- \
v
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Deep Eutectic Solvent (DES)-Mediated One-Pot Multicomponent
Green Approach for Naphthalimide-Centered Acridine-1,8-dione
Derivatives and Their Photophysical Properties
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ABSTRACT: An efficient and green methodology to assemble various
functionalized naphthalimide-centered acridine-1,8-dione derivatives
involving a one-pot multicomponent protocol has successfully been
developed. Herein, a variety of aromatic aldehydes, 1,3-diketones, 1,8-
naphthanoic anhydride, and hydrazine hydrate have been condensed
under a reusable, inexpensive, and biodegradable deep eutectic solvent
(DES) of N,N’-dimethyl urea and r-(+)-tartaric acid to obtain the
desired targets under operationally mild reaction conditions with
outstanding conversions. Strikingly, in this strategy, the DES plays a
dual role of a catalyst and solvent and was recycled efficiently in four
consecutive runs with no substantial drop in the yield of the desired
product. Interestingly, the easy recovery and high reusability of the
DES make this simple yet efficient protocol environmentally desirable.
Moreover, the preliminary photophysical properties of thus-prepared valuable molecules have also been investigated by ultraviolet—
visible (UV—vis) and fluorescence spectroscopy.
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Bl INTRODUCTION

Multicomponent reactions (MCRs) entail three or more
entities in a single flask, thereby offering the desired product
with high atom economy and step economy."” These simple
yet powerful approaches are acknowledged as the key
development in the tool box of synthetic chemists and have
established a central platform in green and/or sustainable
chemistry in a way of reporting delicate chemical glitches in an
eco-friendly manner.”* Nowadays, MCRs have become
prevailing tools in drug discovery,” medicinal chemistry,’

recently revealed for the first time an ionic liquid-mediated
procedure for the synthesis of naphthalimide-centered
acridine-1,8-diones by the MCR strategy.'” Noticeably, ionic
liquids (ILs) in general are treated as greener reaction media,
but unfortunately, they are not."® This is by virtue of the fact
that ILs possess some severe issues, for instance, high viscosity,
difficulty in their preparation, costlier, and environmentally
unfriendly because of their generation from precarious starting
materials encompassing conventional volatile organic solvents
and corrosive catalysts.'” Thus, there is vast urgency to

natural product synthesis,’ combinatorial chemistry,® poly-
meric chemistry,” and agrochemistry.'’ In the arena of
medicinal chemistry and drug discovery, naphthalimide- and
bis-naphthalimide-based DNA-intercalating agents such as
mitonafide (1), amonafide (2), LU 79553 (3), and DMP
840 (4) have exhibited noteworthy antitumour activity in
preclinical and clinical trials (Figure 1)."'7"% On the other
hand, acridine and bis-acridine analogues such as imidazoacri-
dinone C-1311 (5), WMC-26 (6), and N-[(2-dimethylamino)-
ethyl]acridine-4-carboxamide (DACA, 7) by virtue of notable
anticancer activity have also captured significant attention of
pharmaceutical and medicinal chemists (Figure 1.7 1t s
thus anticipated that the conjugate molecular systems
comprising naphthalimide and acridine moieties might be of
high therapeutic and biological value.

To accomplish the successful synthesis of such conjugate
molecular architectures, Chandramouli and teammates have
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assemble diverse functionalized naphthalimide-based acridine-
1,8-dione derivatives using green approaches involving MCRs.

Among the diverse green and sustainable surrogates,”’™>
deep eutectic solvents (DESs), for the first time realized by
Abbott’s group in 2003, have been continuously drawing a lot
of attention of researchers globally, which can be inspected by
a flow of scientific papers appearing in the literature day by
day.”® The DESs in addition to exhibiting dual/triple features
(solvent, catalyst, and/or reactant) in a reaction medium under
consideration also display remarkable signatures including
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Figure 1. Some representative naphthalimide/bis-naphthalimide and acridine/bis-acridine derivatives of pharmaceutical relevance.

Table 1. Optimization of Reaction Conditions through the Usage of DESs for the Construction of a Naphthalimide—Acridine

Conjugate Compound (12a)

F
(o] (o]
+ NHp-NH, + + O b Composition of melts
9 o O Reaction temp., time
0" H 10a o
8a 11
12a 13
entry screening of DESs reaction temp. (°C) DES amount (g) time (h) %yield” (12a)

1 DMU/TA (7:3) 70 3 9 39

2 DMU/TA (7:3) 80 1 12 35

3 DMU/TA (7:3) 80 2 10 42

4 DMU/TA (7:3) 80 3 6 60

3 DMU/TA (7:3) 80 4 6 58

6 DMU/TA (7:3) 90 3 6 56

7 citric acid/mannitol/urea (3:2:5) 80 3 10 8

8 citric acid/DMU (2:3) 80 3 24 trace
9 ChCl/urea (1:2) 80 3 24 trace
10 ChCl/pTSA (1:2) 80 3 10 trace
11 ChCl/ZnCl, (1:2) 80 3 10 trace
12 ChCl/L-(+)-TA (1:2) 80 3 10 0

“Isolated yields after column chromatography; ChCl = choline chloride, pTSA = p-toluene sulfonic acid.

biodegradability, biocompatibility, atom economy, nonflamm-
ability, thermal stability, renewability, inexpensiveness, ease of
handling, etc.”’ ™% Taking the above-said and other, if any,
amazing features of DESs into consideration and with our
current research interest toward the development of green
protocols for simple and interesting molecules using
DESs,**™* herein, for the first time, we report a DES-

mediated one-pot green synthesis of naphthalimide-centered
acridine-1,8-dione derivatives through a multicomponent
reaction of dimedone/cyclohexan-1,3-dione, hydrazine hy-
drate, 1,8-naphthanoic anhydride, and aromatic aldehydes.
We believe that this useful eco-friendly methodology will open

up new prospects for the construction of novel heterocyclic
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compounds in general and various interesting naphthalimide-
and acridine-based conjugate molecular systems in particular.

