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ABSTRACT: For the first time, an eco-friendly and efficient one-
pot green multicomponent approach has been described to
synthesize functionalized trans-2,3-dihydrofuro[3,2-c]coumarins
(DHFCs). In this synthesis, imidazole and water were used as
the catalyst and solvent, respectively, under mild conditions.
Applications of the developed catalytic process in a water medium
revealed the outstanding activity, productivity, and broad functional
group tolerance, affording a series of newly designed DHFC and
derivatives in excellent yields (72—98%). Moreover, the human -

serum albumin (HSA) binding ability of the synthesized DHFC @
derivatives has been uncovered through the detailed in silico and in
vitro-based structure-activity analysis. The ability to bind HSA, the
most abundant serum protein, in the low micromolar ranges unequivocally reflects the suitable absorption, distribution, metabolism,
and elimination profile of the synthesized compounds, which may further be envisaged for their therapeutic usage endeavors.
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B INTRODUCTION

4-Hydroxy coumarin is one of the most important heterocyclic
building blocks found in varied biologically active natural
products and drug molecules. Warfarin, brodifacoum,
dicumarol, coumatetralyl, coumafuryl, and difenacoum are
well-known examples of current drugs molecules that possess
4-hydroxy coumarin as a core structural moiety.'* Moreover,
wedelolactone, coumestrol, and neo-tanshinlactone are emerg-
ing potential candidates to this end that revealed promising
activities (Figure 1).>° Recently, trans-2,3-dihydrofuro[3,2-

furo[3,2-c]coumarin
multiactivity

dihydrofuro[3,2-c]coumarin
multiactivity

c]Jcoumarins (DHFCs) (derivatives of 4-hydroxy coumarin)
are of great interest among coumarins possessing a unique 4H-
furo ring fused with coumarin, which are well-known for their
medicinal importance, therapeutic activities, and applications
in myriad pharmaceutical ingredients.”® Several drug candi-
dates containing the furo[3,2-cJcoumarin and DHFC skeleton
display an extremely wide range of biological activities such as
anticoagulant, antibacterial, antifungal, antitumor, antiviral,
anticonvulsant, anticancer, antimicrobial, antiprotozoal, in-
secticidal, fungicidal, antimycobacterial, antimutagenic, anti-
oxidant, and alnti-inﬂammatory.gf22 For instance, natural
products austocystin A and D and neo-tanshinlactone isolated
from the maize meal cultures of Aspergillus ustus and Salvia
miltiorrhiza, respectively, displayed potent antitumor activities
and cytotoxicity against breast cancer.””** In addition,
naphthalene-functionalized DHFCs are known as antioxidant
and anthelmintic agents.25
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Figure 1. Representative core skeleton and some naturally occurring
furo-fused coumarins with relevant activity.

Furthermore, coumarins and their derivatives are found to
inhibit prostaglandin biosynthesis, particularly fatty acid
hydroperoxy intermediates.”””” Along with this, many
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functionalized coumarins are found to show potential as a
fluorescent chemosensor, a fluorescent probe, laser dyes, and a
light absorber for solar cells, optical brighteners, and organic
light-emitting diodes.”>*’

Due to the broad-scale pharmaceutical applications coupled
with their high demand in medicinal chemistry and drug
discovery, the privileged structure of DHFCs is found to
appear in numerous medicinally important scaffolds world-
wide. Moreover, great attention from researchers has been
given to their organic synthesis, which has led to several
elegant methodologies for their rapid construction and
stimulated intense research activities toward their structural
modification and biological evaluation.’®™** Several syntheses
of DHFCs in the literature reported the one-pot, tandem
reaction of pyridinium ylide, 4-hydroxycoumarin, and aldehyde
catalyzed by Et;N/DBU/pyridine or a mixture of AcOH and
AcONH, to synthesize various fused 2,3-dihydrofuran
derivatives including 2,3-dihydrofuro[3,2-c]chromen-4-ones.
In addition, Wadhwa et al. developed the multicomponent
reaction catalyzed by pyridine and Et;N in CH3;CN to
synthesize naphthalene-functionalized DHFC and featured its
screening toward antioxidant and anthelmintic activities.”
Subsequently, the alternative pathway disclosed by Safaei-
Ghomi et al, where MgO nanoparticles along with pyridine
have been used as a catalyst for the diastereoselective
preparation of DHFC under ultrasonic irradiation, and the
method of Kamal et al. (pyridine-catalyzed one pot synthesis)
are well-described toward this end.* Alternatively, modified
approaches by Kumar and group (HTIB, pyridine with Et;N,
and CH;CN via in situ generated a-tosyloxyketones) and
Samant et al. [microwave-assisted, 4-dimethylaminopyridine
(DMAP)-mediated multicomponent approach] have been
reported. Several metal-catalyzed pathways have also been
developed promisingly, and among them, copper-catalyzed
synthesis of coumarins has been evaluated to its great extent
(Scheme 1).**°

