0 (C-19b), 31.4 (C-6a), 55.9 (C-
10), 66.2 (C-7), 68.3 (C-6), 73.7 (C-12b), 97.4 (C-19a), 115.3 (C-10),
116.8 (C-4), 117.3 (C-18a), 117.5 (C-15), 118.3 (C-9), 119.1 (C-12),
120.5 (C-19c), 122.2 (C-2), 123.0 (C-12a), 125.8 (C-18), 128.4 (C-
3), 130.5 (C-1), 134.6 (C-17), 143.8 (C-16), 146.9 (C-8a), 151.7
(C-14a), 152.3 (C-4a), 154.3 (C-11), 160.4 (C-13a), 178.7 (C-19). IR
(KBr) n: 1217, 1267, 1464, 1498, 1563, 1620, 2925 cm−1; HRMS:
calcd for C29H24O6Na [M + Na]+ 491.1465, found 491.1466.

rac-(6aS*, 12bR*, 19bS*)-5cb: yellow amorphous solid, Rf =

0.36 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.26 (s, 3H, 20-H), 2.36 (s, 3H, 30-H), 3.43 (dd, J = 11.6 and
1.9 Hz, 1H, 7-Ha), 3.84 (s, 3H, 10-H), 3.84 (dd, J= 11.6 and 1.5 Hz,
1H, 7-Hb), 3.96 (dd, J = 10.4 and 1.8 Hz, 1H, 6-Ha), 4.23 (d, J =
10.4 Hz, 1H, 6-Hb), 4.38 (s, 1H, 19b-H), 4.87 (d, J = 1.8 Hz, 1H,
12b-H), 6.85 (d, J = 8.9 Hz, 1H, 9-H), 6.89–6.96 (m, 3H, 2-H, 4-H
and 12-H), 6.98 (dd, J = 8.9 and 3.0 Hz, 1H, 10-H), 7.06 (d, J =
7.6 Hz, 1H, 1-H), 7.15 (s, 1H, 17-H), 7.20 (t, J = 7.7 Hz, 1H, 3-H),
7.46 (s, 1H, 14-H). 13C NMR (100 MHz, CDCl3) d 19.3 (C-20), 20.5
(C-30), 35.5 (C-6a), 36.4 (C-19b), 56.0 (C-10), 63.4 (C-7), 69.5 (C-6),
© 2026 The Author(s). Published by the Royal Society of Chemistry
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75.5 (C-12b), 98.4 (C-19a), 112.7 (C-13b), 115.4 (C-12), 116.7 (C-
4), 117.2 (C-17), 117.5 (C-12a), 117.8 (C-9), 118.5 (C-10), 121.2
(C-2), 123.0 (C-14), 123.0 (C-19c), 126.4 (C-1), 128.4 (C-3), 133.0
(C-15), 142.6 (C-16), 148.9 (C-8a), 151.4 (C-17a), 153.7 (C-11),
154.8 (C-4a), 159.9 (C-13a), 162.0 (C-19). IR (KBr) n: 1044,
1220, 1268, 1294, 1391, 1455, 1499, 1625, 1712, 2942 cm−1;
HRMS: calcd for C29H24O6Na [M + Na]+ 491.1465, found
491.1465.

rac-(6aS*, 12bR*, 19bS*)- and (6aS*, 12bR*, 19bR*)-
11,14,15,16-tetramethoxy-5-methyl-2-nitro-5,19b-dihydro-
6H,12bH,19H-dichromeno[30,4':5,6; 400,300:2,3]pyrano[3,4-c]
quinolin-19-one [rac-(6 aS*,12bR*,19bS*)-4ac and rac-(6aS*,
12bR*, 19bR*)-5ac] and rac-(6 aS*,12bR*,19bS*)-11,16,17,18-
tetramethoxy-5-methyl-2-nitro-5,19b-dihydro-6H,12bH,19H-di-
chromeno[30,20:5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-
(6 aS*,12bR*,19bS*)-6ac]. The reaction of 1a and 2c was carried
out according to method A, and the crude product was puried
by column chromatography (hexane/ethyl acetate 2 : 1), afford-
ing rac-(6aS*, 12bR*, 19bS*)-4ac as yellow powder (49%), rac-
(6aS*, 12bR*, 19bS*)-6ac as yellow amorphous solid (16%) and
rac-(6aS*, 12bR*, 19bR*)-5ac as yellow powder (25%).

Alternatively, the reaction was carried out at room tempera-
ture, affording rac-(6aS*, 12bR*, 19bS*)-4ac as yellow powder
(21%), rac-(6aS*, 12bR*, 19bS*)-6ac as yellow amorphous solid
(10%) and rac-(6aS*, 12bR*, 19bR*)-5ac as yellow powder (14%).

rac-(6aS*, 12bR*, 19bS*)-4ac: yellow powder, mp 297–299 °
C, Rf = 0.30 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.96 (s, 3H, 50-H), 3.29 (d, J= 13.6 Hz, 1H, 6-Ha), 3.50 (s,
3H, 20-H), 3.69 (d, J = 13.2 Hz, 1H, 6-Hb), 3.78 (s, 3H, 30-H), 3.80
(s, 3H, 10-H), 3.92 (m, 4H, 40-H and 7-Ha), 4.01 (d, J = 11.2 Hz,
1H, 7-Hb), 4.23 (s, 1H, 19b-H), 5.05 (s, 1H, 12b-H), 6.53 (d, J =
8.8 Hz, 1H, 4-H), 6.70 (s, 1H, 17-H), 6.86 (d, J = 8.8 Hz, 1H, 9-H),
6.94 (d, J = 9.2 Hz, 1H, 10-H), 6.99 (s, 1H, 12-H), 7.97–7.93 (m,
2H, 1-H and 3-H). 13C NMR (100 MHz, CDCl3) d 30.1 (C-6a), 32.8
(C-19b), 39.6 (C-50), 54.4 (C-6), 54.4 (C-40), 56.3 (C-10), 61.2 (C-30),
62.1 (C-20), 67.6 (C-7), 72.0 (C-12b), 96.6 (C-17), 98.1 (C-19a),
103.2 (C-13b), 110.0 (C-4), 115.2 (C-12), 118.1 (C-10), 118.2 (C-
12a), 118.3 (C-9), 121.2 (C-19c), 138.1 (C-2), 140.3 (C-15), 146.6
(C-8a), 148.8 (C-4a), 150.6 (C-14), 150.8 (C-17a), 154.0 (C-11),
157.0 (C-16), 158.8 (C-13a), 163.6 (C-19). IR (KBr) n: 1042,
1100, 1285, 1299, 1317, 1391, 1498, 1607, 1703 cm−1; HRMS:
calcd for C31H28N2O10Na [M + Na]+ 611.1636, found 611.1637.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 50 : 45 : 5), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS, 19bR)-4ac: tR = 8.00 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 389 (2.05), 335sh
(−6.63), 318 (−14.22), 298sh (3.92), 289.5 (4.10), 236 (−26.08).

(6aS, 12bR, 19bS)-4ac: tR = 11.35 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 388.5 (−1.82), 335sh
(4.38), 318 (9.87), 297sh (−3.65), 285.5 (−3.73), 236 (18.61).

rac-(6aS*, 12bR*, 19bS*)-6ac: yellow amorphous solid, Rf =

0.18 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz, CDCl3)
d 2.95 (s, 3H, 50-H), 3.24 (d, J = 13.2 Hz, 1H, 6-Ha), 3.71 (d, J =
13.2 Hz, 1H, 6-Hb), 3.80 (s, 3H, 10-H), 3.89 (s, 3H, 20-H), 3.90–3.98
© 2026 The Author(s). Published by the Royal Society of Chemistry
(m, 4H, 30-H and 7-Ha), 4.01 (dd, J = 11.7 and 2.0 Hz, 1H, 7-Hb),
4.08 (s, 3H, 40-H), 4.49 (s, 1H, 19b-H), 5.14 (d, J = 2.0 Hz, 1H,
12b-H), 6.55 (d, J= 9.3 Hz, 1H, 4-H), 6.61 (s, 1H, 15-H), 6.85–6.93
(m, 2H, 9-H and 12-H), 6.97 (dd, J = 9.1 and 3.0 Hz, 1H, 10-H),
7.98 (dd, J = 9.3 and 2.7 Hz, 1H, 3-H), 8.08 (d, J = 2.7 Hz, 1H, 1-
H). 13C NMR (100 MHz, CDCl3) d 31.0 (C-6a), 32.0 (C-19b), 39.7
(C-50), 54.5 (C-6), 55.8 (C-10), 56.3 (C-20), 61.6 (C-30), 62.5 (C-40),
67.5 (C-7), 74.6 (C-12b), 95.9 (C-15), 97.1 (C-19a), 110.1 (C-4),
111.1 (C-18a), 115.0 (C-12), 117.4 (C-12a), 118.3 (C-9), 118.8 (C-
10), 121.9 (C-19c), 124.6 (C-1), 126.5 (C-3), 138.5 (C-2), 140.8
(C-17), 146.8 (C-8a), 148.8 (C-4a), 151.3 (C-14a), 153.0 (C-18),
154.2 (C-11), 157.5 (C-16), 158.8 (C-13a), 177.0 (C-19). IR (KBr)
n: 1217, 1265, 1421, 1498, 1604, 2852, 2925 cm−1. HRMS: calcd
for C31H28N2O10Na [M + Na]+ 611.1636, found 611.1639.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 50 : 45 : 5), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS, 19bR)-6ac: tR = 8.44 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 365.5 (−1.80), 322.5
(0.93), 299.5 (−10.31), 281 (2.24), 251.5 (−20.78), 232.5 (−2.41).

(6aS, 12bR, 19bS)-6ac: tR = 15.56 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 365.5 (1.03), 321.5
(−0.36), 300 (4.28), 281.5 (−1.79), 249.5 (9.07).

rac-(6aS*, 12bR*, 19bR*)-5ac: yellow powder, mp 205–208 °
C, Rf = 0.13 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 3.05 (s, 3H, 50-H), 3.26 (m, 2H, 6-H), 3.35 (dd, J = 11.8
and 2.1 Hz, 1H, 7-Ha), 3.63 (s, 3H, 20-H), 3.81 (s, 3H, 10-H), 3.83
(s, 3H, 30-H), 3.89 (d, J = 11.8 Hz, 1H, 7-Hb), 3.94 (s, 3H, 40-H),
4.13 (s, 1H, 19b-H), 4.86 (d, J = 2.1 Hz, 1H, 12b-H), 6.66 (d, J =
9.2 Hz, 1H, 4-H), 6.73 (s, 1H, 17-H), 6.84 (d, J = 8.9 Hz, 1H, 9-H),
6.91 (d, J = 3.0 Hz, 1H, 12-H), 6.97 (dd, J = 8.9 and 3.0 Hz, 1H,
10-H), 7.73 (d, J = 2.6 Hz, 1H, 1-H), 8.12 (dd, J = 9.1 and 2.6 Hz,
1H, 3-H). 13C NMR (100 MHz, CDCl3) d 34.9 (C-6a), 36.9 (C-19b),
38.2 (C-50), 54.4 (C-6), 55.9 (C-10), 56.4 (C-40), 61.4 (C-30), 62.2 (C-
20), 63.1 (C-7), 76.0 (C-12b), 96.4 (C-19a), 96.5 (C-17), 103.4 (C-
13b), 109.7 (C-4), 115.0 (C-12), 117.4 (C-12a), 117.7 (C-9), 118.3
(C-10), 119.6 (C-19c), 122.1 (C-1), 124.9 (C-3), 138.0 (C-2), 140.4
(C-15), 148.4 (C-8a), 150.6 (C-14), 150.8 (C-17a), 151.7 (C-4a),
153.7 (C-11), 157.1 (C-16), 161.2 (C-19), 161.7 (C-13a). IR (KBr)
n: 1290, 1313, 1498, 1607, 1707, 2853, 2926 cm−1. HRMS: calcd
for C31H28N2O10Na [M + Na]+ 611.1636, found 611.1639.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 30 : 63 : 7), and the on-line
HPLC-ECD spectra were recorded.

(6aS, 12bR, 19bR)-5ac: tR = 5.99 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 387 (−13.22), 314
(−18.67), 288.5 (6.43), 264.5sh (3.90).

(6aR, 12bS, 19bS)-5ac: tR = 14.05 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 387.5 (6.79), 315 (9.23),
287.5 (−3.37), 265sh (−2.31).

(6aS, 7R, 12bR, 19bS)- and (6aS, 7R, 12bR, 19bR)-11,14,15,16-
tetramethoxy-5-methyl-2-nitro-7-phenyl-5,19b-dihydro-
6H,12bH,19H-dichromeno[30,4':5,6; 400,300:2,3]pyrano[3,4-c]
RSC Adv., 2026, 16, 23585–23612 | 23601
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quinolin-19-one [(6aS, 7R, 12bR, 19bS)-4bc and (6aS, 7R, 12bR,
19bR)-5bc] and (6aS, 7R, 12bR, 19bS)-11,16,17,18-tetramethoxy-
5-methyl-2-nitro-7-phenyl-5,19b-dihydro-6H,12bH,19H-di-
chromeno[30,20:5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one
[(6aS, 7R, 12bR, 19bS)-6bc]

The reaction of (R)-1b and 2c was carried out according to
method A, and the crude product was puried by column
chromatography (hexane/chloroform/ethyl acetate 4 : 4 : 1),
affording (6aS, 7R, 12bR, 19bS)-4bc as yellow powder (42%),
(6aS, 7R, 12bR, 19bS)-6bc as yellow amorphous solid (10%) and
(6aS, 7R, 12bR, 19bR6aS, 7R, 12bR, 19bR)-5bc as yellow crystals
(44%).

Alternatively, the reaction was carried out at room tempera-
ture, affording (6aS, 7R, 12bR, 19bS)-4bc as yellow powder
(32%), (6aS, 7R, 12bR, 19bS)-6bc as yellow amorphous solid
(8%) and (6aS, 7R, 12bR, 19bR)-5bc as yellow crystals (53%).