B RESULTS AND DISCUSSION

For the optimization of reaction conditions and also to check
the feasibility of DESs for the desired MCR, a trial reaction
between inexpensive and commercially accessible starting
materials, viz. 4-fluorobenzaldehyde (8a), hydrazine hydrate
(9), dimedone (10a), and 1,8-naphthanoic anhydride (11),
was chosen as the model reaction to prepare a naphthalimide—
acridine conjugate compound (12a). As can be examined from
Table 1, among various tested DESs, 7:3 ratio of N,N'-
dimethyl urea (DMU) and L-(+)-tartaric acid (TA) was found
to be the best reaction medium at 80 °C (Table 1, entry 4).
Noticeably, enhancing the temperature from 70 to 80 °C
displays a substantial effect not only on the time of the reaction
but also on the yield of the target compound 12a (Table I,
entries 1 and 4). However, increasing the temperature beyond
80 °C leads to a slight drop in the yield of the desired
conjugate compound 12a (entries 4 and 6) without affecting
the overall time of the test reaction. For the optimization of the
amount of the desired DES (Table 1, entries 2—5), we
witnessed a continuous enrichment in the yield of 12a and
reduction in the time of the desired reaction upon increasing
the amount of DES from 1 to 3 g, whereas a further increase in
the amount of the DES from 3 to 4 g does not show any
favorable changes (Table 1, entry S). Unfortunately, all
attempts to achieve selectivity for the target conjugate
compound 12a in a model reaction failed when using the
optimized 3 g of DES DMU/TA (7:3) at 80 °C, as we noticed
the formation of the undesired product 13 (characterized by
'"H NMR) in a satisfactory yield (30%) along with some
unidentified polar complex mixtures (observed by TLC). In
the case of carbohydrate-based DESs such as citric acid/
mannitol/urea (3:2:5) at 80 °C (Table 1, entry 7), we
observed the formation of 12a in a very low yield (8%).
Similarly, with citric acid/DMU (2:3) (Table 1, entry 8), a
trace amount of the required compound 12a was isolated.
Surprisingly, with the tested choline chloride (ChCl)-based
DESs, either a trace amount of 12a was noticed (Table 1,
entries 8—11) or no desired compound 12a was obtained
(Table 1, entry 12). In all these cases, we observed some
anonymous complex mixtures, detected in the TLC. To
corroborate recyclability and reusability, the optimized DES
DMU/TA (7:3) after the first run was sequestered from the
reaction mixture via a liquid—liquid extraction method
followed by aqueous layer evaporation.”® The obtained DES
was then dried under vacuum and reused in the next run to
execute the model reaction. Interestingly, it was observed that
the efficacy of the DES under similar reaction conditions to
obtain 12a was not considerably reduced even after four
consecutive runs (Figure 2).

To show the substrate scope of this newly established green
protocol, we intended to change the substituents at the para
position of the benzene ring of the aromatic aldehydes (8a—h),
so as to reveal their reactivity and selectivity toward desired
product formation. In this direction, we have successfully
assembled various functionalized naphthalimide—acridine
conjugates (12a—h) in respectable yields (48—58%) by
utilizing the optimized reaction conditions of the MCR
revealed for the target compound 12a (Scheme 1).
Interestingly, from our experimentation, it was pointed out
that the aromatic aldehydes (8a—c) consisting of electron-

80

Il ¢ Yield
B Time (h)

Ist run 2nd run 3rd run 4th run

ycle

Figure 2. Bar graph displaying the recyclability efficacy of DMU/TA
(7:3) for the synthesis of the target naphthalimide—acridine conjugate
compound (12a).

withdrawing groups (EWGs) at the p-position react faster with
the substrates (9, 10a, and 11) and lead to the synthesis of the
desired corresponding conjugate compounds (12a—c) in good
yields (55—60%) in a time period of 6 h (Scheme 1). On the
other hand, aromatic aldehydes (8e—g) containing electron-
donating groups (EDGs) at the p-position were found to react
at slower rates under identical conditions and also offered the
required products (12e—g) in comparatively lower yields (48—
50%) in longer reaction times (8—10 h), as displayed in
Scheme 1. Similar to the model reaction, formation of the
undesired product (13) (25—30%) and unidentified complex
mixtures (observed from TLC) was observed along with the
anticipated products. The functionalized naphthalimide—
acridine conjugates (12a—h) were already reported by
Chandramouli and co-workers in better yields (64—93%) in
a time period of 35—50 min using ionic liquids in a single
step.” However, our newly developed DES-aided green
protocol for these derivatives (12a—h) is cheap and environ-
mentally more feasible. Finally, to our surprise, under the
optimized reaction conditions, 7-(tert-butyl)pyrene-1-carbalde-
hyde (14) and f-formylated calix[4]pyrrole (16) failed to react
(starting materials recovered) even after a prolonged reaction
time at higher temperatures, and the reason for their
ineffectiveness is still unclear (Scheme 2). To further extend
the substrate scope of this newly developed DES-mediated
green protocol, we changed the cyclic ketone counterpart with
cyclohexan-1,3-dione (10b) and treated it with fluorobenzal-
dehyde (8a), hydrazine hydrate (9), and 1,8-naphthanoic
anhydride (11) in the presence of DMU/TA (7:3) at 80 °C
(Scheme 1). We were successful in obtaining a naphthali-
mide—acridine conjugate compound (12i) in a good yield
(56%) within a time period of 6 h. Importantly, all the known
synthesized compounds (12a—h and 13) were confirmed by
"H NMR spectra (Figures S1—S8 and S12) and melting points.
The unknown compound (12i) was characterized through 'H
NMR,®C NMR, and high-resolution mass spectrometry
(HRMS) (Figures S9—S11)