As a result of this surge, the multicomponent reaction was
found to be the best strategy among all the reported methods
that could construct the required skeleton efficiently in a
single-step sequence. Fascinatingly, the application of multi-
component reactions toward the synthesis of varied DHFCs
from 4-hydroxy coumarins has been evolved exponentially.
Hossaini and co-workers developed the magnetic Fe;0,
nanoparticles-catalyzed three-component reaction 1n water to
synthesize a series of 4H-chromin derivatives,’® whereas
Mosslemin et al. documented the N-(2-(4-halobenzoyl)-2-
oxoethyl)pyridinium bromide and nano y-Fe,0;-quinuclidine-
based catalyzed diastereoselective synthesis of DHFC deriva-
tives under the water reflux condition.”” A recent review by
Kaufman and Mancuso also discussed about several synthetic
efforts toward 2,3-disubstituted furo[3,2-c]coumarins and the
development of multicomponent reactions toward this
end.”**** Despite phenomenal advances in the divulged
methodologies, there is an undeniable potential for an efficient
and environmentally friendly approach to synthesize DHFCs
that can overcome the prior reports of expensive and higher
catalytic loading, harsh reaction conditions, tedious proce-
dures, use of hazardous organic solvents, inadequate yields, and
a constrained substrate scope. Looking into the excellent
medicisnal profile and essential requirement, DHFC demand a
scalable method along with novel functionalized analogues for
further drug discovery and development. Herein, with an aim
to envisage their therapeutic usage, we set out to optimize an

Scheme 1. Comparative Study
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eco-friendly one-pot strategy to synthesize varied function-
alized DHFCs along with their novel derivatives targeting in
silico and in vitro-based structure—activity analysis. Therefore,
in continuation of our unwavering interest in developing an
environmentally friendly multicomponent reaction,”*' we
investigated the combined chemistry of 4-hydroxycoumarin,
aldehyde, and a-bromoacetophenone, catalyzed by imidazole
using only water as a green solvent. In our effort to overcome
drawbacks from the previous report and formulate an efficient
green approach, for the first time, we disclose here an
imidazole-catalyzed simplest technique in aqueous media at
moderate temperature for the synthesis of a densely substituted
DHEC framework. The described synthetic approach culmi-
nated into a simple, eco-friendly, one-pot methodology that
produced 25 desired DHFC derivatives including 13 novel
products in high yields with no transitional isolation. We
believe that the synthesized novel DHFC derivatives will
manifest excellent therapeutic usage potentials, for which
detailed ADME (absorption, distribution, metabolism, and
elimination) profiling of these compounds is a prerequisite. In
recent years, the use of human serum albumin (HSA) in
therapeutics has been profoundly explored. The high
abundance of this protein in human plasma (~600 yM), the
unique ability of HSA to transport a diverse set of ligands to
the specific organs/tissues, and especially its amenability to
genetic/protein engineering techniques to accommodate
organ/tissue-specific transportation signals without losing the
ligand binding ability make it a lucrative drug nano-carrier
agent. Considering the wide spectrum clinical importance of
previously reported coumarins and their derivatives, as well as
considering the multifaceted drug nano-carrier roles of HSA, in
the present work, we conducted a detailed in silico and in
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vitro-based interaction analysis of the synthesized DHFC
derivatives with purified HSA. The interaction presented
herein will be useful to understand serum stability and HSA-
mediated targeted druggability of these compounds.