(6aS, 7R, 12bR, 19bS)-4bc: yellow powder, mp 184–186 °C, Rf

= 0.20 (hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D = 0.2 (c =
0.88 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (218 mg/4 ml):
319 (9.42), 296.5 (−5.63), 235 (19.47), 219 (−40.95), 199.5
(92.52). 1H NMR (400 MHz, CDCl3) d 2.93 (s, 3H, 500-H), 3.25 (d, J
= 13.0 Hz, 1H, 6-Ha), 3.54 (m, 4H, 300-H and 6-Hb), 3.81 (s, 3H,
200-H), 3.84 (s, 3H, 100-H), 3.95 (s, 3H, 400-H), 4.04 (s, 1H, 19b-H),
5.07 (s, 1H, 7-H), 5.15 (s, 1H, 12b-H), 6.52 (d, J = 9.2 Hz, 1H, 4-
H), 6.77 (s, 1H, 17-H), 6.99 (s, 2H, 9-H and 10-H), 7.05 (s, 1H, 12-
H), 7.31 (d, J = 6.9 Hz, 2H, 20-H and 60-H), 7.35–7.46 (m, 3H, 30-
H, 40-H and 50-H), 7.96 (dd, J = 9.2 and 2.7 Hz, 1H, 3-H), 8.05 (s,
1H, 1-H). 13C-NMR (100 MHz, CDCl3): 32.4 (C-19b), 32.7 (C-6a),
39.8 (C-500), 50.2 (C-6), 55.9 (C-100), 56.4 (C-300), 61.3 (C-200), 62.2
(C-300), 73.0 (C-12b), 77.2 (C-7), 96.8 (C-17), 98.5 (C-13b), 103.2
(C-19a), 110.0 (C-19c), 110.1 (C-4), 115.1 (C-12), 118.2 (C-9),
118.3 (C-10), 118.4 (C-12a), 122.4 (C-10), 124.5 (C-3), 126.1 (C-
1), 127.5 (C-30 and C-50), 128.5 (C-20 and C-60), 129.2 (C-40),
133.9 (C-15), 138.4 (C-2), 147.7 (C-14), 148.4 (C-17a), 150.8 (C-
8a), 151.2 (C-4a), 154.3 (C-11), 157.2 (C-16), 159.5 (C-13a),
163.1 (C-19). IR (KBr) n: 1036, 1098, 1233, 1300, 1314, 1393,
1460, 1498, 1607, 1705 cm−1; HRMS: calcd for C37H32N2O10Na
[M + Na]+ 687.1949, found 687.1952.

(6aS, 7R, 12bR, 19bS)-6bc: yellow amorphous solid, Rf = 0.15
(hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D = 45 (c = 1.00 g/
100 ml in CHCl3). ECD [nm (D3), MeCN] (197 mg/4 ml): 389.5
(3.53), 319.5 (−0.94), 298.5 (8.06), 281 (−0.32), 248 (15.29),
235sh (8.35), 212 (−20.71), 201.5 (18.73), 191.5 (−123.48). 1H
NMR (400 MHz, CDCl3) d 2.90 (s, 3H, 500-H), 3.20 (d, J = 12.9 Hz,
1H, 6-Ha), 3.50 (d, J = 12.9 Hz, 1H, 6-Hb), 3.83 (s, 3H, 100-H), 3.92
(s, 3H, 200-H), 3.98 (s, 3H, 300-H), 4.12 (s, 3H, 400-H), 4.37 (s, 1H,
19b-H), 5.14 (s, 1H, 7-H), 5.21 (s, 1H, 12b-H), 6.51 (d, J = 9.2 Hz,
1H, 4-H), 6.66 (s, 1H, 15-H), 6.93 (m, 1H, 12-H), 7.02 (m, 2H, 9-H
and 10-H), 7.30 (m, 2H, 20-H and 60-H), 7.37 (m, 1H, 40-H), 7.42
(m, 2H, 30-H and 50-H), 7.94 (dd, J = 9.2 and 2.6 Hz, 1H, 3-H),
8.16 (dd, J = 2.6 and 1.3 Hz, 1H, 1-H). 13C NMR (100 MHz,
CDCl3) d 31.5 (C-19b), 33.1 (C-6a), 39.8 (C-500), 50.2 (C-6), 55.8 (C-
100), 56.3 (C-200), 61.8 (C-300), 62.7 (C-400), 75.4 (C-12b), 76.8 (C-7),
96.0 (C-15), 97.6 (C-19c), 110.2 (C-4), 111.3 (C-18a), 114.9 (C-12),
117.4 (C-12a), 118.3 (C-9), 118.8 (C-10), 122.9 (C-19c), 124.2 (C-
1), 126.7 (C-3), 127.5 (C-20 and C-60), 128.5 (C-30 and C-50),
129.1 (C-40), 133.8 (C-10), 138.5 (C-2), 140.9 (C-17), 147.8 (C-8a),
23602 | RSC Adv., 2026, 16, 23585–23612
148.2 (C-4a), 151.4 (C-14a), 153.1 (C-18), 154.3 (C-11), 157.5 (C-
16), 159.3 (C-13a), 176.5 (C-19). IR (KBr) n: 1234, 1264, 1313,
1421, 1498, 1604, 1628, 2926 cm−1; HRMS: calcd for
C37H32N2O10Na [M + Na]+ 687.1949, found 687.1951.

(6aS, 7R, 12bR, 19bR)-5bc: yellow crystals, mp 181–184 °C, Rf

= 0.03 (hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D = −424 (c
= 0.82 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (212 mg/4 ml):
397.5 (−8.02), 315.5 (−10.95), 283.5 (10.44), 248.5 (−14.47),
210.5 (−121.64), 199.5 (70.97). 1H NMR (400 MHz, CDCl3) d 2.91
(s, 3H, 500-H), 3.28 (d, J = 12.4 Hz, 1H, 6-Ha), 3.70 (s, 3H, 200-H),
3.78 (d, J = 12.5 Hz, 1H, 6-Hb), 3.84 (s, 3H, 400-H), 3.88 (s, 3H, 300-
H), 3.98 (s, 3H, 100-H), 4.29 (s, 1H, 19b-H), 4.91 (s, 1H, 12b-H),
5.41 (s, 1H, 7-H), 5.96 (d, J = 9.2 Hz, 1H, 4-H), 6.77 (s, 1H, 17-
H), 6.81–6.99 (m, 7H, Ph, 9-H and 12-H), 7.03 (dd, J = 8.9 and
2.9 Hz, 1H, 10-H), 7.46 (d, J = 2.3 Hz, 1H, 1-H), 7.58 (dd, J = 9.1
and 2.3 Hz, 1H, 3-H). 13C-NMR (100 MHz, CDCl3): 37.7 (C-6a),
37.8 (C-500), 38.7 (C-19b), 53.5 (C-6), 55.9 (C-400), 56.4 (C-100),
61.3 (C-300), 62.2 (C-200), 77.3 (C-7), 79.3 (C-12b), 96.5 (C-17), 97.2
(C-19a), 103.4 (C-13b), 109.4 (C-4), 114.6 (C-12), 117.3 (C-12a)
117.7 (C-9), 118.3 (C-10), 118.5 (C-19c), 124.0 (C-1), 124.3 (C-3),
128.3 (C-20, C-30, C-40, C-50 and C-60), 136.9 (C-2), 137.3 (C-15),
140.4 (C-10), 148.8 (C-8a), 150.5 (C-4a), 150.7 (C-14), 152.2 (C-
17a), 153.8 (C-11), 157.2 (C-16), 160.8 (C-13a), 162.2 (C-19). IR
(KBr) n: 1231, 1302, 1389, 1497, 1608, 1712 cm−1; HRMS: calcd
for C37H32N2O10Na [M + Na]+ 687.1949, found 687.1949.

rac-(6aS*, 12bR*, 19bR*)- and (6aS*, 12bR*, 19bS*)-
11,14,15,16-tetramethoxy-12bH,19H,19bH-pyrano[3,2-c:3,4-
c':5,6-c'']trichromen-19-one [rac-(6aS*, 12bR*, 19bR*)-4cc and
rac-(6aS*, 12bR*, 19bS*)-5cc] and rac-(6aS*, 12bR*, 19bR*)-
11,16,17,18-tetramethoxy-12bH,19H,19bH-pyrano[2,3-b:5,4-
c':5,6-c'']trichromen-19-one [rac-(6aS*, 12bR*, 19bR*)-6cc]. The
reaction of 1c and 2c was carried out according to method B,
and the crude product was puried by column chromatography
(hexane/ethyl acetate 2 : 1), affording rac-(6aS*, 12bR*, 19bR*)-
4cc as pale yellow powder (34%), rac-(6aS*, 12bR*, 19bR*)-6cc as
pale yellow powder (12%) and rac-(6aS*, 12bR*, 19bS*)-5cc as
pale yellow powder (14%).

Alternatively, the reaction was carried out at 55 °C (there is
no reaction at room temperature), affording rac-(6aS*, 12bR*,
19bR*)-4cc as pale yellow powder (29%), rac-(6aS*, 12bR*,
19bR*)-6cc as pale yellow powder (8%) and rac-(6
aS*,12bR*,19bS*)-5cc as pale yellow powder (13%).

rac-(6aS*, 12bR*, 19bR*)-4cc: pale yellow powder, mp 231–
234 °C, Rf= 0.32 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
CDCl3) d 3.53 (s, 3H, 20-H), 3.77 (s, 3H, 30-H), 3.80 (s, 3H, 10-H),
3.89 (s, 3H, 40-H), 3.95 (m, 2H, 7-H), 4.11 (d, J = 11.8 Hz, 1H, 6-
Ha), 4.22 (s, 1H, 19b-H), 4.31 (d, J = 11.8 Hz, 1H, 6-Hb), 5.30 (s,
1H, 12b-H), 6.67 (s, 1H, 17-H), 6.82 (m, 1H, 4-H), 6.88 (m, 2H, 2-
H and 9-H), 6.93 (dd, J = 8.9 and 3.0 Hz, 1H, 10-H), 7.03 (d, J =
2.9 Hz, 1H, 12-H), 7.12 (t, J= 7.8 Hz, 1H, 3-H), 7.39 (d, J= 8.0 Hz,
1H, 1-H). 13C NMR (100 MHz, CDCl3) d 30.0 (C-6a), 31.8 (C-19b),
55.8 (C-10), 56.3 (C-40), 61.2 (C-30), 62.3 (C-20), 66.2 (C-7), 68.3 (C-
6), 70.9 (C-12b), 96.4 (C-17), 98.6 (C-13b), 103.3 (C-19a), 115.3 (C-
12), 116.9 (C-4), 118.1 (C-9), 118.1 (C-12a), 118.5 (C-10), 122.0 (C-
2), 122.4 (C-19c), 128.3 (C-3), 129.8 (C-1), 140.3 (C-15), 146.6 (C-
8a), 150.7 (C-17a), 150.7 (C-14), 152.3 (C-4a), 154.0 (C-11), 156.9
(C-16), 158.7 (C-13a), 164.1 (C-19). IR (KBr) n: 1040, 1102, 1215,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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1282, 1398, 1463, 1498, 1605, 1697 cm−1; HRMS: calcd for
C30H26O9Na [M + Na]+ 533.1469, found 533.1468.

rac-(6aS*, 12bR*, 19bR*)-6cc: pale yellow powder, mp 221–
224 °C, Rf= 0.21 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
CDCl3) d 3.82 (s, 3H, 10-H), 3.91 (s, 3H, 20-H), 3.92–3.96 (m, 4H,
30-H and 7-Ha), 4.01 (d, J = 11.7 Hz, 1H, 7-Hb), 4.07 (s, 3H, 40-H),
4.15 (d, J = 11.8 Hz, 1H, 6-Ha), 4.29 (d, J = 11.8 Hz, 1H, 6-Hb),
4.48 (s, 1H, 19b-H), 5.42 (d, J= 1.2 Hz, 1H, 12-H), 6.62 (s, 1H, 15-
H), 6.83 (dd, J = 8.2 and 1.1 Hz, 1H, 4-H), 6.87–6.93 (m, 2H, 2-H
and 9-H), 6.94 (d, J = 2.9 Hz, 1H, 12-H), 6.98 (dd, J = 8.9 and
3.0 Hz, 1H, 10-H), 7.15 (td, J= 7.4 and 1.2 Hz, 1H, 3-H), 7.46 (d, J
= 7.8 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 31.0 (C-6a),
31.0 (C-19b), 55.8 (C-10), 56.2 (C-20), 61.5 (C-30), 62.3 (C-40),
66.1 (C-7), 68.1 (C-6), 73.5 (C-12b), 95.9 (C-15), 97.3 (C-19a),
111.2 (C-12), 115.1 (C-4), 116.7 (C-12a), 117.3 (C-9), 118.2 (C-
10), 122.1 (C-2), 122.8 (C-19c), 128.2 (C-3), 130.5 (C-1), 140.6
(C-17), 146.7 (C-8a), 151.2 (C-13a), 152.2 (C-4a), 152.8 (C-18),
154.2 (C-11), 157.3 (C-16), 159.1 (C-12a), 177.4 (C-19). IR (KBr)
n: 1218, 1274, 1420, 1499, 1616, 2938 cm−1; HRMS: calcd for
C30H26O9Na [M + Na]+ 533.1469, found 533.1469.

rac-(6aS*, 12bR*, 19bS*)-5cc: pale yellow powder, mp 207–
210 °C, Rf= 0.16 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
CDCl3) d 3.45 (d, J= 11.6 Hz, 1H, 7-Ha), 3.61 (s, 3H, 40-H), 3.80 (s,
3H, 10-H), 3.82 (s, 3H, 30-H), 3.89 (d, J = 12.1 Hz, 1H, 7-Hb), 3.93
(s, 3H, 20-H), 3.97 (d, J = 10.5 Hz, 1H, 6-Ha), 4.27 (d, J = 10.3 Hz,
1H, 6-Hb), 4.36 (s, 1H, 19b-H), 4.88 (s, 1H, 12b-H), 6.70 (s, 1H,
17-H), 6.83 (d, J = 8.9 Hz, 1H, 9-H), 6.93 (m, 4H, 2-H, 4-H, 10-H
and 12-H), 7.01 (d, J = 7.4 Hz, 1H, 1-H), 7.20 (t, J= 7.6 Hz, 1H, 3-
H). 13C NMR (100 MHz, CDCl3) d 35.3 (C-19b), 35.9 (C-6a), 55.9
(C-10), 56.3 (C-20), 61.3 (C-30), 62.2 (C-40), 63.3 (C-7), 69.5 (C-6),
75.4 C-12b), 96.3 (C-17), 96.7 (C-19a), 103.5 (C-13b), 114.9 (C-
9), 116.6C(-4), 117.4 (C-12a), 117.7 (C-10), 118.4 (C-2), 121.0 (C-
12), 122.8 (C-19c), 126.1 (C-1), 128.2 (C-3), 140.3 (C-15), 148.7
(C-8a), 150.7 (C-14), 152.2 (C-17a), 153.6 (C-11), 154.7 (C-4a),
156.9 (C-16), 161.1 (C-13a), 161.3 (C-19). IR (KBr) n: 1226,
1390, 1497, 1609, 1704 cm−1; HRMS: calcd for C30H26O9Na [M +
Na]+ 533.1469, found 533.1469.