To disclose the reactivity patterns of different functionalized
aromatic aldehydes (8a, 8d, and 8e) with hydrazine hydrate
(9), dimedone (10a), and 1,8-naphthanoic anhydride (11) via
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Scheme 1. Schematic Illustration of Various Functionalized Naphthalimide—Acridine Conjugate Compounds (12a—i) and

Undesired Product (13) via DMU/TA (7:3) at 80 °C
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the one-pot MCR approach, a competitive reaction was
executed with an optimized DES (Scheme 3). It has been
noticed that under optimized conditions, 4-fluorobenzaldehyde
(8a) reacts faster in comparison to benzaldehyde (8d),
followed by p-tolualdehyde (8e) (Scheme 3). Therefore,
these outcomes are in agreement with the statement that
aromatic aldehyde having EWGs reacts faster in comparison to
aromatic aldehyde holding EDGs.

The plausible reaction mechanism of functionalized
naphthalimide—acridine conjugate compounds (12a—i) via
the DES DMU/TA (7:3) is illustrated in Scheme 4. First of all,
the DES (22) is formed through H-bonding contacts between
the carbonyl groups of DMU and hydroxyl groups of L-
(+)-TA.*’ This DES becomes the source of protons and
activates the carbonyl group of various aromatic aldehydes
(8a—h). Subsequently, the nucleophilic attack of cyclic ketonic
compound 24 (in the enol form) onto the carbonyl carbon of
aromatic aldehydes (8a—h) occurs, leading to the formation of
an intermediate 25. Afterward, the intermediatory compound
25 was attacked by the imine-centered compound (Schiff base)
26 to offer the compound 27, which on cyclization trailed by

dehydration afforded the desired naphthalimide—acridine
conjugate compounds (12a—i)."”

Absorption and Emission Spectra. The absorption and
emission spectra of the functionalized naphthalimide—acridine
conjugates (12a—h) were recorded in 5 X 107 M solution of
naphthalimide—acridine conjugates (12a—h) in pure methanol
at ambient temperature (Figure 3). As can be inferred from
Figure 3, all the compounds (12a—h) display absorption
maxima at 224—232 nm. Moreover, these compounds also
exhibit characteristic less-intense absorption bands between
280 and 349 nm, probably due to z—7z* transitions. The
reference naphthalimide—acridine conjugate compound (12d)
reveals absorption maxima at 227 nm, a weak band at 301 nm,
and two shoulders at 217 nm and 339 nm. On the other hand,
the conjugate compound (12a) exhibited strong absorption
maxima at 231 nm along with a less-intense band at 301 nm
and two shoulders at 218 and 338 nm. The conjugate
compounds (12b, 12¢) offer a strong absorption band at 224—
225 nm and two weak bands at 297 nm and 339—340 nm. On
the other hand, the compounds (12e—h) showed high-
intensity absorption bands between 226 and 229 nm and

35828 https://doi.org/10.1021/acsomega.2c04026
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Scheme 2. Schematic Illustration of Unsuccessful Attempts to Synthesize Functionalized Naphthalimide—Acridine Conjugate
Compounds (15 and 17) via DMU/TA (7:3)

o 0
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Scheme 3. Competitive Reaction for the Preparation of Naphthalimide—Acridine Conjugates (12a, 12d, and 12e) Using

DMU/TA (7:3)
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Scheme 4. Probable Mechanism for the Synthesis of Naphthalimide—Acridine-Based Conjugates (12a—i) and Undesired
Product (13)
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Figure 3. Absorption and emission spectra of 5 X 107 M solution of naphthalimide—acridine conjugates (12a—h) recorded at 25 °C in pure
methanol.

less-intense bands between 290 and 327 nm along with follows: 12b (362 and 401 nm), 12¢ (366 and 399 nm), 12d

shoulders, as depicted in Figure 3. (363 and 402 nm), 12e (365 and 378 nm), 12f (361 and 400
As far as the emission spectra of these compounds are nm), 12g (363 and 398 nm), and 12h (367 and 381 nm).

concerned, they exhibit emission maxima at 364—367 nm, less-

intense emission bands at 378—408 nm, and small shoulders at B CONCLUSIONS

421-520 nm (Figure 3). Interestingly, the fluoro conjugate In conclusion, various functionalized naphthalimide-based
compound (12a) exhibits an intense characteristic emission acridine-1,8-diones have fruitfully been synthesized via a one-
band at 366 nm, along with a slightly less-intense emission pot multicomponent green approach exploiting the dual role of
band at 399 nm and a shoulder at 423 nm. The precise values DMU/TA (7:3)-based eco-friendly reaction medium. The
of fluorescence maxima for other conjugate compounds are as noticeable features of this particular green methodology are
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mild reaction conditions, great atom and step economy,
involvement of an easy-to-use and inexpensive DES, good
yields, no compulsion of an inert atmosphere, no usage of
dangerous volatile organic solvents and/or corrosive catalysts,
etc. The authors have the opinion that the recognized green
protocol for naphthalimide-centered acridine-1,8-dione deriv-
atives might be useful to assemble some other interesting
bioactive molecules. The biological activities of these valued
molecules are under consideration in collaboration with other
groups within the country and will be published in due course.