B RESULTS AND DISCUSSION

Being inspired by our earlier report on developing a taurine-
catalyzed green multicomponent reaction for the synthesis of
densely substituted dihydropyrano[2,3-c] pyrazoles*” and our
recent report on the taurine-catalyzed green reaction for the
synthesis of natural and designed 3,3'-bis(indolyl)methanes
(BIMs),*’ we became interested in assessing the efficacy of the
organocatalyst in water to boost the multicomponent reaction.
In our quest to find the best catalytic condition to access
furocoumarins and their derivatives, the reaction was
performed with 4-hydroxycoumarin 1la, benzaldehyde 1b,
and bromoacetophenone 1c as the model substrate under
different sets of catalysts, solvents, and conditions. The results
thus obtained of the method development toward affording
DHFC 1 are summarized in Table 1. Initially, the model
reaction of 4-hydroxycoumarin la (1 mmol), benzaldehyde 1b
(1 mmol), and bromoacetophenone 1c (1 mmol) was
attempted using our earlier developed protocol of the
taurine-catalyzed water-mediated strategy. However, the

Table 1. Selected Optimization Studies to Access 2,3-
Dihydrofuro[3,2-c]coumarin and Analogues®

O o
Ph H Entrry 1-17
—_—

N, b
0
0 o Ph)k/sr

1a 1c 1

entry catalyst” solvent®  temp (°C) time (h) yield” (%)
1 taurine H,0 65 24
2 Ph,P MeCN 65 24
3 Cu(OTf),  MeCN 65 24
4 Hg(OAc),  MeCN 65 24
S p-TsOH MeCN 65 24
6 imidazole MeCN 65 24 25
7 imidazole THF 5SS 24 20
8 imidazole DCE 100 8 trace
9 imidazole H,O0 100 20 3S
10 imidazole EtOH SS 12 trace
11 imidazole H,0° 90 12 trace
12 imidazole H,0 100 6 18
13% imidazole H,0 100 8 20
14" imidazole H,0 100 16 20
15° imidazole H,0 100 15 45
16/ imidazole H,0 100 6 97
17* imidazole H,0 100 5.5 90
18 DABCO H,O0 100
19 Et;N H,O0 100 8
20 NM1’ H,0 100 8 25

“Reaction conditions: 4-hydroxycoumarin 1a (1.0 mmol), benzalde-
hyde 1b, and bromoacetophenone 1c (1.0 mmol). bCatalyst (1.0
equiv). “Solvent 3—S mL. “Isolated yields. “Solvent H,O/EtOH (1:1)
was used. | (1.0 equiv) K,CO; was used with the catalyst. (1.0 equiv)
DMAP was used with the catalyst. hCatalyst used 0.5 equiv. iCatal)rst
used 1.5 equiv. /Catalyst used 2.0 equiv. “Catalyst used 3.0 equiv. ‘N-
methylimidazole (NMI).

taurine-catalyzed reaction performed at 65 °C for 24 h failed
to deliver the required DHFC and instead gave an undesired
Knoevenagel adduct of coumarin la and benzaldehyde 1b
(entry 1, Table 1).*47%

On the other hand, the reaction did not work when carried
out in the presence of PPhj as a catalyst under the CH;CN and
65 °C condition. To understand the role and effect of the
catalyst, reactions were examined under different acids such as
Cu(OTf),, Hg(Oac),, and p-TsOH in MeCN at 65 °C but
were found to be ineffective in producing the desired skeleton
of product 1 (entries 3—5, Table 1).

To our delight, the reaction with the newly implemented
ampbhoteric catalyst imidazole (1.0 equiv) proceeded smoothly
in MeCN at 65 °C to afford the desired product 2,3-
dihydrofuro[3,2-cJcoumarin 1 selectively in 24 h with 25%
yield (entry 6, Table 1). Further, to optimize the reaction
condition, combinations of solvents and temperatures
variations were used. Notably, the results obtained by changing
the solvent from MeCN to tetrahydrofuran (THF), dichloro-
ethane (DCE), H,0, EtOH, and a H,0/EtOH mixture
delivered the required product but in trace or marginal yields
(entries 7—11, Table 1). Moreover, the reduction in yield was
observed when the reaction was performed in water with
additives K,CO; and DMAP leading to only 18 and 20%
yields, respectively (entries 12 and 13, Table 1). On the other
hand, the decrease of catalyst loading (imidazole; 0.5 equiv)
led to a decrease in the yield, 20% (entry 14, Table 1).
Interestingly, the increase of catalyst loading (imidazole; 1.5
equiv) in aqueous media delivered the required product with
45% yield in 15 h (entry 15, Table 1). Remarkably, the highest
yield of 97% was obtained in just 6 h, when the reaction was
performed using 2.0 equiv of the catalyst (imidazole) in a
water medium (entry 16, Table 1). Further, increasing the
equivalent amount of the catalyst (imidazole; 3.0 equiv), the
reaction was completed in 5.5 h, but the yield was reduced to
90% (see entry 17, Table 1). Moreover, we performed the
rection with 1,4-diazabicyclo[2.2.2]octane (DABCO), Et;N,
and NMI (entries 18—20, Table 1), but the best result
obtained was of the imidazole-catalyzed water-mediated
multicomponent reaction at 100 °C that gave 97% yield with
an excellent selectivity (entry 16, Table 1).