rac-(6aS*, 12bR*, 19bS*)-11,14,15,16-tetramethoxy-5-
methyl-3-(triuoromethyl)-5,19b-dihydro-6H,12bH,19H-di-
chromeno[30,4':5,6; 400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-
(6aS*, 12bR*, 19bS*)-4dc]. The reaction of 1d and 2cwas carried
out according to method A, and the crude product was puried
by column chromatography (hexane/ethyl acetate 2 : 1), afford-
ing rac-(6 aS*,12bR*,19bS*)-4dc as pale yellow powder (32%).
Two other isomers were detected, but were not isolated.

rac-(6aS*, 12bR*, 19bS*)-4dc: pale yellow powder, mp 186–
189 °C, Rf= 0.25 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
CDCl3) d 2.87 (s, 1H, 50-H), 3.16 (d, J = 12.4 Hz, 1H, 6-Ha), 3.46
(d, J = 12.8 Hz, 1H, 6-Hb), 3.52 (s, 3H, 20-H), 3.79 (s, 3H, 30-H),
3.81 (s, 3H, 10-H), 3.91 (s, 3H, 40-H), 3.93 (s, 2H, 7-H), 4.16 (s, 1H,
17b-H), 5.16 (s, 1H, 12b-H), 6.68 (s, 1H, 17-H), 6.83 (s, 1H, 4-H),
6.86 (d, J = 9.0 Hz, 1H, 9-H), 6.88–6.96 (m, 2H, 2-H and 10-H),
7.00 (d, J = 2.8 Hz, 1H, 12-H), 7.31 (d, J = 8.0 Hz, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 30.9 (C-6a), 33.4 (C-19b), 39.4 (C-50),
54.9 (C-6), 55.8 (C-30), 56.2 (C-40), 61.8 (C-10), 62.2 (C-20), 67.5 (C-
7), 72.4 (C-12b), 96.4 (C-17), 98.5 (C-19a), 103.3 (C-13b), 108.0 (C-
4), 114.4 (C-2), 115.3 (C-12), 118.0 (C-9), 118.2 (C-10), 118.5 (C-
© 2026 The Author(s). Published by the Royal Society of Chemistry
12a), 126.1 (C-19c), 129.8 (C-1), 130.1 (d, J = 31.9 Hz, C-3),
140.3 (C-15), 144.9 (C-4a), 146.7 (C-8a), 150.8 (C-4a and C-17a),
153.9 (C-11), 156.9 (C-16), 158.7 (C-13a), 163.8 (C-19). IR (KBr)
n: 1038, 1100, 1120, 1151, 1172, 1214, 1339, 1399, 1498, 1608,
1703 cm−1; HRMS: calcd for C32H28F3NO8Na [M + Na]+

634.1659, found 634.1662.
The enantiomers were separated on a Chiralpak IC column

(hexane/dichloromethane/methanol 70 : 27 : 3), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS, 19bR)-4dc: tR = 6.43 min (Chiralpak IC, hexane/
dichloromethane/methanol 70 : 27 : 3). ECD [nm (D3), hexane/
dichloromethane/methanol 70 : 27 : 3]: 324.5 (−34.27), 299
(7.18), 273.5 (−7.78), 262.5 (4.18), 255 (−3.16), 250 (5.51), 236.5
(−37.73).

(6aS, 12bR, 19bS)-4dc: tR = 6.80 min (Chiralpak IC, hexane/
dichloromethane/methanol 70 : 27 : 3). ECD [nm (D3), hexane/
dichloromethane/methanol 70 : 27 : 3]: 326.5 (47.92), 298.5
(−10.57), 275 (11.34), 263 (−5.37), 255.5 (4.57), 250 (−7.34), 237
(53.12).

rac-(6aS*, 12bR*, 19bS*)-11,14,15,16-tetramethoxy-5-
methyl-5,19b-dihydro-6H,12bH,19H-dichromeno[30,4':5,6;
400,300:2,3]pyrano[3,4-c]quinolin-19-one [rac-(6
aS*,12bR*,19bS*)-4ec]. The reaction of 1e and 2c was carried
out according to method A, and the crude product was puried
by column chromatography (hexane/ethyl acetate 2 : 1), afford-
ing rac-(6 aS*,12bR*,19bS*)-4ec as pale yellow amorphous solid
(32%). Two other isomers were detected, but were not isolated.

rac-(6aS*, 12bR*, 19bS*)-4ec: pale yellow amorphous solid,
Rf = 0.38 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.82 (s, 1H, 50-H), 3.09 (d, J = 12.4 Hz, 1H, 6a-H), 3.41 (d, J =
12.4 Hz, 1H, 6b-H), 3.52 (s, 3H, 20-H), 3.79 (s, 3H, 30-H), 3.81 (s,
3H, 10-H), 3.93 (s, 3H, 40-H), 3.93 (s, 2H, 7-H), 4.15 (s, 1H, 17b-H),
5.22 (s, 1H, 12b-H), 6.64–6.71 (m, 3H, 2-H, 4-H and 17-H), 6.85
(d, J = 9.2 Hz, 1H, 9-H), 6.93 (dd, J = 9.2 and 2.8 Hz, 1H, 10-H),
7.00 (d, J = 2.8 Hz, 1H, 12-H), 7.13 (t, J = 7.6 Hz, 1H, 3-H), 7.20
(d, J= 8.0 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 33.3 (C-50),
36.6 (C-6a), 39.5 (C-19b), 55.1 (C-6), 55.8 (C-10), 56.2 (C-40), 61.2
(C-30), 62.2 (C-20), 67.7 (C-7), 72.5 (C-12b), 96.4 (C-17), 99.2
(−19a), 103.5 (13b), 111.7 (C-4), 115.4 (C-2), 117.9 (C-10), 118.0
(C-12), 118.2 (C-9), 120.6 (C-12a), 122.7 (C-19c), 127.8 (C-3),
129.3 (C-1), 141.2 (C-15), 144.8 (C-4a), 146.9 (C-14), 150.7 (C-
17a), 153.8 (C-11), 156.6 (C-16), 158.5 (C-13a), 163.9 (C-19). IR
(KBr) n: 1217, 1228, 1365, 1497, 1608, 1713, 1738 cm−1; HRMS:
calcd for C31H29NO8Na [M + Na]+ 566.1785, found 566.1781.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 80 : 18 : 2), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS, 19bR)-4ec: tR = 20.57 min (Chiralpak IC, hexane/
dichloromethane/methanol 80 : 18 : 2). ECD [nm (D3), hexane/
dichloromethane/methanol 80 : 18 : 2]: 318 (−3.13), 275
(−1.04), 260 (0.89), 248.5 (1.65), 230.5 (−7.35).

(6 aS,12bR,19bS)-4ec: tR = 21.95 min (Chiralpak IC, hexane/
dichloromethane/methanol 80 : 18 : 2). ECD [nm (D3), hexane/
dichloromethane/methanol 80 : 18 : 2]: 319 (3.41), 282 (1.51),
261.5 (−0.44), 246 (−1.19), 231 (8.39).
RSC Adv., 2026, 16, 23585–23612 | 23603
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Domino Knoevenagel-IMHDA reactions of 2H-chromene
derivatives 1a-c with 2,4-dihydroxyquinoline 2d

rac-(6aS*, 12bR*, 19bS*) and (6aS*, 12bR*, 19bR*)-11-
methoxy-5-methyl-2-nitro-5,6,18,19b-tetrahydro-12bH,19H-
chromeno[30,4':5,6]quinolino[40,30:4,5]pyrano[3,2-c]quinolin-
19-one [rac-(6 aS*,12bR*,19bS*)-4ad and rac-(6aS*, 12bR*,
19bR*)-5ad] and rac-(6aS*, 12bR*, 19bS*)-11-methoxy-5-
methyl-2-nitro-5,6,14,19b-tetrahydro-12bH,19H-chromeno
[30,4':5,6]quinolino[40,30:4,5]pyrano[2,3-b]quinolin-19-one [rac-
(6 aS*,12bR*,19bS*)-6ad]. The reaction of 1a and 2d was carried
out according to method C. The product precipitated from the
hot solution, it was cooled to room temperature, ltered and
washed with cold ether, affording the mixture of rac-(6aS*,
12bR*, 19bS*6aS*, 12bR*, 19bS*)-4ad, rac-(6aS*, 12bR*, 19bR*)-
5ad and rac-(6 aS*,12bR*,19bS*)-6ad as yellow powder (46%). Rf
= 0.24 (hexane/ethyl acetate 1 : 1).

1H NMR (400 MHz, DMSO-d6) d 2.94 and 2.95 (s, 3H, 20-H),
3.04 (d, J = 8.3 Hz, 4H, 20-H and 6-Ha), 3.12–3.24 (m, 2H, 6-Ha),
3.49 (d, J = 11.7 Hz, 1H, 6-Hb), 3.71 (d, J = 11.2 Hz, 4H, 10-H and
7-Ha), 3.76 and 3.77 (s, 3H, 10-H), 3.84 (d, J = 13.4 Hz, 2H, 6-Hb

and 7-Hb), 4.09 (d, J = 11.3 Hz, 1H, 7-Hb), 4.23, 4.32 and 4.43 (s,
1H, 19-Hb), 5.07 and 5.18 (s, 1H, 12b-H), 6.74 (d, J = 9.4 Hz, 1H,
4-H), 6.81 (d, J = 9.3 Hz, 1H, 4-H), 6.84 (d, J = 9.0 Hz, 1H, 9-H),
6.87 (d, J= 8.9 Hz, 1H, 9-H), 6.95–7.03 (m, 1H, 10-H), 7.07 (d, J=
3.0 Hz, 1H, 12-H), 7.11 (d, J = 8.0 Hz, 1H, 15-H), 7.16 (d, J =
7.9 Hz, 1H, 15-H), 7.19 and 7.23 (d, J= 3.0 Hz, 1H, 12-H), 7.34 (d,
J= 8.3 Hz, 1H, 17-H), 7.37–7.42 (m, 1H, 17-H), 7.50 (t, J= 8.3 Hz,
1H, 16-H), 7.55 (d, J = 8.5 Hz, 1H, 16-H), 7.59 (d, J = 8.0 Hz, 1H,
14-H), 7.67 (d, J= 8.7 Hz, 1H, 14-H), 7.93 (dd, J= 9.3, 2.5 Hz, 1H,
3-H), 7.96 and 8.03 (m, 1H, 1-H), 8.06 and 8.18 (m, 1H, 3-H),
11.85 (s, 1H, N–H). 13C NMR (100 MHz, DMSO-d6) d 30.3 and
30.6 (C-6a), 32.1 and 32.3 (C-19b), 34.6 (C-6a), 37.2 (C-19b), 38.5
and 39.8 (C-20), 54.2 and 55.3 (C-6), 56.1 and 56.2 (C-10), 63.3 (C-
6), 67.5 and 67.6 (C-7), 71.0, 72.4 and 74.4 (C-12b), 99.2, 105.0
and 107.4 (C-19a), 110.0, 110.9 and 111.1 (C-4), 114.12 and 114.6
(C-13b), 115.6 and 115.8 (C-17), 116.2, 116.5 and 116.6 (C-12),
117.4 and 117.9 (C-9), 118.0 (C-10), 118.0 (C-9), 118.4 and
118.5 (C-10), 118.9, 119.1, and 119.8 (C-12a), 120.2 (C-19c), 122.0
and 122.1 (C-15), 122.2 (C-19c), 122.7 (C-14), 122.9 (C-19c), 123.1
(C-14), 123.5 (C-18a), 124.6 and 125.6 (C-3), 126.2 and 126.5 (C-
1), 131.3 and 131.9 (C-16), 136.6 and 137.2 (C-2), 137.3 (C-17a),
138.5 (C-17a and C-14a), 146.8, 147.0 and 148.5 (C-8a), 149.8,
150.0 and 152.6 (C-4a), 153.4, 153.7 and 153.9 (C-13a), 154.0 and
154.1 (C-11), 157.3, 162.4 and 163.7 (C-19). IR (KBr) n: 1215,
1297, 1319, 1498, 1606, 1649 cm−1; HRMS: calcd for
C28H23N3O6Na [M + Na]+ 520.1479, found 520.1479.