B EXPERIMENTAL SECTION

General Information. The compulsory chemicals and
solvents were purchased from GLR innovations, Sigma
Aldrich, SRL, Thermofisher, Alfa Aesar, Avra, Spectrochem,
and TCL The advancement of the reaction was examined by
an analytical technique known as thin-layer chromatography
(TLC) using an appropriate ratio of ethyl acetate and hexane
for development. To purify the desired compounds, column
chromatography with the aid of 100—200 mesh size silica gel
was carried out using a proper mixture of ethyl acetate and
hexane. All the known synthesized naphthalimide—acridine
conjugate compounds (12a—h and 13) were characterized by
'"H NMR spectra and the unknown synthesized naphthali-
mide—acridine conjugate compound (12i) was characterized
by 'H NMR,*C NMR, and high-resolution mass spectrometry
(HRMS) taken in DMSO-dg on a Bruker-based spectrometer
(400 and S00 MHz). The melting points for all these known
compounds were taken on manual melting point apparatus
(Tanco).

General Synthetic Method for Functionalized Naphtha-
limide—Acridine Conjugate Compounds (12a—i). In a
specific experiment, 3 g of DMU/TA (7:3) was heated at 70
°C to get a clear melting mixture. Subsequently, the
temperature was increased to the optimal temperature (80
°C). At this particular temperature, aromatic aldehyde (1
mmol), dimedone/cyclohexan-1,3-dione (2 mmol), hydrazine
hydrate (1 mmol), and 1,8-naphthanoic anhydride (1 mmol)
were simultaneously added. Afterward, the reaction was stirred
at 80 °C for 6—10 h. Once the reaction is completed, observed
through diminution of all the reactants on the TLC, 10—20 mL
of water was added to the hot reaction mixture. The resultant
solid precipitate was filtered off via a sintered glass funnel and
thoroughly washed with water. The solid reaction mixture was
dried and later purified through column chromatography via a
suitable ratio of hexane and ethyl acetate (10—20%) to offer
functionalized naphthalimide—acridine conjugate compounds
(12a—i). In those cases where no precipitation occurs on
adding water, workup using ethyl acetate and water was done
trailed by column chromatographic purification.

General Procedure for the Recyclability of the DMU/TA
(7:3) Mixture. Subsequent to the end of a specific reaction
carried out via 3 g of DMU/TA (7:3), 10—20 mL of water was
added slowly to a warm reaction mixture. In most cases, this
addition of water leads to precipitation of a product, which
afterward was filtered using a sintered glass funnel. In typical
cases, where no precipitation of the product occurs after water
addition, liquid—liquid extraction via ethyl acetate and water
was done. The aqueous phase comprising the DES in both the
aforesaid cases was concentrated to get a solid DES, which
afterward was dried and reprocessed in the next cycle directly.
Similar practices were 1repeated.48

Compound 12a. Pale-yellowish solid; mp 271-274 °C;
yield 60%';H NMR (400 MHz, DMSO-d) 6 8.56—8.52 (m,
4H), 7.94—7.90 (m, 2H), 7.19—7.16 (m, 2H), 7.04 (t, ] = 8.8
Hz, 2H), 4.50 (s, 1H), 2.54—2.05 (m, 8H), 1.03 (s, 6H), 0.89
(s, 611;1) The '"H NMR spectrum matched with the reported
one.

Compound 12b. Pale-yellowish solid; mp 252—255 °C;
yield 58%; 'H NMR (500 MHz, DMSO-d,) & 8.56—8.51 (m, |
= 11.3, 4H), 7.94—7.89 (m, 2H), 7.28—7.16 (m, 4H), 4.49 (s,
1H), 2.55—2.06 (m, 8H), 1.03 (s, 6H), 0.89 (s, 6H). The 'H
NMR spectrum matched with the reported one.'”

Compound 12c. Yellowish solid; mp 272—275 °C; yield
55%; '"H NMR (500 MHz, DMSO-d,) & 8.56—8.53 (m, 4H),
7.94=791 (m, 2H), 7.42-7.11 (m, 4H), 4.47 (s, 1H), 2.55—
2.06 (m, 8H), 1.03 (s, 6H), 0.89 (s, 6H). The 'H NMR
spectrum matched with the reported one."”

Compound 12d. Light-yellowish solid; mp 272—275 °C;
yield 52%; '"H NMR (500 MHz, DMSO-dg) 6 8.56—8.52 (m,
4H), 7.94—7.90 (m, 2H), 7.22—7.07 (m, SH), 4.51 (s, 1H),
2.54—2.05 (m, 8H), 1.02 (s, 6H), 0.88 (s, 6H). The '"H NMR
spectrum matched with the reported one.'”

Compound 12e. White solid; mp 260—263 °C; yield 50%;
'H NMR (500 MHz, DMSO-d,) § 8.56—8.53 (m, 4H), 7.94—
791 (m, 2H), 7.04—6.99 (m, 4H), 4.46 (s, 1H), 2.54—2.04
(m, 11H), 1.02 (s, 6H), 0.88 (s, 6H). The spectral data are in
accordance with the literature.