Having the optimized reaction conditions in hand
(Imidazole 2.0 equiv; H,O; 100 °C), we examined the scope
and generality of the developed protocol by the reaction of
coumarin la and 2-bromoacetophenone 1lc with a range of
aldehydes 1b—20b, and the findings are disclosed in Scheme 2.
Thus, the imidazole-catalyzed water-mediated green multi-
component reactions of coumarin la and 2-bromoacetophe-
none 1c with varying aldehydes 1b—20b proceeded smoothly,
which resulted in several new designed analogues 1—20 in 72—
98% yield (Scheme 2). The developed strategy was well-
tolerated for both the aromatic aldehydes 1b—17b and
aliphatic aldehydes (18b—20b) to construct 20 designed
DHFCs including 13 novel analogues in excellent yields.
Notably, aromatic aldehydes possessing an electron-donating
group (Me, OH, OMe, and NMe,) or an electron-withdrawing
group (Br, Cl, and NO,) at the meta and/or para positions
afforded the corresponding products in excellent yield (72—
98%; Scheme 2). However, the substitution at the ortho
position (—Me 2b, and —OMe 8b) in aromatic aldehydes
resulted in a lower yield with a ,Jonger reaction time probably
due to the steric hindrance. To our delight, the developed
method performed excellently even with the heterocyclic
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Scheme 2. Synthesis of 2,3-Dihydrofuro[3,2-c]coumarin Derivatives 1—20
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Scheme 3. Synthesis of 2,3-Dihydrofuro[3,2-c]coumarin Derivatives 21—25
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aldehydes such as furfural 15b and indole-3-carboxaldehyde
16b, which formed compounds 15 and 16 with an excellent
yield (Scheme 2). Notably, the developed method was also
utilized successfully for cinnamaldehyde 17b and aliphatic
aldehydes 18b—20b, which generated coumarin dihydrofurans
17 and 18—20 in 88 and 86—95% yields, respectively (Scheme
2). To the best of our knowledge, this is the first simplest cum
green report on the catalytic activity of amphoteric imidazole
for such an organic transformation. Structures of all the
synthesized analogues bearing DHFCs 1—20 were confirmed
unambiguously from their spectroscopic analysis ['H NMR,
BC NMR, infrared (IR) spectroscopy, and high-resolution
mass spectrometry (HRMS)]. Inspired by the outcome of the
developed green multicomponent approach and to further
investigate the extent of the proposed catalytic system, we next

36031

turned our attention to construct advance DHFC derivatives
21-2S5 utilizing substituted 2-bromoacetophenone compounds
21c—26¢ (Scheme 3). Intriguingly, the imidazole-catalyzed
water-mediated one-pot three-component reactions of 4-
hydroxy coumarin 1la, aldehydes 21b—26b, and substituted
2-bromoacetophenone compounds 21c—26¢ (4-OMe/4-Br/4-
Me) under the optimized condition proceeded very well and
produced the required well-designed analogues DHFCs 21—26
with 82—95% yields, respectively (Scheme 3). The structure of
all the synthesized advanced analogues of DHFCs 21—26 were
validated unambiguously from their spectroscopic investigation
("H NMR, "*C NMR, IR spectroscopy, and HRMS) (see the
Supporting Information for details).

Plausible Mechanism. A plausible mechanism for the said
imidazole-catalyzed water-mediated one-pot three-component
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Scheme 4. Plausible Reaction Mechanism for the Synthesis of DHFCs 1-25
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Figure 2. Plausible interaction profiles of the synthesized 2,3-dihydrofuro [3,2-c] coumarin (DHFC) derivatives (14 and 4) with HSA. Left panels

of (A,B) represent the molecular docking of 14 and 4 with has, respectively.