rac-(6aS*,7R*,12bR*,19bS*) and (6aS*,7R*,12bR*,19bR*)-
11-methoxy-5-methyl-2-nitro-7-phenyl-5,6,18,19b-tetrahydro-
12bH,19H-chromeno[30,4':5,6]quinolino[40,30:4,5]pyrano[3,2-c]
quinolin-19-one [rac-(6 aS*,7R*,12bR*,19bS*)-4bd and rac-(6
aS*,7R*,12bR*,19bR*)-5bd]. The reaction of rac-1b and 2d was
carried out according to method C, and the crude product was
puried by column chromatography (toluene/ethyl acetate 7 : 1),
affording rac-(6aS*, 7R*, 12bR*, 19bS*)-4bd as yellow powder
(60%) and rac-(6aS*, 7R*, 12bR*,1 9bR*)-5bd as yellow powder
(17%).
23604 | RSC Adv., 2026, 16, 23585–23612
rac-(6aS*, 7R*, 12bR*, 19bS*)-4bd: yellow powder, mp >
340 °C, Rf = 0.14 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
DMSO-d6) d 2.92 (s, 3H, 200-H), 3.28 (d, J= 13.5 Hz, 1H, 6-Ha), 3.53
(d, J = 13.5 Hz, 1H, 6-Hb), 3.79 (s, 3H, 100-H), 3.87 (s, 1H, 19b-H),
5.01 (s, 1H, 7-H), 5.17 (s, 1H, 12b-H), 6.72 (d, J= 9.4 Hz, 1H, 4-H),
7.00 (d, J = 9.0 Hz, 1H, 9-H), 7.04 (dd, J = 9.0 and 2.8 Hz, 1H, 10-
H), 7.15 (t, J= 7.5 Hz, 1H, 15-H), 7.24–7.30 (m, 2H, 20-H and 60-H),
7.31 (d, J = 2.8 Hz, 1H, 12-H), 7.34–7.45 (m, 4H, 30-H, 40-H, 50-H
and 17-H), 7.54 (td, J = 7.7 and 1.1 Hz, 1H, 16-H), 7.67 (d, J =
7.9 Hz, 1H, 14-H), 7.89 (dd, J = 9.2 and 2.6 Hz, 1H, 3-H), 8.01 (m,
1H, 1-H), 11.92 (s, 1H, N–H). 13C NMR (100MHz, DMSO-d6) d 31.6
(C-19b), 32.1 (C-6a), 49.8 (C-6), 55.5 (C-100), 71.3 (C-12b), 76.7 (C-7),
106.8 (C-19a), 110.9 (C-4), 113.6 (C-13b), 115.4 (C-17), 115.9 (C-
12), 117.5 (C-9 and C-10), 119.3 (C-12a), 121.8 (C-15), 122.3 (C-
14), 122.4 (C-19c), 124.0 (C-3), 125.6 (C-1), 127.8 (C-20 and C-60),
128.0 (C-30 and C-50), 128.7 (C-40), 131.1 (C-16), 134.4 (C-10), 136.6
(C-2), 138.2 (C-17a), 147.3 (C-8a), 148.9 (C-4a), 153.8 (C-11), 154.2
(C-13a), 163.0 (C-19). IR (KBr) n: 1261, 1299, 1312, 1499, 1605,
1646, 2854, 2925 cm−1; HRMS: calcd for C34H27N3O6Na [M + Na]+

596.1792, found 596.1792.
rac-(6aS*, 7R*, 12bR*, 19bR*)-5bd: yellow powder, mp 138–

140 °C, Rf= 0.05 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz,
DMSO-d6) d 2.90 (s, 3H, 200-H), 3.44 (d, J = 12.8 Hz, 1H, 6-Ha),
3.61 (d, J = 12.7 Hz, 1H, 6-Hb), 3.79 (s, 3H, 100-H), 4.36 (s, 1H,
19b-H), 5.27 (s, 1H, 12b-H), 5.34 (s, 1H, 7-H), 6.02 (d, J = 9.2 Hz,
1H, 4-H), 6.82 (m, 2H, 20-H and 60-H), 6.91 (d, J = 8.9 Hz, 1H, 9-
H), 7.05 (dd, J = 8.9 and 3.0 Hz, 1H, 10-H), 7.10 (d, J = 3.0 Hz,
1H, 12-H), 7.19 (t, J = 7.6 Hz, 1H, 15-H), 7.39 (d, J = 8.2 Hz, 1H,
17-H), 7.41 (m, 1H, 1-H), 7.45 (dd, J = 9.1 and 2.6 Hz, 1H, 3-H),
7.58 (td, J= 7.7 and 1.2 Hz, 1H, 16-H), 7.74 (d, J= 7.9 Hz, 1H, 14-
H), 11.82 (s, 1H, N–H). 13C NMR (100 MHz, DMSO-d6) d 36.7 (C-
6a), 37.4 (C-200), 38.2 (C-19b), 52.6 (C-6), 55.6 (C-100), 76.8 (C-12b),
76.9 (C-7), 105.1 (C-19a), 108.9 (C-4), 114.2 (C-13b), 115.0 (C-12
and C-17), 116.8 (C-9), 118.0 (C-10), 118.3 (C-19c), 118.3 (C-
12a), 121.5 (C-15), 122.3 (C-14), 123.4 (C-3), 124.6 (C-1), 127.5
(C-20 and C-60), 130.9 (C-16), 135.3 (C-2), 137.6 (C-10), 137.9 (C-
17a), 148.3 (C-8a), 152.6 (C-4a), 153.2 (C-11), 157.4 (C-13a),
161.9 (C-19). IR (KBr) n: 1230, 1289, 1497, 1607, 1644, 2853,
2924 cm−1; HRMS: calcd for C34H27N3O6Na [M + Na]+ 596.1792,
found 596.1792.

rac-(6aS*, 12bR*, 19bR*)-11-methoxy-18,19b-dihydro-
12bH,19H-dichromeno [30,4':5,6; 400,300:4,5]pyrano[3,2-c]
quinolin-19-one [rac-(6aS*, 12bR*, 19bR*)-4cd]. The reaction
of 1c and 2d was carried out according to method C, and the
crude product was puried by column chromatography
(hexane/acetone/chloroform 4 : 1 : 1), affording rac-(6aS*,
12bR*, 19bR*)-4cd as white powder (24%), mp > 330 °C. Rf =
0.14 (hexane/ethyl acetate 2 : 1).

1HNMR (400MHz, CDCl3) d 3.85 (s, 3H, 10-H), 3.94 (dd, J= 11.7
and 1.5 Hz, 1H, 7-Ha), 4.00 (d, J = 11.6 Hz, 1H, 7-Hb), 4.20 (d, J =
11.8 Hz, 1H, 6-Ha), 4.36 (d, J = 11.8 Hz, 1H, 6-Hb), 4.48 (s, 1H, 19b-
H), 5.31 (s, 1H, 12b-H), 6.82–6.91 (m, 3H, 9-H, 2-H and 4-H), 6.96
(dd, J = 9.0 and 3.0 Hz, 1H, 10-H), 7.06 (d, J = 2.9 Hz, 1H, 12-H),
7.14 (t, J= 7.6 Hz, 2H, 3-H and 15-H), 7.38 (d, J= 8.1 Hz, 1H, 17-H),
7.47 (td, J= 7.7 and 1.1 Hz, 2H, 16-H), 7.63 (d, J= 7.8 Hz, 1H, 1-H),
7.78 (d, J = 8.1 Hz, 1H, 14-H), 11.89 (s, 1H, N–H). 13C NMR (100
© 2026 The Author(s). Published by the Royal Society of Chemistry
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MHz, CDCl3) d 30.5 (C-6a), 31.8 (C-19b), 56.0 (C-10), 66.5 (C-7), 68.7
(C-6), 70.4 (C-12b), 106.6 (C-19a), 114.8 (C-12a), 115.9 (C-12), 115.9
(C-17), 117.0 (C-9), 118.0 (C-10), 118.0 (C-4), 119.1 (C-13b), 122.0 (C-
2), 122.4 (C-15), 123.1 (C-19c), 123.2 (C-14), 128.3 (C-3), 130.6 (C-1),
131.2 (C-16), 137.7 (C-17a), 146.8 (C-8a), 152.6 (C-4a), 154.2 (C-11),
155.4 (C-13a), 165.8 (C-19). IR (KBr) n: 1043, 1215, 1259, 1401, 1498,
1605, 1646, 2862, 2947, 2993 cm−1; HRMS: calcd for C27H21NO5Na
[M + Na]+ 462.1312, found 462.1311.
Domino Knoevenagel-IMHDA reactions of 2H-chromene
derivatives 1a-c with 4-hydroxy-6-methyl-2H-pyran-2-one 2e
and 4-hydroxy-1,6-dimethyl-pyridine-2(1H)-one 2f

rac-(6aS*,12bR*,17bS*)- (6aS*,12bR*,17bS*)-11-methoxy-5,15-
dimethyl-2-nitro-5,17b-dihydro-6H,12bH,17H-chromeno
[40,30:2,3]pyrano[30,4':5,6]pyrano[3,4-c]quinolin-17-one [rac-
(6aS*,12bR*,17bS*)-4ae and rac-(6 aS*,12bR*,17bS*)-5ae] and
rac-(6aS*,12bR*,17bS*)- and rac-(6aS*,12bR*,17bR*)-11-methoxy-
5,15-dimethyl-2-nitro-5,17b-dihydro-6H,12bH,17H-chromeno
[40,30:2,3]pyrano[30,20:5,6]pyrano[3,4-c]quinolin-17-one [rac-
(6aS*,12bR*,17bS*)-6ae and rac-(6aS*,12bR*,17bR*)-7ae]

The reaction of 1a and 2e was carried out according to
method A, and the crude product was puried by column
chromatography (hexane/ethyl acetate 2 : 1), affording rac-(6aS*,
12bR*, 17bS*)-4ae as yellow powder (16%), rac-(6 aS*,
12bR*,17bS*)-6ae as yellow oil (35%), rac-(6 aS*, 12bR*, 17bS*)-
5ae as orange powder (14%) and rac-(6aS*, 12bR*, 17bR*)-7ae as
yellow powder (6%).

Alternatively, the reaction was carried out at room tempera-
ture, affording rac-(6aS*, 12bR*, 17bS*)-4ae as yellow powder
(14%), rac-(6aS*, 12bR*, 17bS*)-6ae as yellow oil (37%) and rac-
(6aS*, 12bR*, 17bS*)-5ae as orange powder (27%).

rac-(6aS*, 12bR*, 17bS*)-4ae: yellow powder, mp 275–276 °
C, Rf = 0.36 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.26 (s, 3H, 30-H), 2.94 (s, 3H, 20-H), 3.24 (d, J= 13.2 Hz,
1H, 6-Ha), 3.64 (d, J = 13.2 Hz, 1H, 6-Hb), 3.81 (s, 3H, 10-H), 3.87
(d, J = 11.5 Hz, 1H, 7-Ha), 3.96 (dd, J = 11.4 and 1.1 Hz, 1H, 7-
Hb), 4.09 (s, 1H, 17b-H), 4.89 (s, 1H, 12b-H), 5.76 (s, 1H, 14-H),
6.55 (d, J = 9.2 Hz, 1H, 4-H), 6.85 (d, J = 2.9 Hz, 1H, 12-H), 6.89
(d, J = 9.0 Hz, 1H, 9-H), 6.97 (dd, J = 9.0 and 2.9 Hz, 1H, 10-H),
7.99 (dd, J = 9.2 and 2.5 Hz, 1H, 3-H), 8.11 (m, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 20.1 (C-30), 30.7 (C-6a), 32.6 (C-17b),
39.8 (C-20), 54.7 (C-6), 55.9 (C-7), 67.5 (C-12b), 72.0 (C-17a),
98.5 (C-14), 100.1 (C-14), 110.3 (C-4), 115.4 (C-12), 118.2 (C-10),
118.3 (C-9 and C-12a), 121.6 (C-17c), 124.9 (C-3), 126.2 (C-1),
138.5 (C-2), 146.7 (C-8a), 149.0 (C-4a), 154.2 (C-11), 162.1 (C-
13a), 162.5 (C-15), 165.6 (C-17). IR (KBr) n: 1211, 1266, 1326,
1498, 1579, 1697 cm−1; HRMS: calcd for C25H22N2O7Na [M +
Na]+ 485.1319, found 485.1319.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 50 : 45 : 5), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS, 17bR)-4ae: tR = 9.31 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 387 (1.25), 335 (−0.83),
316.5 (−1.13), 310 (0.66), 291 (−7.98), 248.5 (−3.10), 226.5
(−25.04).
© 2026 The Author(s). Published by the Royal Society of Chemistry
(6aS, 12bR, 17bS)-4ae: tR = 12.02 min (Chiralpak IC, hexane/
dichloromethane/methanol 50 : 45 : 5). ECD [nm (D3), hexane/
dichloromethane/methanol 50 : 45 : 5]: 392.5 (−0.87), 334.5
(1.06), 316.5 (1.49), 309 (−0.24), 291 (7.85), 250 (3.05), 226 (23.20).

rac-(6aS*, 12bR*, 17bS*)-5ae: orange powder, mp 251–253 °
C, Rf = 0.32 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.30 (s, 3H, 30-H), 3.02 (s, 3H, 20-H), 3.18 (s, 2H, 6-H), 3.32
(d, J = 11.7 Hz, 1H, 7-Ha), 3.79 (m, 4H, 10-H and 7-Hb), 4.02 (s, 1H,
17b-H), 4.73 (s, 1H, 12b-H), 5.86 (s, 1H, 14-H), 6.65 (d, J = 9.1 Hz,
1H, 4-H), 6.82 (m, 2H, 9-H and 12-H), 6.95 (dd, J = 9.0 and 3.0 Hz,
1H, 10-H), 7.79 (d, J= 2.7 Hz, 1H, 1-H), 8.12 (dd, J= 9.1 and 2.7 Hz,
1H, 3-H). 13C NMR (100 MHz, CDCl3) d 20.1 (C-30), 35.2 (C-6a), 36.4
(C-17b), 38.3 (C-20), 54.4 (C-6), 56.0 (C-10), 63.1 (C-7), 75.9 (C-12b),
96.4 (C-17a), 100.1 (C-14), 109.9 (C-4), 115.0 (C-12), 117.2 (C-12a),
117.8 (C-9), 118.7 (C-10), 119.4 (C-17c), 122.5 (C-1), 125.1 (C-3),
138.2 (C-2), 148.4 (C-8a), 151.8 (C-4a), 153.9 (C-11), 162.7 (C-15),
163.1 (C-17), 164.9 (C-13a). IR (KBr) n: 1040, 1217, 1289, 1313,
1498, 1575, 1604, 1710, 2925 cm−1; HRMS: calcd for C25H22N2O7Na
[M + Na]+ 485.1319, found 485.1319.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 30 : 63 : 7), and the on-line
HPLC-ECD spectra were recorded.

(6aS, 12bR, 17bR)-5ae: tR = 6.03 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 387 (−19.42), 312
(−24.98), 264.5 (5.93), 236.5 (−13.46).