Compound 12f. Pale-yellowish solid, mp 267—-270 °C;
yield 49%; '"H NMR (500 MHz, DMSO-dy) & 8.57—8.53 (m,
4H), 7.94-7.90 (m, 2H), 7.07—6.75 (m, 4H), 4.45 (s, 1H),
3.67 (s, 3H), 2.53—2.04 (m, 8H), 1.02 (s, 6H), 0.89 (s, 6H).
The "H NMR spectrum matched with the reported one.'”

Compound 12g. Creamy white solid; mp 265—267 °C;
yield 48%; '"H NMR (500 MHz, DMSO-dy) & 8.56—8.52 (m,
4H), 7.93—7.89 (m, 2H), 6.95—6.54 (m, 4H), 4.38 (s, 1H),
2.80 (s, 6H), 2.52—2.03 (m, 8H), 1.02 (s, 6H), 0.90 (s, 6H).
The "H NMR spectrum matched with the reported one."”

Compound 12h. White solid; mp 258—260 °C; yield 51%;
'"H NMR (500 MHz, DMSO-d) 6 9.15 (s,1H), 8.56—8.52 (m,
4H), 7.93—7.90 (m, 2H), 6.94—6.56 (m, 4H), 4.40 (s, 1H),
2.52—2.04 (m, 8H), 1.02 (s, 6H), 0.89 (s, 6H). The '"H NMR
spectrum matched with the reported one.

Compound 12i. Creamy white solid; yield 56%; '"H NMR
(500 MHz, CDCl,) & 5 8.56 (d, J = 7.0 Hz, 2H), 8.16 (d, ] =
8.0 Hz, 2H), 7.69—7.77(m, 2H), 7.17 (s, 2H), 6.82 (t, ] = 8.5
Hz, 2H), 4.71 (s, 1H), 2.60—2.49 (m, 4H), 2.30—2.24 (m,
4H), 1.97—1.89 (m, 4H).*C NMR (126 MHz, CDCl,) §
196.64, 164.08, 161.10, 140.31, 134.60, 135.98, 133.53, 131.66,
130.03, 129.96, 127.17, 122.45, 116.92, 115.06, 114.89, 37.06,
31.19, 27.27, 20.43. HRMS (ESI, Q-TOF) m/z calculated for
CyH,,FN,0, [M + HJ* = 507.1715, observed [M + H]* =
507.1720.

Compound 13. Yellow solid; mp 204—207 °C; yield 30%;
'H NMR (500 MHz, DMSO-d;) 5 8.50—8.44 (m, 8H), 7.87
(t, ] = 7.5 Hz, 4H). The 'H NMR spectrum matched with the
reported one.*’

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c04026.

Recyclability test of DMU/TA (7:3) and copies of 'H
NMR, C NMR, and HRMS spectra (PDF)

https://doi.org/10.1021/acsomega.2c04026
ACS Omega 2022, 7, 35825—-35833


https://pubs.acs.org/doi/10.1021/acsomega.2c04026?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04026/suppl_file/ao2c04026_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B AUTHOR INFORMATION

Corresponding Author
Rashid Ali — Organic and Supramolecular Functional
Materials Research Laboratory, Department of Chemistry,
Jamia Millia Islamia, New Delhi 110028, India;
orcid.org/0000-0002-3567-7690; Phone: +91-
7011867613; Email: ralil@jmi.ac.in

Authors

Ishfaq Ahmad Rather — Organic and Supramolecular
Functional Materials Research Laboratory, Department of
Chemistry, Jamia Millia Islamia, New Delhi 110025, India

Saad H. Alotaibi — Department of Chemistry, Turabah
University College, Taif University, Taif 21944, Saudi Arabia

Mohammed T. Alotaibi — Department of Chemistry, Turabah
University College, Taif University, Taif 21944, Saudi Arabia

Mohammad Altaf — Department of Chemistry, College of
Science, King Saud University, Riyadh 11451, Saudi Arabia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c04026

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge Taif University for research
supporting project number (TURSP-2020/83), Taif Univer-
sity, Taif, Saudi Arabia. RA. and L. AR are thankful to DST-
SERB (Project File No. ECR/2017/000821) and the CSIR,
New Delhi (File No. 09/466(0202)/2018-EMR-I), respec-
tively, for financial support. RA. and L.A.R. are also grateful to
Jamia Millia Islamia for providing the necessary research
facilities.

B REFERENCES

(1) Rotstein, B. H.; Zaretsky, S; Rai, V.; Yudin, A. K. Small
Heterocycles in Multicomponent Reactions. Chem. Rev. 2014, 114,
8323-8359.

(2) De Graaff, C; Ruijter, E.; Orru, R. V. A. Recent Developments in
Asymmetric Multicomponent Reactions. Chem. Soc. Rev. 2012, 41,
3969—4009.

(3) Cioc, R. C.; Ruijter, E; Orru, R V. A. Multicomponent
Reactions: Advanced Tools for Sustainable Organic Synthesis. Green
Chem. 2014, 16, 2958—2975.

(4) Isambert, N.; Duque, M. D. M. S.; Plaquevent, J.-C.; Génisson,
Y,; Rodriguez, J.; Constantieux, T. MulticomponentReactions and
Ionic Liquids: A Perfect Synergy forEco-Compatible Heterocyclic
Synthesis. Chem. Soc. Rev. 2011, 40, 1347—1357.

(5) Démling, A.; Wang, W.; Wang, K. Chemistry and Biology Of
Multicomponent Reactions. Chem. Rev. 2012, 112, 3083—3135.

(6) Slobbe, P.; Ruijter, E; Orru, R. V. A. Recent applications of
multicomponent reactions in medicinal chemistry. MedChemComm
2012, 3, 1189—1218.