The middle panels of (A,B) show the two-dimensional representations

of amino acid interaction profiles of the docked ligands 14 and 4, respectively. The right panels of each figure represent the rmsd profiles of
protein—ligand complexes vs that of the free protein, throughout the entire MDs simulation time period (30 ns) to assess the stability of the

protein—ligand complexes.

reactions of 4-hydroxy coumarin 1la, aldehydes 1b, and 2-
bromoacetophenone of 1c to construct DHFCs is shown in
Scheme 4. The catalyst imidazole is amphoteric in nature (pK,
= 14.5) and highly soluble in water due to its highly polar
characteristic. 4-Hydroxy coumarin 1a reacts with aldehyde 1b
in the presence of imidazole to give the Knoevenagel adduct A.
Simultaneously, 2-bromoacetophenone 1c reacts with imida-
zole to give an intermediate imidazoloium bromide B, which
further generates nucleophile imidazolim ylide C. Further,
nucleophile C attacks the so-formed Knoevenagel adduct A to
generate intermediate D, and sequentially, intermediate D
undergoes the cyclization to give product 4 and regenerates
imidazole for the next catalytic cycle (Scheme 4).

36032

Biological Evaluation. Coumarins and their derivatives
have been found to be effective against myriad clinically
important molecular targets, exerting their pharmacological
actions such as anti-neoplastic, antibacterial, anti-fungal, and
anti-inflammatory activities to name a few."’ " Recently, the
cytotoxicity profiles and the DNA binding activities of the
(DHEC) derivatives have been discovered,” which may
indicate their potential candidature for future clinical usages.
However, the efficiency of a drug depends on their selective
localization to the target tissue/organ in therapeutic concen-
tration, which will maximize their molecular action as well as
will minimize the chance for off-target binding and related side
effects.>”
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Figure 3. HSA fluorescence quenching as a function of DHFC binding. (A,B) fluorescence spectra of HSA in the presence of increasing

concentrations of DHFC derivatives 14 and 4, respectively.

Moreover, other than the ambiguous non-specific distribu-
tion, small molecule-based therapeutic leads (or drugs) often
suffer the fate of low effective plasma concentrations due to
low solubility as well as rapid renal clearance with concomitant
effective plasma circulatory time.”®> To cope up with these
problems, state-of-the-art drug delivery systems or vehicles are
on high demand. In this context, serum albumin is one of the
proteins of choice as the drug nanocarrier.>

HSA naturally transports multiple physiological (fatty acids,
hormones, bile salts, etc.) and non-physiological (xenobiotics,
e.g,, drug molecules) ligands across the body.>® has has several
functionally independent ligand binding sites,”® and upon
binding with the small molecule ligand(s), HSA can
significantly increase the serum circulatory half-life of the
bound ligand(s) by preventing their renal clearance as well as
protecting them from degradation or chemical modification(s)
by physiological enzymes. The HSA-based drug nano-carrier
system is also highly effective for those therapeutic leads that
suffer from low-solubility issues in human serum. Other than
that, several cellular HSA specific receptor molecules have
been discovered to date, which can be exploited to maximize
the tissue/organ specific targeting of therapeutic leads/drugs
carried by the HSA molecule.”” Furthermore, the HSA nano-
carrier molecules can be engineered to carry tissue/organ
specific tags for targeted drug delivery.”**’

Binding of Synthesized DHFC Derivatives with HSA.
Here, we tested the HSA binding ability of the synthesized
DHEC derivatives with purified HSA through in silico and in
vitro-based techniques. Intriguingly, in silico docking analysis
indicates that all of the synthesized DHFC derivatives
excellently bind HSA with the free energy of binding
(AGyipding) ranging from —10.3 kcal/mol (for the best binding
derivative 14) to —7.7 kcal/mol (for the worst binding
derivative 21) (Supporting Information Table S1). For further
details of the in silico and in vitro HSA binding analysis, we
chose two different DHFC derivatives that showed the best
binding profile and an average binding profile obtained
through initial in silico docking analysis (derivative 14 and
derivative 4, respectively). All atomistic molecular dynamics
(MD) simulation analyses were carried out with these two
ligands (derivatives 4 and 14) in their HSA-bound states to
test the ligand stability and to track ligand-induced protein
conformational changes in the simulated physiological
conditions. Both of these ligands were found to be highly
stable (rmsd < 1 A) in their respective HSA-bound states
during the entire length of simulation time (30 ns) (Figure 2,