(6aR, 12bS, 17bS)-5ae: tR = 13.46 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 388.5 (10.03), 312
(12.61), 263 (−3.35), 238 (6.60).

rac-(6aS*, 12bR*, 17bS*)-6ae: yellow powder, mp 188–190 °
C, Rf = 0.27 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.19 (s, 3H, 30-H), 2.89 (s, 3H, 20-H), 3.18 (d, J= 13.3 Hz,
1H, 6-Ha), 3.67 (d, J = 13.2 Hz, 1H, 6-Hb), 3.76 (s, 3H, 10-H), 3.87
(d, J = 11.6 Hz, 1H, 7-Ha), 4.01 (dd, J = 11.6, 1.2 Hz, 1H, 7-Hb),
4.33 (s, 1H, 17b-H), 5.07 (s, 1H, 12b-H), 6.13 (s, 1H, 16-H), 6.47
(d, J= 9.3 Hz, 1H, 4-H), 6.83 (d, J= 2.9 Hz, 1H, 12-H), 6.86 (d, J=
9.0 Hz, 1H, 9-H), 6.93 (dd, J = 9.0 and 3.0 Hz, 1H, 10-H), 7.88
(dd, J = 9.2 and 2.5 Hz, 1H, 3-H), 7.96 (d, J = 2.5, 1H, 1-H). 13C
NMR (100 MHz, CDCl3) d 19.2 (C-30), 30.7 (C-6a), 31.8 (C-17b),
39.6 (C-20), 54.2 (C-6), 55.8 (C-10), 67.2 (C-7), 74.6 (C-12b), 99.8
(C-17a), 110.1 (C-4), 112.6 (C-16), 115.0 (C-9), 117.3 (C-17c),
118.2 (C-10), 118.7 (C-12), 121.5 (C-12a), 124.6 (C-3), 126.4 (C-
1), 138.2 (C-2), 146.7 (C-8a), 148.8 (C-4a), 154.1 (C-11), 160.4
(C-15), 161.4 (C-13a), 180.1 (C-17). IR (KBr) n: 1265, 1300, 1323,
1498, 1585, 1603, 1668 cm−1; HRMS: calcd for C25H22N2O7Na [M
+ Na]+ 485.1319, found 485.1319.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 30 : 63 : 7), and the on-line
HPLC-ECD spectra were recorded.

(6aR, 12bS,1 7bR)-6ae: tR = 5.81 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 402.5 (0.73), 319
(−3.48), 296 (5.98), 243.5 (−58.93).

(6aS, 12bR, 17bS)-6ae: tR = 11.71 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
RSC Adv., 2026, 16, 23585–23612 | 23605
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dichloromethane/methanol 30 : 63 : 7]: 406.5 (−0.51), 318.5
(3.23), 297.5 (−5.76), 242 (54.73).

rac-(6aS*, 12bR*, 17bS*)-7ae: yellow powder, mp 211–214 °
C, Rf = 0.14 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.29 (s, 3H, 30-H), 3.03 (s, 3H, 20-H), 3.20 (s, 2H, 6-H),
3.34 (dd, J = 11.7 and 1.6 Hz, 1H, 7-Ha), 3.80 (s, 3H, 10-H), 3.88
(d, J= 11.7 Hz, 1H, 7-Hb), 4.14 (s, 1H, 17b-H), 4.94 (d, J= 1.4 Hz,
1H, 12b-H), 6.19 (s, 1H, 16-H), 6.64 (d, J = 9.1 Hz, 1H, 4-H), 6.83
(m, 2H, 9-H and 12-H), 6.96 (dd, J = 8.9 and 3.1 Hz, 1H, 10-H),
7.66 (d, J = 2.5 Hz, 1H, 1-H), 8.11 (dd, J = 9.1 and 2.5 Hz, 1H, 3-
H). 13C NMR (90 MHz, CDCl3) d 19.2 (C-30), 35.6 (C-6a), 36.9 (C-
17b), 38.3 (C-20), 54.2 (C-69, 56.0 (C-10), 63.1 (C-7), 78.1 (C-12b),
97.4 (C-17a), 109.7 (C-4), 113.5 (C-16), 114.9 (C-12), 116.2 (C-
12a), 118.0 (C-9), 119.3 (C-10), 119.3 (C-17c), 123.0 (C-1), 125.1
(C-3), 138.2 (C-2), 148.6 (C-8a), 151.6 (C-4a), 153.9 (C-11), 161.1
(C-15), 162.4 (C-13a), 179.4 (C-17). IR (KBr) n: 1216, 1364, 1498,
1604, 1715, 2925, 2969, 3005 cm−1; HRMS: calcd for
C25H22N2O7Na [M + Na]+ 485.1319, found 485.1321.

The enantiomers were separated on a Chiralpak IC column
(hexane/dichloromethane/methanol 30 : 63 : 7), and the on-line
HPLC-ECD spectra were recorded.

1st eluting enantiomer: tR = 7.29 min (Chiralpak IC, hexane/
dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3), hexane/
dichloromethane/methanol 30 : 63 : 7]: 389.5 (−18.95), 325.5
(0.30), 313.5 (−10.49), 275 (4.80), 230 (−64.54).

2nd eluting enantiomer: tR = 21.45 min (Chiralpak IC,
hexane/dichloromethane/methanol 30 : 63 : 7). ECD [nm (D3),
hexane/dichloromethane/methanol 30 : 63 : 7]: 387.5 (5.05), 326
(−0.56), 313.5 (2.47), 276 (−2.02), 227.5 (17.86).
(6aS, 7R, 12bR, 17bS)- and (6aS, 7R, 12bR, 17bR)-11-methoxy-
5,15-dimethyl-2-nitro-7-phenyl-5,17b-dihydro-6H,12bH,17H-
chromeno[40,30:2,3]pyrano[30,4':5,6]pyrano[3,4-c]quinolin-17-
one [(6aS, 7R, 12bR, 17bS)-4be and (6aS, 7R, 12bR, 17bR)-5be]
and (6aS, 7R, 12bR, 17bS)-11-methoxy-5,15-dimethyl-2-nitro-7-
phenyl-5,17b-dihydro-6H,12bH,17H-chromeno[40,30:2,3]
pyrano[30,20:5,6]pyrano[3,4-c]quinolin-17-one [(6aS, 7R, 12bR,
17bS)-6be]

The reaction of (R)-1b and 2e was carried out according to
method A, and the crude product was puried by column
chromatography (hexane/chloroform/ethyl acetate 8 : 8 : 1),
affording (6aS, 7R, 12bR, 17bS)-4be as yellow powder (32%),
(6aS, 7R, 12bR, 17bS)-6be as orange powder (8%) and (6aS, 7R,
12bR, 17bR)-5be as orange powder (14%).

Alternatively, the reaction was carried out at room tempera-
ture, affording (6aS, 7R, 12bR, 17bS)-4be as yellow powder
(13%), (6aS, 7R, 12bR, 17bS)-6be as orange powder (14%) and
(6aS, 7R, 12bR, 17bR)-5be as orange powder (31%).

(6aS, 7R, 12bR, 17bS)-4be: yellow powder, mp 324–325 °C, Rf

= 0.43 (hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D= +41 (c=
0.81 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (211 mg/4 ml):
372 (1.41), 323.5 (−0.56), 309.5 (−1.66), 293 (3.46), 269.5
(−2.09), 223 (17.38), 202.5 (−69.51), 195.5 (−32.93), 191.5
(−45.85). 1H-NMR (400 MHz, CDCl3): 2.23 (s, 3H, 300-H), 2.81 (s,
3H, 200-H), 3.11 (d, J = 12.8 Hz, 1H, 6-Ha), 3.39 (d, J = 12.8 Hz,
1H, 6-Hb), 3.74 (s, 3H, 100-H), 3.81 (s, 1H, 17b-H), 4.89 (s, 1H, 12b-
23606 | RSC Adv., 2026, 16, 23585–23612
H), 4.93 (s, 1H, 7-H), 5.76 (s, 1H, 14-H), 6.42 (d, J= 9.2 Hz, 1H, 4-
H), 6.81 (s, 1H, 12-H), 6.92 (s, 2H, 9-H and 10-H), 7.31 (d, J =
6.9 Hz, 1H, 20-H and 60-H), 7.31 (m, 3H, 30-H, 40-H and 50-H), 7.86
(d, J = 9.2 Hz, 1H, 3-H), 8.05 (s, 1H, 1-H). 13C-NMR (100 MHz,
CDCl3): 20.0 (C-300), 32.0 (C-17b), 32.9 (C-6a), 39.8 (C-200), 50.3 (C-
6), 55.8 (C-100), 72.8 (C-12b), 76.9 (C-7), 98.6 (C-17a), 100.0 (C-14),
110.2 (C-4), 115.1 (C-12), 118.1 (C-9 and C-10), 118.3 (C-12a),
122.4 (C-17c), 124.5 (C-3), 126.1 (C-1), 127.4 (C-20 and C-60),
128.5 (C-30 and C-50), 129.2 (C-40), 134.0 (C-10), 138.4 (C-2), 147.7
(C-8a), 148.4 (C-4a), 154.2 (C-11), 162.8 (C-13a and C-15), 165.1
(C-17). IR (KBr) n: 1038, 1232, 1261, 1313, 1497, 1574,
1698 cm−1; HRMS: calcd for C31H26N2O7Na [M + Na]+ 561.1632,
found 561.1636.

(6aS, 7R, 12bR, 17bS)-6be: orange powder, mp 167–170 °C, Rf

= 0.13 (hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D= +13 (c=
0.80 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (204 mg/4 ml):
386.5 (1.71), 299 (−4.03), 237.5 (20.15), 208 (−36.62), 193.5
(−107.66). 1H NMR (400 MHz, CDCl3) d 2.30 (s, 3H, 300-H), 2.90
(s, 3H, 200-H), 3.18 (d, J = 12.9 Hz, 1H, 6-Ha), 3.49 (d, J = 12.9 Hz,
1H, 6-Hb), 3.82 (s, 3H, 100-H), 4.13 (s, 1H, 17b-H), 5.07 (s, 1H, 7-
H), 5.18 (s, 1H, 12b-H), 6.30 (d, J= 1.4 Hz, 1H, 16-H), 6.51 (d, J=
9.2 Hz, 1H, 4-H), 6.88 (m, 1H, 12-H), 7.01 (m, 2H, 9-H and 10-H),
7.20–7.31 (m, 2H, 20-H and 60-H), 7.31–7.46 (m, 3H, 30-H, 40-H
and 50-H), 7.95 (dd, J= 9.2 and 2.6 Hz, 1H, 3-H), 8.03 (dd, J= 2.6
and 1.4 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 19.5 (C-300),
31.6 (C-17b), 33.3 (C-6a), 39.9 (C-200), 50.1 (C-6), 55.9 (C-100), 75.7
(C-12b), 76.9 (C-7), 100.1 (C-17a), 110.3 (C-4), 113.1 (C-16), 114.9
(C-12), 117.4 (C-12a), 118.5 (C-10), 118.9 (C-9), 122.5 (C-17c),
124.6 (C-3), 126.6 (C-1), 127.5 (C-20 and C-60), 128.6 (C-30 and
C-50), 129.3 (C-40), 133.8 (C-10), 138.7 (C-2), 147.9 (C-8a), 148.3 (C-
4a), 154.5 (C-11), 161.1 (C-13a), 161.8 (C-15), 179.7 (C-17). IR
(KBr) n: 1242, 1312, 1428, 1498, 1583, 1604, 1668, 2925 cm−1;
HRMS: calcd for C31H26N2O7Na [M + Na]+ 561.1632, found
561.1636.

(6aS, 7R, 12bR, 17bR)-5be: orange powder, mp 198–201 °C,
Rf = 0.08 (hexane/chloroform/ethyl acetate 4 : 4 : 1). [a]D =−556
(c = 0.84 g/100 ml in CHCl3). ECD [nm (D3), MeCN] (211 mg/4
ml): 401.5 (−5.77), 336.5 (−0.30), 309 (−9.31), 280 (5.38), 251
(−5.26), 232.5 (8.35), 207.5 (−105.70). 1H-NMR (400 MHz,
CDCl3): 2.34 (s, 3H, 300-H), 2.87 (s, 3H, 200-H), 3.16 (d, J= 12.4 Hz,
1H, 6-Ha), 3.70 (d, J = 12.5 Hz, 1H, 6-Hb), 3.83 (s, 3H, 100-H), 4.14
(s, 1H, 17b-H), 4.76 (s, 1H, 12b-H), 5.27 (s, 1H, 7-H), 5.94 (m, 1H,
14-H), 5.97 (d, J = 9.2 Hz, 1H, 4-H), 6.85–6.95 (m, 6H, 12-H and
Ph), 6.98 (d, J = 3.0 Hz, 1H, 9-H), 7.01 (m, 1H, 10-H), 7.47 (dd, J
= 2.5 and 1.2 Hz, 1H, 1-H), 7.57 (dd, J= 9.1 Hz and 2.5 Hz, 1H, 3-
H). 13C-NMR (100 MHz, CDCl3): 19.9 (C-300), 37.8 (C-200), 37.9 (C-
17b), 38.0 (C-6a), 53.4 (C-6), 55.9 (C-100), 77.2 (C-7), 79.0 (C-12b),
96.9 (C-17a), 99.8 (C-14), 109.4 (C-4), 114.6 (C-12), 117.1 (C-17c),
117.7 (C-10), 118.7 (C-9), 122.4 (C-12a), 124.3 (C-3), 124.3 (C-1),
127.4 (C-20 and C-60), 129.2 (C-30, C-40 and C-50), 136.8 (C-10),
137.3 (C-2), 148.7 (C-8a), 152.2 (C-11), 153.8 (C-4a), 162.6 (C-15),
162.7 (C-13a), 165.3 (C-17). IR (KBr) n: 1002, 1034, 1166, 1231,
1288, 1301, 1317, 1496, 1576, 1606, 1711, 2838, 2915 cm−1;
HRMS: calcd for C31H26N2O7Na [M + Na]+ 561.1632, found
561.1635.

rac-(6aS*, 12bR*, 17bR*)-11-methoxy-15-methyl-
12bH,17H,17bH-chromeno[30,4':3,4]pyrano [30,4':5,6]pyrano
© 2026 The Author(s). Published by the Royal Society of Chemistry
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[3,2-c]chromen-17-one [rac-(6aS*, 12bR*, 17bR*)-4ce] and rac-
(6aS*, 12bR*, 17bR*)-11-methoxy-15-methyl-12bH,17H,17bH-
chromeno[30,4':3,4]pyrano [30,20:5,6]pyrano[3,2-c]chromen-17-
one [rac-(6aS*, 12bR*, 17bR*)-5ce]. The reaction of 1c and 2e
was carried out according to method B, and the crude product
was puried by column chromatography (hexane/ethyl acetate
2 : 1), affording rac-(6aS*, 12bR*, 17bR*)-4ce as pale yellow
amorphous solid (10%) and rac-(6aS*, 12bR*, 17bR*)-6ce as
yellow powder (26%).