(7) Touré, B. B; Hall, D. G. Natural Product Synthesis Using
Multicomponent Reaction Strategies. Chem. Rev. 2009, 109, 4439—
4486.

(8) Moos, W. H.; Hurt, C. R;; Morales, G. A. Combinatorial
Chemistry: Oh What a Decade or Two Can Do. Mol. Diversity 2009,
13, 241-245.

(9) Kakuchi, R. Multicomponent Reactions in Polymer Synthesis.
Angew. Chem., Int. Ed. 2014, 53, 46—48.

(10) Lamberth, C.; Jeanguenat, A.; Cederbaum, F.; De Mesmaeker,
A.; Zeller, M.; Kempf, H.-J.; Zeun, R. Multicomponent Reactions in
Fungicide Research: The Discovery of Mandipropamid. Bioorg. Med.
Chem. 2008, 16, 1531—1545.

(11) Bousquet, P. F.; Brafia, M. F.; Conlon, D,; Fitzgerald, K. M,;
Perron, D.; Cocchiaro, C.; Miller, R.; Moran, M.; George, J.; Qian, X.
D.; Romerdahl, C. A.,; Keilhauer, G. Preclinical Evaluation of LU
79553: A Novel Bis-Naphthalimide with Potent Antitumor Activity.
Cancer Res. 1995, 55, 1176—1180.

(12) Diaz-Rubio, E.; Martin, M.; Lépez-Vega, J. M; Casado, A;
Benavides, A. Phase I Study of Mitonafide with a 3-Day
Administration Schedule: Early Interruption Due to Severe Central
Nervous System Toxicity. Invest. New Drugs 1994, 12, 277—281.

(13) Saez, R; Craig, J. B; Kuhn, J. G.,; Weiss, G. R;; Koeller, J;
Phillips, J.; Havlin, K; Harman, G.; Hardy, J.; Melink, T. J. Phase I
Clinical Investigation of Amonafide. J. Clin. Oncol. 1989, 7, 1351—
1358.

(14) Gamage, S. A.; Spicer, J. A.; Atwell, G. J.; Finlay, G. J.; Baguley,
B. C.; Denny, W. A. Structure—Activity Relationships for Substituted
Bis(Acridine-4-Carboxamides): A New Class of Anticancer Agents. J.
Med. Chem. 1999, 42, 2383—2393.

(15) Ferguson, L. R;; MacPhee, D. G.; Baguley, B. C. Comparative
Studies of Mutagenic, DNA Binding and Antileukaemic Properties of
9-Anilinoacridine Derivatives and Related Compounds. Chem. Biol.
Interact. 1983, 44, 53—62.

(16) Atwell, G. J; Cain, B. F; Seelye, R. N. Potential Antitumor
Agents. 12. 9-Anilinoacridines. J. Med. Chem. 1972, 1§, 611—615.

(17) Kumar, P. S. V,; Suresh, L; Bhargavi, G.; Basavoju, S;
Chandramouli, G. V. P. Ionic Liquid-Promoted Green Protocol for
the Synthesis of Novel Naphthalimide-Based Acridine-1,8-Dione
Derivatives via a Multicomponent Approach. ACS Sustainable Chem.
Eng. 2018, 3, 2944—-2950.

(18) Rehman, A.; Zeng, X. Ionic Liquids as Green Solvents and
Electrolytes for Robust Chemical Sensor Development. Acc. Chem.
Res. 2012, 45, 1667—1677.

(19) Kunz, W.; Hickl, K. The Hype with Ionic Liquids as Solvents.
Chem. Phys. Lett. 2016, 661, 6—12.

(20) Kitanosono, T.; Kobayashi, S. Reactions in Water Involving the
“On-Water” Mechanism. Chem. - Eur. ]. 2020, 26, 9408—9429.

(21) Banerjee, B. Recent Developments on Ultrasound-Assisted
One-Pot Multicomponent Synthesis of Biologically Relevant Hetero-
cycles. Ultrason. Sonochem. 2017, 35, 15—35.

(22) Wencel-Delord, J.; Colobert, F. A Remarkable Solvent Effect of
Fluorinated Alcohols on Transition Metal Catalysed C—H Function-
alizations. Org. Chem. Front. 2016, 3, 394—400.

(23) Oakes, R. S.; Clifford, A. A;; Rayner, C. M. The Use of
Supercritical Fluids in Synthetic Organic Chemistry. J. Chem. Soc,,
Perkin Trans. 1 2001, 9, 917—941.

(24) Petkovic, M.; Seddon, K. R.; Rebelo, L. P. N.; Silva Pereira, C.
Tonic Liquids: A Pathway to Environmental Acceptability. Chem. Soc.
Rev. 2011, 40, 1383—1403.

(25) Gawande, M. B.; Shelke, S. N.; Zboril, R;; Varma, R. S.
Microwave-Assisted Chemistry: Synthetic Applications for Rapid
Assembly of Nanomaterials and Organics. Acc. Chem. Res. 2014, 47,
1338—1348.

(26) Abbott, A. P.; Capper, G.; Davies, D. L; Rasheed, R. K;
Tambyrajah, V. Novel Solvent Properties of Choline Chloride/Urea
Mixtures. Chem. Commun. 2003, 1, 70—71.

(27) Choi, Y. H.; van Spronsen, J.; Dai, Y.; Verberne, M.; Hollmann,
F.; Arends, I. W. C. E; Witkamp, G.-J.; Verpoorte, R. Are Natural
Deep Eutectic Solvents the Missing Link in Understanding Cellular
Metabolism and Physiology? Plant Physiol. 2011, 156, 1701—170S.