third panel). HSA contains three helical domains (domains I,
11, and III, respectively), each of which is further subdivided
into two sub-domains (A and B). The protein is known to bind
a variety of endogenous and exogenous ligands (xenobiotics),
among which the majority of the clinically important drugs
have been found to bind principally at two sites (Sudlow’s sites
1 and 2) located at subdomains IIA and IIIA (Supporting
Information Figure S1). Importantly, among these two ligands,
DHEC derivative 2 was found to dock at the close proximity of
Sudlow site 2 (sub-domain IIIA) of HSA (Figures 2B;
Supporting Information Figure S1), which is also well-known
to bind several clinically important therapeutic drugs such as
ibuprofen, diazepam, propofol, indoxyl sulfate, and diflu-
nisal.>>*®*? Unlike DHFC derivative 4, DHFC derivative 14
was found to dock at a non-trivial drug binding site at sub-
domain IB of HSA (Figures 2A and S1), which was previously
found to be important for the binding of hemin and was also
known for the secondary binding sites for azapropazone and
indomethacin.’>*® HSA is also well-known for its ligand-
induced structural plasticity,” which cannot simply be
apprehended through molecular docking studies. Therefore,
all atomistic MD simulation analyses of docked ligand/HSA
complexes were carried out, which indicate simulation time-
dependent subtle changes of protein Ca positions compared to
the apo-HSA (HSA, free of bound ligands) (Figure 2A,B, third
panels). This suggests ligand-induced conformational changes
of HSA. HSA has a single tryptophan residue (W,,,) located at
subdomain IIA, distant from docking sites of derivative 4 and
14 (Figure S1). Importantly, W,;, fluorescence is highly
sensitive for ligand-induced perturbation of its molecular
microenvironment. The change in W,;, fluorescence spectra
with respect to the increasing concentrations of ligands 4 and
14 has been tracked to deduce the allosteric effect of ligand
binding on HSA conformational plasticity. Intriguingly, the
increasing concentrations of both the tested ligands (DHFC
derivative 4 and 14) were found to quench the intrinsic W,
fluorescence of HSA (Figure 3). The resulting fluorescence
titration data were used to calculate the dissociation constants
(Ky) of these two ligands, which were found to be 2.17 and
2.35 uM for ligands 14 and 4 respectively, indicative of their
strong binding with HSA. Importantly, in both of the HSA—
ligand complexes, hydrophobic interactions are the sole players
to stabilize the ligand—protein complexes (Figure 2A,B middle
panels), which may, in turn, justify the high affinity as well as
the higher stability of the bound ligands with HSA. However,
the high-resolution crystal structure of the HSA/ligand
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complexes will be imperative to explain the precise mode of
these ligand protein interactions.

B CONCLUSIONS

Here, we have reported an unprecedented catalytic approach
for the first time to access functionalized bioinspired DHFCs
in an excellent yield via the imidazole-catalyzed green
multicomponent reaction of structurally diverse aldehydes
and a-bromo acetophenone with 4-hydroxycoumarin in a
water medium. As a result, a series of DHFCs and their new
designed congeners were synthesized, and their ability to bind
the principal protein component of human serum, HSA, has
been determined through in silico and in vitro approaches. An
excellent ADME profile of any potential therapeutic agent is a
prerequisite for its long journey from “bench to bedside”. One
of the most crucial factors governing the physiological
distribution and the elimination of many potential therapeutic
agents is their ability to bind HSA. The detailed in silico and in
vitro-based HSA binding analysis of the synthesized DHFC
derivatives presented herein may further escalate their
prospective future therapeutic usages. Overall, the procedure’s
simplicity and water-mediated straightforward methodology
make it an outstanding strategy for these intriguing and
appealing reaction products, which continue to be in high
demand. Further, in search of the potent drug candidate, an
effort toward the construction of bioactive furocoumarins and
obtaining its advanced biological data is ongoing and would be
disclosed in due course.
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