Alternatively, the reaction was carried out at 55 °C (there is
no reaction at room temperature), affording rac-(6aS*, 12bR*,
17bR*)-4ce as pale yellow amorphous solid (16%) and rac-(6aS*,
12bR*, 17bR*)-6ce as yellow powder (6%).

rac-(6aS*, 12bR*, 17bR*)-4ce: pale yellow amorphous solid,
Rf = 0.45 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz, CDCl3)
d 2.21 (s, 3H, 20-H), 3.79 (s, 3H, 10-H), 3.87 (d, J = 11.7 Hz, 1H, 7-
Ha), 3.91 (d, J = 11.6 Hz, 1H, 7-Hb), 4.05 (d, J = 11.8 Hz, 1H, 6-
Ha), 4.08 (s, 1H, 17b-H), 4.25 (d, J = 11.7 Hz, 1H, 6-Hb), 5.12 (s,
1H, 12b-H), 5.73 (s, 1H, 14-H), 6.81 (d, J = 8.1 Hz, 1H, 4-H), 6.86
(m, 2H, 9-H and 12-H), 6.88–7.00 (m, 2H, 10-H and 2-H), 7.15 (t,
J = 7.6 Hz, 1H, 3-H), 7.52 (d, J = 7.8 Hz, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 20.0 (C-20), 30.6 (C-6a), 31.6 (C-17b), 55.9 (C-10),
66.2 (C-7), 68.5 (C-6), 70.9 (C-12b), 98.9 (C-17a), 100.2 (C-14),
115.5 (C-12), 117.0 (C-4), 118.1 (C-9), 118.2 (C-12a), 118.5 (C-
10), 122.2 (C-2), 122.7 (C-17c), 128.5 (C-3), 130.1 (C-1), 146.7
(C-8a), 152.4 (C-4a), 154.2 (C-11), 161.9 (C-15), 162.0 (C-13a),
166.1 (C-17). IR (KBr) n: 1046, 1215, 1269, 1489, 1501, 1583,
1697, 2833, 2875, 2925, 2953 cm−1; HRMS: calcd for
C24H20O6Na [M + Na]+ 427.1152, found 427.1152.

rac-(6aS*, 12bR*, 17bR*)-6ce: yellow powder, mp 204–207 °
C, Rf = 0.18 (hexane/ethyl acetate 1 : 1). 1H NMR (400 MHz,
CDCl3) d 2.20 (s, 3H, 20-H), 3.79 (s, 3H, 10-H), 3.92 (m, 2H, 7-H),
4.07 (d, J = 11.8 Hz, 1H, 6-Ha), 4.24 (d, J = 11.8 Hz, 1H, 6-Hb),
4.29 (s, 1H, 17b-H), 5.34 (s, 1H, 12b-H), 6.13 (s, 1H, 16-H), 6.80
(d, J = 8.1 Hz, 1H, 4-H), 6.86 (m, 2H, 9-H and 12-H), 6.91 (d, J =
7.5 Hz, 1H, 2-H), 6.95 (dd, J= 8.9 and 3.0 Hz, 1H, 10-H), 7.14 (t, J
= 7.6 Hz, 1H, 3-H), 7.41 (d, J = 7.8 Hz, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 19.3 (C-20), 31.0 (C-17b), 31.0 (C-6a), 55.9 (C-10),
66.1 (C-7), 68.2 (C-6), 73.7 (C-12b), 100.1 (C-17a), 112.7 (C-16),
115.2 (C-12), 116.9 (C-4), 117.3 (C-12a), 118.3 (C-9), 119.1 (C-
10), 122.3 (C-2), 122.7 (C-17c), 128.4 (C-3), 130.4 (C-1), 146.8
(C-8a), 152.3 (C-4a), 154.3 (C-11), 160.7 (C-13a), 161.2 (C-15),
180.8 (C-17). IR (KBr) n: 1019, 1047, 1217, 1245, 1262, 1422,
1498, 1587, 1667 cm−1; HRMS: calcd for C24H20O6Na [M + Na]+

427.1152, found 427.1154.
rac-(6aS*, 12bR*, 17bR*)- and rac-(6aS*, 12bR*, 17bS*)-11-

methoxy-5,15,16-trimethyl-2-nitro-5,6,16,17b-tetrahydro-
12bH,17H-chromeno[40,30:2,3]pyrido[30,4': 5,6]pyrano[3,4-c]
quinolin-17-one [rac-(6aS*, 12bR*,17bR*)-4af and rac-(6 aS*,
12bR*, 17bS*)-5af] and rac-(6aS*, 12bR*, 17bR*)- and rac-(6aS*,
12bR*, 17bS*)-11-methoxy-5,14,15-trimethyl-2-nitro-5,6,14,17b-
tetrahydro-12bH,17H-chromeno[40,30:2,3]pyrido[30,20:5,6]pyr-
ano[3,4-c]quinolin-17-one [rac-(6aS*, 12bR*, 17bR*)-6af and
rac-(6aS*, 12bR*, 17bS*)-7af]. The reaction of 1a and 2f was
carried out according to method A, and the crude product was
puried by column chromatography (hexane/dichloromethane/
© 2026 The Author(s). Published by the Royal Society of Chemistry
methanol 15 : 9 : 1), affording rac-(6aS*, 12bR*, 17bS*)-4af as
yellow powder (31%), rac-(6aS*, 12bR*, 17bS*)-6af as yellow
powder (31%), rac-(6aS*, 12bR*, 17bS*)-5af as yellow powder
(13%) and rac-(6aS*, 12bR*, 17bS*)-7af as yellow powder (7%).

rac-(6aS*, 12bR*, 17bS*)-4af: yellow powder, mp 289–292 °C,
Rf = 0.41 (toluene/methanol 4 : 1). 1H NMR (400 MHz, CDCl3)
d 2.33 (s, 3H, 40-H), 2.95 (s, 3H, 20-H), 3.23 (d, J = 13.1 Hz, 1H, 6-
Ha), 3.62 (s, 3H, 30-H), 3.65 (d, J= 13.1 Hz, 1H, 6-Hb), 3.80 (s, 3H,
10-H), 3.87 (s, 2H, 7-H), 4.25 (s, 1H, 17b-H), 4.82 (s, 1H, 12b-H),
5.74 (s, 1H, 14-H), 6.55 (d, J= 9.2 Hz, 1H, 4-H), 6.81–6.90 (m, 2H,
9-H and 12-H), 6.94 (dd, J= 9.0 and 3.0 Hz, 1H, 10-H), 8.00 (dd, J
= 9.1 and 2.7 Hz, 1H, 3-H), 8.07 (s, 1H, 1-H). 13C NMR (100 MHz,
CDCl3) d 21.1 (C-40), 30.6 (C-6a), 31.4 (C-30), 33.3 (C-17b), 39.7 (C-
20), 55.0 (C-6), 55.8 (C-10), 68.0 (C-7), 70.6 (C-12b), 100.1 (C-14),
104.5 (C-17a), 110.0 (C-4), 115.5 (C-12), 117.9 (C-10), 117.9 (C-
9), 119.4 (C-12a), 122.4 (C-17c), 124.6 (C-3), 126.7 (C-1), 138.5
(C-2), 146.3 (C-15), 146.7 (C-8a), 149.2 (C-4a), 154.0 (C-11), 158.0
(C-13a), 164.8 (C-17). IR (KBr) n: 1215, 1229, 1495, 1545, 1644,
1717, 1738, 2923, 2969 cm−1; HRMS: calcd for C32H29N3O6Na [M
+ Na]+ 498.1636, found 498.1636.

rac-(6aS*, 12bR*, 17bR*)-5af: yellow powder, turns amor-
phous above 200 °C, Rf= 0.38 (toluene/methanol 4 : 1). 1H NMR
(400 MHz, CDCl3) d 2.36 (s, 3H, 40-H), 3.03 (s, 3H, 20-H), 3.15 (d, J
= 11.7 Hz, 1H, 6-Ha), 3.19 (d, J= 11.7 Hz, 1H, 6-Hb), 3.29 (dd, J=
11.6 and 1.5 Hz, 1H, 7-Ha), 3.56 (s, 3H, 30-H), 3.80 (s, 3H, 10-H),
3.86 (d, J = 11.5 Hz, 1H, 7-Hb), 4.07 (s, 1H, 17b-H), 4.60 (d, J =
1.2 Hz, 1H, 12b-H), 5.85 (s, 1H, 14-H), 6.63 (d, J = 9.1 Hz, 1H, 4-
H), 6.76–6.84 (m, 2H, 9-H and 12-H), 6.92 (dd, J= 8.9 and 3.0 Hz,
1H, 10-H), 7.69 (d, J = 2.5 Hz, 1H, 1-H), 8.09 (dd, J = 9.1 and
2.5 Hz, 1H). 13C NMR (100 MHz, CDCl3) d 21.0 (C-40), 31.3 (C-30),
35.3 (C-6a), 37.6 (C-17b), 38.2 (C-20), 54.8 (C-6), 56.0 (C-10), 63.5
(C-7), 75.0 (C-12b), 100.2 (C-14), 102.1 (C-17a), 109.6 (C-4), 115.0
(C-9), 117.6 (C-12), 118.1 (C-12a), 118.4 (C-10), 120.1 (C-17c),
123.1 (C-1), 124.7 (C-3), 137.9 (C-2), 146.3 (C-15), 148.5 (C-8a),
152.1 (C-4a), 153.7 (C-11), 160.8 (C-13a), 163.4 (C-17). IR (KBr)
n: 1216, 1227, 1365, 1498, 1571, 1636, 1717, 1738, 2926, 2970,
3003 cm−1; HRMS: calcd for C32H29N3O6Na [M + Na]+ 498.1636,
found 498.1636.

rac-(6aS*, 12bR*, 17bS*)-6af: yellow powder, mp 267–270 °C,
Rf = 0.31 (toluene/methanol 4 : 1). 1H NMR (400 MHz, CDCl3)
d 2.31 (s, 3H, 40-H), 2.97 (s, 3H, 20-H), 3.24 (d, J = 13.2 Hz, 1H, 6-
Ha), 3.35 (s, 3H, 30-H), 3.66 (d, J = 13.2 Hz, 1H, 6-Hb), 3.83 (m,
4H, 10-H and 7-Ha), 3.91 (dd, J = 11.5 and 1.0 Hz, 1H, 7-Hb), 4.42
(s, 1H, 17b-H), 5.05 (s, 1H, 12b-H), 6.30 (s, 1H, 16-H), 6.56 (d, J=
9.1 Hz, 1H, 4-H), 6.85–6.93 (m, 2H, 9-H and 12-H), 6.97 (dd, J =
8.9 and 3.0 Hz, 1H, 10-H), 8.00 (dd, J = 9.1 and 2.4 Hz, 1H, 3-H),
8.03 (bs, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 20.4 (C-40), 30.8
(C-6a), 31.9 (C-30), 32.4 (C-17b), 39.7 (C-20), 54.7 (C-6), 55.9 (C-10),
68.0 (C-7), 73.3 (C-12b), 105.0 (C-17a), 110.0 (C-4), 115.0 (C-16),
115.5 (C-12), 117.9 (C-10), 118.3 (C-9), 118.6 (C-12a), 121.9 (C-
17c), 124.7 (C-3), 126.8 (C-1), 138.6 (C-2), 145.7 (C-15), 146.9
(C-8a), 149.1 (C-4a), 151.4 (C-13a), 154.2 (C-11), 178.1 (C-17). IR
(KBr) n: 1234, 1297, 1316, 1494, 1638 cm−1; HRMS: calcd for
C32H29N3O6Na [M + Na]+ 498.1636, found 498.1638.

rac-(6aS*, 12bR*, 17bR*)-7af: yellow powder, turns amor-
phous above 150 °C, Rf= 0.29 (toluene/methanol 4 : 1). 1H NMR
(400 MHz, CDCl3) d 2.34 (s, 3H, 40-H), 3.02 (s, 3H, 20-H), 3.16 (d, J
RSC Adv., 2026, 16, 23585–23612 | 23607
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= 11.2 Hz, 1H, 6-Ha), 3.22 (d, J = 11.2 Hz, 1H, 6-Hb), 3.32 (d, J =
11.9 Hz, 1H. 7-Ha), 3.45 (s, 3H, 30-H), 3.81 (s, 3H, 10-H), 3.85 (d, J
= 11.9 Hz, 1H, 7-Hb), 4.20 (s, 1H, 17b-H), 4.79 (s, 1H, 12b-H),
6.27 (s, 1H, 16-H), 6.61 (d, J = 9.1 Hz, 1H, 4-H), 6.79–6.87 (m,
2H, 9-H and 12-H), 6.97 (dd, J = 9.0 and 3.0 Hz, 1H, 10-H), 7.68
(d, J = 2.5 Hz, 1H, 1-H), 8.08 (dd, J = 9.1 and 2.5 Hz, 1H, 3-H).
13C NMR (90 MHz, CDCl3) d 20.2 (C-40), 32.0 (C-30), 35.2 (C-6a),
37.7 (C-17b), 38.3 (C-20), 54.5 (C-6), 56.0 (C-10), 63.5 (C-7), 76.9
(C-12b) 102.2 (C-17a), 109.6 (C-4), 115.3 (C-12), 115.8 (C-16),
117.2 (C-12a), 117.8 (C-9), 118.4 (C-10), 119.9 (C-17c), 123.2 (C-
1), 124.8 (C-3), 138.2 (C-2), 145.3 (C-15), 148.8 (C-8a), 151.9 (C-
4a), 153.7 (C-11), 177.9 (C-17). IR (KBr) n: 1217, 1364, 1603,
1639, 1716, 1738, 2925, 2970 cm−1; HRMS: calcd for
C32H29N3O6Na [M + Na]+ 498.1636, found 498.1639.

rac-(6aS*, 7R*, 12bR*, 17bS*)- and (6aS*, 7R*, 12bR*,
17bR*)-11-methoxy-5,15,16-trimethyl-2-nitro-7-phenyl-
5,6,16,17b-tetrahydro-12bH,17H-chromeno[40,30:2,3]pyrido
[30,4':5,6]pyrano[3,4-c]quinolin-17-one [rac-(6aS*, 7R*, 12bR*,
17bS*)-4bf and rac-(6aS*, 7R*, 12bR*, 17bR*)-5bf] and rac-
(6aS*, 7R*, 12bR*, 17bS*)-11-methoxy-5,14,15-trimethyl-2-
nitro-7-phenyl-5,6,14,17b-tetrahydro-12bH,17H-chromeno
[40,30:2,3]pyrido[30,20:5,6]pyrano[3,4-c]quinolin-17-one [rac-
(6aS*, 7R*, 12bR*, 17bS*)-6bf]. The reaction of rac-1b and 2f
was carried out according to method A, and the crude product
was puried by column chromatography (toluene/ethyl acetate
4 : 1), affording rac-(6aS*, 7R*, 12bR*, 17bS*)-4bf as yellow
powder (29%), rac-(6aS*, 7R*, 12bR*, 17bR*)-5bf as yellow
powder (29%) and rac-(6aS*, 7R*, 12bR*, 17bS*)-6bf as yellow
powder (13%).