(28) Dai, Y.; van Spronsen, J.; Witkamp, G.-J.; Verpoorte, R.; Choi,
Y. H. Natural Deep Eutectic Solvents as New Potential Media for
Green Technology. Anal. Chim. Acta 2013, 766, 61—68.

(29) Paiva, A; Craveiro, R.; Aroso, I; Martins, M.; Reis, R. L.;
Duarte, A. R. C. Natural Deep Eutectic Solvents — Solvents for the
21st Century. ACS Sustainable Chem. Eng. 2014, 2, 1063—1071.

(30) Faggian, M.; Sut, S.; Perissutti, B.; Baldan, V.; Grabnar, I;
Dall’Acqua, S. Natural Deep Eutectic Solvents (NADES) as a Tool for
Bioavailability Improvement: Pharmacokinetics of Rutin Dissolved in
Proline/Glycine after Oral Administration in Rats: Possible
Application in Nutraceuticals. Molecules 2016, 21, No. 1531.

https://doi.org/10.1021/acsomega.2c04026
ACS Omega 2022, 7, 35825—-35833


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rashid+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3567-7690
https://orcid.org/0000-0002-3567-7690
mailto:rali1@jmi.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ishfaq+Ahmad+Rather"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saad+H.+Alotaibi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+T.+Alotaibi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Altaf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04026?ref=pdf
https://doi.org/10.1021/cr400615v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr400615v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cs15361k
https://doi.org/10.1039/c2cs15361k
https://doi.org/10.1039/C4GC00013G
https://doi.org/10.1039/C4GC00013G
https://doi.org/10.1039/C0CS00013B
https://doi.org/10.1039/C0CS00013B
https://doi.org/10.1039/C0CS00013B
https://doi.org/10.1021/cr100233r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100233r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2md20089a
https://doi.org/10.1039/c2md20089a
https://doi.org/10.1021/cr800296p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800296p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11030-009-9127-y
https://doi.org/10.1007/s11030-009-9127-y
https://doi.org/10.1002/anie.201305538
https://doi.org/10.1016/j.bmc.2007.10.019
https://doi.org/10.1016/j.bmc.2007.10.019
https://doi.org/10.1007/BF00873041
https://doi.org/10.1007/BF00873041
https://doi.org/10.1007/BF00873041
https://doi.org/10.1200/JCO.1989.7.9.1351
https://doi.org/10.1200/JCO.1989.7.9.1351
https://doi.org/10.1021/jm980687m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm980687m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2797(83)90129-1
https://doi.org/10.1016/0009-2797(83)90129-1
https://doi.org/10.1016/0009-2797(83)90129-1
https://doi.org/10.1021/jm00276a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00276a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200330v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200330v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2016.07.044
https://doi.org/10.1002/chem.201905482
https://doi.org/10.1002/chem.201905482
https://doi.org/10.1016/j.ultsonch.2016.10.010
https://doi.org/10.1016/j.ultsonch.2016.10.010
https://doi.org/10.1016/j.ultsonch.2016.10.010
https://doi.org/10.1039/C5QO00398A
https://doi.org/10.1039/C5QO00398A
https://doi.org/10.1039/C5QO00398A
https://doi.org/10.1039/b101219n
https://doi.org/10.1039/b101219n
https://doi.org/10.1039/C004968A
https://doi.org/10.1021/ar400309b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar400309b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b210714g
https://doi.org/10.1039/b210714g
https://doi.org/10.1104/pp.111.178426
https://doi.org/10.1104/pp.111.178426
https://doi.org/10.1104/pp.111.178426
https://doi.org/10.1016/j.aca.2012.12.019
https://doi.org/10.1016/j.aca.2012.12.019
https://doi.org/10.1021/sc500096j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/sc500096j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules21111531
https://doi.org/10.3390/molecules21111531
https://doi.org/10.3390/molecules21111531
https://doi.org/10.3390/molecules21111531
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(31) Liu, Y.; Friesen, J. B.; McAlpine, J. B.; Lankin, D. C.; Chen, S.-
N,; Pauli, G. F. Natural Deep Eutectic Solvents: Properties,
Applications, and Perspectives. J. Nat. Prod. 2018, 81, 679—690.

(32) Ruf}, C.; Kénig, B. Low Melting Mixtures in Organic Synthesis
— an Alternative to Ionic Liquids? Green Chem. 2012, 14, 2969—2982.

(33) Alonso, D. A; Baeza, A.; Chinchilla, R.; Guillena, G.; Pastor, 1.
M,; Ramén, D. J. Deep Eutectic Solvents: The Organic Reaction
Medium of the Century. Eur. J. Org. Chem. 2016, 2016, 612—632.

(34) Smith, E. L.; Abbott, A. P.; Ryder, K. S. Deep Eutectic Solvents
(DESs) and Their Applications. Chem. Rev. 2014, 114, 11060—11082.

(35) Kotha, S.; Ali, R. A Simple Approach to Bis-Spirocycles and
Spiroindole Derivatives via Green Methods Such as Fischer
Indolization, Ring-Closing Metathesis, and Suzuki-Miyaura Cross-
Coupling. Turk. J. Chem. 2015, 39, 1190—1198.

(36) Kotha, S.; Chakkapalli, C. Application of Fischer Indolization
under Green Conditions Using Deep Eutectic Solvents. Chem. Rec.
2017, 17, 1039—1058.