rac-(6aS*, 7R*, 12bR*, 17bS*)-4bf: yellow powder, mp 259–
262 °C, Rf = 0.25 (toluene/ethyl acetate 2 : 1). 1H NMR (400
MHz, CDCl3) d 2.37 (s, 3H, 400-H), 2.87 (s, 3H, 200-H), 3.14 (d, J =
12.8 Hz, 1H, 6-Ha), 3.45 (d, J= 12.8 Hz, 1H, 6-Hb), 3.69 (s, 3H, 300-
H), 3.81 (s, 3H, 100-H), 4.10 (s, 1H, 17b-H), 4.87 (s, 1H, 12b-H),
5.05 (s, 1H, 7-H), 5.77 (s, 1H, 14-H), 6.47 (d, J = 9.1 Hz, 1H, 4-
H), 6.89 (s, 1H, 12-H), 6.98 (s, 2H, 9-H and 10-H), 7.26 (m, 2H, 20-
H and 60-H), 7.30–7.46 (m, 3H, 30-H, 40-H and 50-H), 7.93 (d, J =
9.1 Hz, 1H, 3-H), 8.09 (s, 1H, 1-H). 13C NMR (100 MHz, CDCl3)
d 21.2 (C-400), 31.6 (C-300), 32.7 (C-17b), 32.9 (C-6a), 39.8 (C-200),
50.6 (C-6), 55.9 (C-100), 71.5 (C-12b), 77.0 (C-7), 99.8 (C-14), 104.8
(C-17a), 110.0 (C-4), 115.2 (C-12), 118.0 (C-10), 118.0 (C-9), 119.4
(C-12a), 123.4 (C-17c), 124.3 (C-3), 126.9 (C-1), 127.5 (C-20 and C-
60), 128.5 (C-30 and C-50), 128.9 (C-40), 134.6 (C-10), 138.5 (C-2),
146.6 (C-15), 147.8 (C-8a), 148.7 (C-4a), 154.2 (C-11), 158.5 (C-
13a), 164.2 (C-17). IR (KBr) n: 1226, 1364, 1499, 1573, 1643,
1715, 2970, 3005 cm−1; HRMS: calcd for C32H29N3O6Na [M +
Na]+ 574.1949, found 574.1954.

rac-(6aS*, 7R*, 12bR*, 17bR*)-5bf: yellow powder, mp 242–
244 °C, Rf = 0.12 (toluene/ethyl acetate 2 : 1). 1H NMR (400
MHz, CDCl3) d 2.40 (s, 3H, 400-H), 2.87 (s, 3H, 200-H), 3.17 (d, J =
12.3 Hz, 1H, 6-Ha), 3.56 (s, 3H, 300-H), 3.67 (dd, J = 12.3 and
1.2 Hz, 1H, 6-Hb), 3.82 (s, 3H, 100-H), 4.20 (s, 1H, 17b-H), 4.62 (s,
1H, 12b-H), 5.37 (s, 1H, 7-H), 5.91 (m, 2H, 4-H and 14-H), 6.47–
7.00 (m, 8H, 9-H, 10-H, 12-H and Ph), 7.42 (dd, J = 2.6 and
1.2 Hz, 1H, 1-H), 7.54 (dd, J= 9.1 and 2.6 Hz, 1H, 3-H). 13C NMR
(100 MHz, CDCl3) d 21.0 (C-400), 31.3 (C-300), 37.8 (C-200), 38.0 (C-
6a), 39.3 (C-17b), 53.9 (C-6), 56.0 (C-100), 77.6 (C-7), 78.2 (C-12b),
23608 | RSC Adv., 2026, 16, 23585–23612
100.0 (C-14), 102.7 (C-17a), 109.3 (C-4), 114.6 (C-12), 117.6 (C-9),
118.0 (C-12a), 118.5 (C-10), 118.7 (C-17c), 124.2 (C-3), 125.2 (C-
1), 128.2 (C-30 and C-50), 137.3 (C-2), 137.5 (C-10), 146.4 (C-15),
148.8 (C-8a), 152.6 (C-4a), 153.8 (C-11), 161.4 (C-13a), 163.3 (C-
17). IR (KBr) n: 1224, 1284, 1365, 1494, 1644, 1715, 2927, 2969,
3003 cm−1; HRMS: calcd for C32H29N3O6Na [M + Na]+ 574.1949,
found 574.1956.

rac-(6aS*, 7R*, 12bR*, 17bS*)-6bf: yellow powder, mp 230–
232 °C, Rf = 0.07 (toluene/ethyl acetate 2 : 1). 1H NMR (400
MHz, CDCl3) d 2.34 (s, 3H, 400-H), 2.88 (s, 3H, 200-H), 3.13 (d, J =
12.9 Hz, 1H, 6-Ha), 3.39 (s, 3H, 300-H), 3.48 (d, J = 12.9 Hz, 1H, 6-
Hb), 3.83 (s, 3H, 100-H), 4.27 (s, 1H, 17b-H), 5.03 (s, 1H, 7-H), 5.08
(s, 1H, 12b-H), 6.38 (s, 1H, 16-H), 6.47 (d, J = 9.2 Hz, 1H, 4-H),
6.92 (s, 1H, 12-H), 7.00 (m, 2H, 9-H and 10-H), 7.29 (d, J =

7.2 Hz, 2H, 20-H and 60-H), 7.35 (d, J= 7.2 Hz, 1H, 40-H), 7.40 (m,
2H, 30-H and 50-H), 7.93 (dd, J = 9.2 and 2.5 Hz, 1H, 3-H), 8.05
(dd, J = 2.5 and 1.2 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3)
d 20.5 (C-400), 31.9 (C-17b and C-300), 33.0 (C-6a), 39.8 (C-200), 50.3
(C-6), 56.0 (C-100), 74.2 (C-12b), 77.0 (C-7), 105.2 (C-17a), 109.9 (C-
4), 115.4 (C-12), 115.5 (C-16), 118.0 (C-10), 118.3 (C-9), 118.6 (C-
12a), 123.0 (C-17c), 124.4 (C-3), 127.0 (C-1), 127.6 (C-20 and C-60),
128.6 (C-30 and C-50), 129.1 (C-40), 134.0 (C-10), 138.7 (C-2), 145.7
(C-15), 148.0 (C-8a), 148.5 (C-4a), 151.9 (C-13a), 154.3 (C-11),
177.6 (C-17). IR (KBr) n: 1224, 1364, 1494, 1644, 1714, 2924,
2969, 3005 cm−1; HRMS: calcd for C32H29N3O6Na [M + Na]+

574.1949, found 574.1954.
rac-(6aS*, 12bR*, 17bR*)-11-methoxy-15,16-dimethyl-

16,17b-dihydro-12bH,17H-dichromeno[30,4':5,6; 400,300:4,5]pyr-
ano[3,2-c]pyridin-17-one [rac-(6aS*, 12bR*, 17bR*)-4cf]. The
reaction of 1c and 2fwas carried out according tomethod B, and
the crude product was puried by column chromatography
(hexane/ethyl acetate 2 : 1), affording rac-(6aS*, 12bR*, 17bR*)-
4cf as white powder (11%).

rac-(6aS*, 12bR*, 17bR*)-4cf: white powder, mp 293–296 °C,
Rf = 0.06 (hexane/ethyl acetate 2 : 1). 1H NMR (400 MHz, CDCl3)
d 2.28 (s, 3H, 30-H), 3.58 (s, 3H, 20-H), 3.79 (s, 3H, 10-H), 3.83 (dd,
J = 11.6 and 1.5 Hz, 1H, 7-Ha), 3.90 (d, J = 11.6 Hz, 1H, 7-Hb),
4.09 (d, J = 11.7 Hz, 1H, 6-Ha), 4.20–4.31 (m, 2H, 6-Hb and 17b-
H), 5.06 (d, J = 1.5 Hz, 1H, 12b-H), 5.71 (s, 1H, 14-H), 6.79 (dd, J
= 7.7 and 1.0 Hz, 1H, 4-H), 6.83 (d, J = 8.8 Hz, 1H, 9-H), 6.85–
6.96 (m, 3H, 2-H, 10-H and 12-H), 7.11 (t, J = 7.7 Hz, 1H, 3-H),
7.48 (d, J = 7.8 Hz, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 21.0
(C-30), 30.4 (C-6a), 31.3 (C-20), 32.2 (C-17b), 55.8 (C-10), 66.4 (C-7),
68.7 (C-6), 69.6 (C-12b), 100.3 (C-14), 105.1 (C-17a), 115.5 (C-2),
116.7 (C-4), 117.9 (C-9), 118.1 (C-10), 119.2 (C-12a), 121.9 (C-12),
123.5 (C-17c), 128.0 (C-3), 130.5 (C-1), 145.5 (C-15), 146.6 (C-8a),
152.4 (C-4a), 154.0 (C-11), 158.0 (C-13a), 165.2 (C-17). IR (KBr) n:
1216, 1227, 1276, 1365, 1497, 1577, 1643, 1715, 2938,
2970 cm−1; HRMS: calcd for C25H23NO5Na [M + Na]+ 440.1468,
found 440.1468.
Domino Knoevenagel-IMHDA reactions of 5,6-dihydro-2H-
pyran derivatives 8a–b

rac-(6aS*, 10 aS*, 17bS*)-5,13-dimethyl-2-nitro-5,10,10a,17b-
tetrahydro-6H,9H,17H-chromeno[30,4':5,6]pyrano[40,30:2,3]pyr-
ano[3,4-c]quinolin-17-one [rac-(6aS*, 10aS*, 17bS*)-10aa]. The
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02756c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

4:
13

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaction of 8a and 2a was carried out according to method A,
and the crude product was puried by column chromatography
(hexane/ethyl acetate 1 : 2), affording rac-(6aS*, 10aS*, 17bS*)-
10aa as yellow amorphous solid (44%). Rf = 0.17 (hexane/ethyl
acetate 1 : 1).

1H NMR (400 MHz, CDCl3) d 2.09 (d, J = 14.6 Hz, 1H, 10-Ha),
2.27 (m, 1H, 10-Hb), 2.41 (s, 3H, 20-H), 3.13 (s, 3H, 10-H), 3.42 (d, J
= 12.0 Hz, 1H, 7-Ha), 3.50 (d, J = 11.7 Hz, 1H, 7-Hb), 3.55 (d, J =
13.1 Hz, 1H, 6-Ha), 3.68 (t, J = 11.4 Hz, 1H, 9-Ha), 3.86 (d, J =
13.2 Hz, 1H, 6-Hb), 3.88–3.98 (m, 2H, 17b-H and 9-Hb), 4.52 (s,
1H, 10a-H), 6.55 (d, J = 9.2 Hz, 1H, 4-H), 7.28 (d, J = 8.4 Hz, 1H,
15-H), 7.38 (d, J = 8.4 Hz, 1H, 14-H), 7.57 (s, 1H, 12-H), 7.93 (dd,
J = 9.1 and 2.4 Hz, 1H, 3-H), 8.10 (s, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 20.9 (C-20), 27.7 (C-10), 31.6 (C-6a), 34.1 (C-17b),
39.8 (C-10), 55.9 (C-6), 62.8 (C-9), 69.4 (C-7), 72.1 (C-10a), 101.3
(C-17a), 110.3 (C-4), 114.4 (C-11b), 116.7 (C-15), 121.8 (C-17c),
122.3 (C-12), 124.5 (C-3), 126.2 (C-1), 133.5 (C-14), 134.0 (C-13),
138.3 (C-2), 149.1 (C-15a), 151.0 (C-4a), 159.0 (C-17), 164.0 (C-
11a). IR (KBr) n: 1305, 1319, 1497, 1581, 1630, 1702, 2859,
2925 cm−1; HRMS: calcd for C24H22N2O6Na [M + Na]+ 457.1370,
found 457.1370.

rac-(6aS*, 10aS*, 17bS*)-5,13,14-trimethyl-2-nitro-
5,10,10a,17b-tetrahydro-6H,9H,17H-chromeno[30,4':5,6]pyrano
[40,3':2,3]pyrano[3,4-c]quinolin-17-one [rac-(6aS*, 10aS*,
17bS*)-10ab]. The reaction of 8a and 2b was carried out
according to method A. The product crystallized upon cooling
to room temperature, the precipitate was ltered and washed
with cold ether, affording rac-(6aS*, 10aS*, 17bS*)-10ab as
yellow powder (57%), mp 234–236 °C. Rf = 0.38 (hexane/ethyl
acetate 1 : 2).

1H NMR (400 MHz, CDCl3) d 2.09 (d, J = 14.7 Hz, 1H, 10-Ha),
2.21–2.30 (m, 1H, 10-Hb), 2.32 (s, 3H, 30), 2.37 (s, 3H, 20-H), 3.13
(s, 3H, 10-H), 3.42 (d, J = 12.1 Hz, 1H, 7-Ha), 3.48 (d, J = 12.1 Hz,
1H, 7-Hb), 3.54 (d, J= 13.1 Hz, 1H, 6-Ha), 3.69 (t, J= 11.4 Hz, 1H,
9-Ha), 3.85 (d, J = 13.2 Hz, 1H, 6-Hb), 3.90–4.00 (m, 2H, 17b-H
and 9-Hb), 4.52 (s, 1H, 10a-H), 6.56 (d, J = 9.2 Hz, 1H, 4-H),
7.17 (s, 1H, 15-H), 7.51 (s, 1H, 12-H), 7.95 (dd, J= 9.2 and 2.5 Hz,
1H, 3-H), 8.12 (s, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 19.3 (C-
30), 20.3 (C-20), 27.7 (C-10), 31.7 (C-6a), 34.1 (C-17b), 39.8 (C-10),
56.0 (C-6), 62.8 (C-9), 69.4 (C-7), 71.9 (C-10a), 100.4 (C-17a),
110.3 (C-4), 112.3 (C-11b), 117.4 (C-15), 122.0 (C-17c), 122.6 (C-
12), 124.5 (C-3), 126.5 (C-1), 133.1 (C-13), 138.4 (C-2), 142.6 (C-
14), 149.1 (C-15a), 151.3 (C-4a), 159.2 (C-17), 164.2 (C-11a). IR
(KBr) n: 1289, 1305, 1629, 1697, 2869, 2927 cm−1; HRMS: calcd
for C25H24N2O6Na [M + Na]+ 471.1527, found 471.1526.

rac-(6aS*, 10aS*, 17bS*)-12,13,14-trimethoxy-5-methyl-2-
nitro-5,10,10a,17b-tetrahydro-6H,9H,17H-chromeno[30,4':5,6]
pyrano[40,30:2,3]pyrano[3,4-c]quinolin-17-one [rac-(6aS*, 10aS*,
17bS*)-10ac]. The reaction of 8a and 2c was carried out
according to method A, and the crude product was puried by
column chromatography (hexane/ethyl acetate 1 : 2), affording
rac-(6aS*, 10aS*, 17bS*)-10ac as yellow amorphous solid (77%).
Rf = 0.23 (hexane/ethyl acetate 1 : 2).

1H NMR (400 MHz, CDCl3) d 2.00 (d, J = 14.1 Hz, 1H, 10-Ha),
2.23 (s, 1H, 10-Hb), 3.09 (s, 3H, 40-H), 3.38–3.59 (m, 3H, 7-H and
6-Ha), 3.59–3.74 (m, 1H, 9-Ha), 3.74–3.86 (m, 7H, 10-H, 20-H and
6-Hb), 3.91 (s, 5H, 30-H, 17b-H and 9-Hb), 4.49 (s, 1H, 10a-H),
© 2026 The Author(s). Published by the Royal Society of Chemistry
6.52 (d, J = 8.9 Hz, 1H, 4-H), 6.71 (s, 1H, 15-H), 7.90 (d, J =
8.9 Hz, 1H, 3-H),8.00 (s, 1H, 1-H). 13C NMR (100 MHz, CDCl3)
d 27.8 (C-10), 31.1 (C-6a), 34.0 (C-17b), 39.8 (C-40), 55.9 (C-6), 56.4
(C-10), 61.3 (C-20), 62.1 (C-30), 62.9 (C-9), 69.4 (C-7), 71.9 (C-10a),
96.7 (C-15), 98.9 (C-17a), 103.0 (C-11b), 110.3 (C-4), 122.1 C-17c),
124.6 (C-3), 126.5 (C-1), 138.3 (C-2), 140.4 (C-13), 149.1 (C-4a),
150.8 (C-12), 157.0 (C-14), 160.8 (C-11a), 163.8 (C-17). IR (KBr)
n: 1094, 1291, 1607, 1700, 2856, 2925 cm−1; HRMS: calcd for
C26H26N2O9Na [M + Na]+ 533.1531 found 533.1530.

rac-(6aS*, 10aS*, 17bS*)-12,13,14-trimethoxy-5-methyl-2-
(triuoromethyl)-5,10,10a,17b-tetrahydro-6H,9H,17H-chro-
meno[30,4':5,6]pyrano[40,30:2,3]pyrano[3,4-c]quinolin-17-one
[rac-(6aS*, 10aS*, 17bS*)-10bc]. The reaction of 8b and 2c was
carried out according to method A, and the crude product was
puried by column chromatography (hexane/ethyl acetate 1 : 1),
affording rac-(6aS*, 10aS*, 17bS*)-10bc as white powder (52%),
mp 232–235 °C. Rf = 0.28 (hexane/ethyl acetate 1 : 2).

1H NMR (400 MHz, CDCl3) d 2.01 (d, J = 14.7 Hz, 1H, 10-Ha),
2.23 (m, 1H, 10-Hb), 3.02 (s, 3H, 40-H), 3.39 (d, J= 12.5 Hz, 1H, 6-
Ha), 3.46 (s, 2H, 7-H), 3.68 (d, J= 12.5 Hz, 1H, 6-Hb), 3.73 (m, 1H,
9-Ha), 3.85 (s, 3H, 20-H), 3.87 (s, 4H, 10-H, 17b-H), 3.91 (d, J =
5.2 Hz, 1H, 9-Hb), 3.94 (s, 3H, 30-H), 4.58 (s, 1H, 10a-H), 6.67 (d, J
= 8.6 Hz, 1H, 4-H), 6.73 (s, 1H, 15-H), 7.33 (d, J = 8.5 Hz, 1H, 3-
H), 7.44 (s, 1H, 1-H). 13C NMR (100 MHz, CDCl3) d 27.7 (C-10),
31.7 (C-6a), 34.3 (C-17b), 39.6 (C-40), 56.3 (C-30), 56.3 (C-6),
61.2 (C-20), 62.0 (C-10), 62.8 (C-9), 69.4 (C-7), 72.1 (C-10a), 96.6
(C-15), 99.1 (C-17a), 103.1 (C-11b), 110.0 (CF3), 111.2 (C-4), 119.7
(q, J = 32.3 Hz, C-2), 123.0 (C-17c), 123.4 (CF3), 124.93 (d, J =
3.5 Hz, C-3), 126.1 (CF3), 126.83 (d, J = 3.2 Hz, C-1), 140.3 (C-13),
147.2 (C-4a), 150.7 (C-15a), 150.8 (C-12), 156.8 (C-14), 160.8 (C-
11a), 163.9 (C-17). IR (KBr) n: 1099, 1330, 1399, 1606, 1700,
2940 cm−1; HRMS: calcd for C27H26F3NO7Na [M + Na]+ 556.1554
found 556.1554.

rac-(6aS*, 10aS*, 17bS*)-5-methyl-2-nitro-5,10,10a,17b-
tetrahydro-6H,9H,17H-chromeno [30,4':5,6]pyrano[40,30:2,3]pyr-
ano[3,4-c]quinolin-17-one [rac-(6aS*, 10aS*, 17bS*)-10ad]. The
reaction of 8a and 2d was carried out according to method C,
and the crude product was puried by column chromatography
(hexane/ethyl acetate 1 : 2), affording rac-(6aS*, 10aS*, 17bS*)-
10ad as yellow powder (42%), mp 244–246 °C. Rf= 0.29 (hexane/
ethyl acetate 1 : 2).

1H NMR (400MHz, DMSO-d6) d 1.84 (s, 2H, 10-H), 2.39 (s, 3H,
10-H), 3.18 (s, 2H, 6-H), 3.40 (m, 2H, 7-H), 3.46 (s, 2H, 9-H), 5.40
(s, 1H, 10a-H), 6.49 (s, 1H, 17b-H), 7.23 (d, J = 9.0 Hz, 1H, 4-H),
7.27 (t, J = 7.6 Hz, 1H, 13-H), 7.43 (d, J = 8.2 Hz, 1H, 15-H), 7.57
(t, J = 7.7 Hz, 1H, 14-H), 7.94 (d, J = 7.5 Hz, 1H, 12-H), 8.00 (d, J
= 2.0 Hz, 1H, 1-H), 8.06 (dd, J = 8.9 and 2.6 Hz, 1H, 3-H), 12.22
(s, 1H, N–H). 13C NMR (100 MHz, DMSO-d6) d 25.0 (C-10), 34.7
(C-17b), 58.1 (C-6), 63.5 (C-7), 66.2 (C-9), 116.3 (C-15), 116.8 (C-
17a), 121.5 (C-4), 123.0 (C-13), 123.0 (C-3), 123.3 (C-10a), 123.6
(C-12), 125.4 (C-1), 130.6 (C-13b), 131.6 (C-14), 134.0 (C-17c),
137.2 (C-2), 141.8 (C-15a), 158.3 (C-4a), 161.6 (C-13a), 166.1 (C-
17). IR (KBr) n: 1333, 1393, 1492, 1604, 1637 cm−1; HRMS:
calcd for C23H21N3O5Na [M + Na]+ 442.1373 found 442.1373.

rac-(6aS*, 10aS*, 15bS*)-5,13-dimethyl-2-nitro-5,10,10a,15b-
tetrahydro-6H,9H,15H-dipyrano[30,4':5,6; 400,300:2,3]pyrano[3,4-
c]quinolin-15-one [rac-(6aS*, 10aS*, 15bS*)-10ae]. The reaction
RSC Adv., 2026, 16, 23585–23612 | 23609
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of 8a and 2e was carried out according to method A, and the
crude product was puried by column chromatography
(hexane/ethyl acetate 1 : 2), affording rac-(6 aS*, 10aS*, 15bS*)-
10ae as yellow powder (42%), mp 279–282 °C. Rf= 0.29 (hexane/
ethyl acetate 1 : 2).

1H NMR (400 MHz, CDCl3) d 1.87 (d, J = 14.6 Hz, 1H, 10-Ha),
2.16 (t, J = 11.7 Hz, 1H, 10-Hb), 2.27 (s, 3H, 20-H), 3.08 (s, 3H, 10-
H), 3.32–3.55 (m, 3H, 7-H and 6-Ha), 3.62 (t, J = 11.6 Hz, 1H, 9-
Ha), 3.78 (m, 2H, 15b-H and 6-Hb), 3.87 (d, J = 7.0 Hz, 1H, 9-Hb),
4.33 (s, 1H, 10a-H), 5.83 (s, 1H, 12-H), 6.52 (d, J = 9.2 Hz, 1H, 4-
H), 7.93 (d, J = 9.0 Hz, 1H, 3-H), 8.10 (s, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 19.9 (C-20), 27.5 (C-10), 31.7 (C-6a), 33.5 (C-15b),
39.7 (C-10), 55.9 (C-6), 62.6 (C-9), 69.2 (C-7), 71.6 (C-10a), 98.9 (C-
15a), 99.8 (C-12), 110.2 (C-4), 122.0 (C-15c), 124.5 (C-3), 126.4 (C-
1), 138.3 (C-2), 149.1 (C-4a), 162.1 (C-13), 163.9 (C-11a), 165.6 (C-
15). IR (KBr) n: 1243, 1301, 1587, 1704, 2861, 2925 cm−1; HRMS:
calcd for C20H20N2O6Na [M + Na]+ 407.1214, found 407.1213.

rac-(6aS*, 10aS*, 15bS*)-5,13-dimethyl-2-(triuoromethyl)-
5,10,10a,15b-tetrahydro-6H,9H,15H-dipyrano[30,4':5,6;
400,300:2,3]pyrano[3,4-c]quinolin-15-one [rac-(6aS*, 10aS*,
15bS*)-10be]. The reaction of 8b and 2e was carried out
according to method A, and the crude product was puried by
column chromatography (hexane/ethyl acetate 2 : 1), affording
rac-(6aS*, 10aS*, 15bS*)-10be as white amorphous solid (32%).
Rf = 0.18 (hexane/ethyl acetate 2 : 1).

1H NMR (400 MHz, CDCl3) d 1.84 (d, J = 14.6 Hz, 1H, 10-Ha),
2.13 (m, 1H, 10-Hb), 2.26 (s, 3H, 20-H), 2.98 (s, 3H, 10-H), 3.31 (d, J
= 12.5 Hz, 1H, 6-Ha), 3.37 (s, 2H, 7-H), 3.63 (m, 2H, 6-Hb and 9-
Ha), 3.70 (s, 1H, 15b-H), 3.86 (dd, J = 11.8 and 5.4 Hz, 1H, 9-Hb),
4.40 (s, 1H, 10a-H), 5.82 (s, 1H, 12-H), 6.64 (d, J = 8.6 Hz, 1H, 4-
H), 7.32 (d, J = 8.6 Hz, 1H, 3-H), 7.52 (s, 1H, 1-H). 13C NMR (100
MHz, CDCl3) d 19.9 (C-20), 27.5 (C-10), 32.4 (C-6a), 33.8 (C-15b),
39.6 (C-10), 56.3 (C-6), 62.6 (C-9), 69.2 (C-7), 99.1 (C-15a), 99.8 (C-
12), 111.2 (C-4), 119.6 and 119.9 (C-2), 123.0 (C-15c), 124.9 (C-3),
126.1 (C-1), 147.2 (C-4a), 161.7 (C-13), 163.9 (C-11a), 165.8 (C-
15). IR (KBr) n: 1106, 1328, 1524, 1583, 1617, 1655, 1702, 2861,
2937 cm−1; HRMS: calcd for C21H20F3NO4Na [M + Na]+

430.1237, found 430.1235.

Conclusion

Pentaheterocyclic chiral frameworks of novel skeletons con-
taining a pyrano[4,3-b]pyran unit condensed with a pyrone or
pyridone and a tetrahydroquinoline or chroman subunit were
prepared in a domino Knoevenagel-intramolecular hetero-
Diels-Alder reaction, utilizing heterocyclic dienophiles and
heterodienes. Solvent-dependence was explored and toluene
was selected as the solvent of the reaction, affording the best
overall yields and access to four isomers, which could be readily
separated by column chromatography. The reaction of 2H-
chromene derivatives 1a–e with 4-hydroxycoumarine reagents
2a–c produced isomer 4 as the main product in most cases with
the a,b-unsaturated ketone subunit acting as the heterodiene in
the IMHDA step. Simplied 3,6-dihydro-2H-pyran substrates
8a–b, containing a dihydropyran moiety as the dienophile
showed a remarkable improvement in both regio- and di-
astereoselectivity, affording a single isomer irrespective of the
23610 | RSC Adv., 2026, 16, 23585–23612
substitution pattern of the reagent or the substrate. 4-Hydroxy-
2-pyrone and -2-pyridone reagents 2e and 2f, lacking the
condensed benzene ring, were also tested in the domino reac-
tion, in which substrates 1a-c afforded a mixture of 2–4 regio-
and diastereomers, while substrate 8a gave a single isomer in
each case. The planar structure and relative conguration of the
products 4–7 were determined on the basis of 13C chemical
shis, NOE correlations and IR carbonyl stretching vibrations
supported by two single crystal X-ray diffraction analysis. The
antiproliferative activities of the condensed heterocycles were
tested on three human cancer cell lines, which revealed that all
the active derivatives have the same (S*, R*, S*) relative
conguration and all except for one belong to the series of
products 4, in which the a,b-unsaturated ketone moiety acts as
a heterodiene in the IMHDA cyclization step. Compound 4ac,
containing a condensed trimethoxycoumarin residue, exhibited
promising antiproliferative activity with an IC50 value of 5.7 mM.
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