(37) Kotha, S.; Chinnam, A. K.; Sreenivasachary, N.; Ali, R. Design
and Synthesis of Polycyclic Indoles under Green Conditions via
Fischer Indolization. Indian ]. Chem., Sect. B: Org. Med. Chem. 2016,
S5B, 1107—-1111.

(38) Rather, I. A; Wagay, S. A; Hasnain, M. S.; Ali, R. New
Dimensions in Calix[4]Pyrrole: The Land of Opportunity in
Supramolecular Chemistry. RSC Adv. 2019, 9, 38309—38344.

(39) Rather, I. A; Wagay, S. A; Ali, R. Emergence of Anion-7
Interactions: The Land of Opportunity in Supramolecular Chemistry
and Beyond. Coord. Chem. Rev. 2020, 415, No. 213327.

(40) Alvi, S.; Ali, R. Design, Synthesis and Photophysical Properties
of Novel Star-Shaped Truxene-Based Heterocycles Utilizing Ring-
Closing Metathesis, Clauson—Kaas, Van Leusen and Ullmann-Type
Reactions as Key Tools. Beilstein J. Org. Chem. 2021, 17, 1374—1384.

(41) Rather, I. A;; Alj, R. A Catalytic and Solvent-Free Approach for
the Synthesis of Diverse Functionalized Dipyrromethanes (DPMs)
and Calix[4]Pyrroles (C4Ps). Green Chem. 2021, 23, 5849—5855.

(42) Rather, I. A; Ali, R. Investigating the Role of Natural Deep
Eutectic Low Melting Mixtures for the Synthesis of Symmetrical
Bisamides. ChemistrySelect 2021, 6, 10948—10956.

(43) Alvi, S.; Ali, R. An Expeditious and Highly Efficient Synthesis of
Substituted Pyrroles Using a Low Melting Deep Eutectic Mixture.
Org. Biomol. Chem. 2021, 19, 9732—9745.

(44) Ali, R. Low Melting Mixture of L-(+)-Tartaric Acid and N,N’
-Dimethyl Urea: A New Arrival in the Green Organic Synthesis. In
Current Topics in Chirality - From Chemistry to Biology; IntechOpen,
2021.

(45) Ahmad Rather, I; Al R. Anion-z Catalysis: A Novel
Supramolecular Approach for Chemical and Biological Trans-
formations. In Current Topics in Chirality - From Chemistry to Biology;
IntechOpen, 2021.

(46) Rather, I. A; Ali, R. An Efficient and Versatile Deep Eutectic
Solvent-Mediated Green Method for the Synthesis of Functionalized
Coumarins. ACS Omega 2022, 7, 10649—10659.

(47) Rather, L. A;; Sofi, F. A;; Bhat, M. A.; Ali, R. Synthesis of Novel
One-Walled meso-Phenylboronic Acid-Functionalized Calix[4]-
Pyrrole: A Highly Sensitive Electrochemical Sensor for Dopamine.
ACS Omega 2022, 7, 15082—15089.

(48) Isci, A; Kaltschmitt, M. Recovery and Recycling of Deep
Eutectic Solvents in Biomass Conversions: A Review. Biomass
Convers. Biorefin. 2022, 12, 197—-226.

(49) Krishnakumar, V.; Vindhya, N. G.; Mandal, B. K.; Nawaz Khan,
F.-R. Green Chemical Approach: Low-Melting Mixture as a Green
Solvent for Efficient Michael Addition of Homophthalimides with
Chalcones. Ind. Eng. Chem. Res. 2014, 53, 10814—10819.

(50) Al-Salahi, R; Marzouk, M. Synthesis of Novel 2-Amino-
Benzo[de]Isoquinolin-1,3-Dione Derivatives. Asian J. Chem. 2014, 26,
2166—2172.

35833

https://doi.org/10.1021/acsomega.2c04026
ACS Omega 2022, 7, 35825—-35833


https://doi.org/10.1021/acs.jnatprod.7b00945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.7b00945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2gc36005e
https://doi.org/10.1039/c2gc36005e
https://doi.org/10.1002/ejoc.201501197
https://doi.org/10.1002/ejoc.201501197
https://doi.org/10.1021/cr300162p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300162p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3906/kim-1502-116
https://doi.org/10.3906/kim-1502-116
https://doi.org/10.3906/kim-1502-116
https://doi.org/10.3906/kim-1502-116
https://doi.org/10.1002/tcr.201600138
https://doi.org/10.1002/tcr.201600138
https://doi.org/10.1039/C9RA07399J
https://doi.org/10.1039/C9RA07399J
https://doi.org/10.1039/C9RA07399J
https://doi.org/10.1016/j.ccr.2020.213327
https://doi.org/10.1016/j.ccr.2020.213327
https://doi.org/10.1016/j.ccr.2020.213327
https://doi.org/10.3762/bjoc.17.96
https://doi.org/10.3762/bjoc.17.96
https://doi.org/10.3762/bjoc.17.96
https://doi.org/10.3762/bjoc.17.96
https://doi.org/10.1039/D1GC01515J
https://doi.org/10.1039/D1GC01515J
https://doi.org/10.1039/D1GC01515J
https://doi.org/10.1002/slct.202103104
https://doi.org/10.1002/slct.202103104
https://doi.org/10.1002/slct.202103104
https://doi.org/10.1039/D1OB01618K
https://doi.org/10.1039/D1OB01618K
https://doi.org/10.1021/acsomega.2c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13399-021-01860-9
https://doi.org/10.1007/s13399-021-01860-9
https://doi.org/10.1021/ie501320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie501320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie501320a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.14233/ajchem.2014.16848
https://doi.org/10.14233/ajchem.2014.16848
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

