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a b s t r a c t

In this work the effectiveness of two different reaction media, an Ionic Liquid (IL) and a Deep Eutectic
Solvent (DES), as greener, alternative solvents for the synthesis of bioactive bis-(b-dicarbonyl)-methane
derivatives is examined. A domino Knoevenagel-Michael reaction between selected aromatic aldehydes
and heterocyclic 1,3-dicarbonyl compounds was successfully accomplished, producing the desired
compounds in satisfactory yields. The solvents were recycled and reused three times without noticeable
decrease in reaction yields. A putative conformation of compound 4g was determined using NMR
spectroscopy and an “anti” orientation of the fused aromatic rings was proposed. Moreover, some of the
bis-(b-dicarbonyl)-methane derivatives were tested for their antifungal activity against four Candida
albicans strains. Biscoumarin 6 and bisquinolinone 4d exhibited promising anticandidial activity. In
parallel, in silico ligand-based similarity calculations provided a putative mechanism of action of the
examined compounds through CYP51 inhibition.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Multicomponent reactions (MCRs) are one-pot reactions in
which three or more molecules react in the same reaction vessel
affording a single product without isolation of any intermediate.
This methodology is characterized by high atom economy and
exploratory power, whereas it is operationally simple and easily
automatable offering a target and diversity-oriented synthesis
[1e3].

Numerous methods and catalysts have been reported for the
synthesis of heterocycles via MCRs however, some possess serious
drawbacks such as long reaction time, refluxing in volatile organic
solvents in high temperature, copious work-up procedures, use of
expensive catalysts which cannot be recycled [4e7]. Nowadays, the
increasing environmental awareness leads researchers to empha-
size on the development of new methods according to the spirit of
sustainable development.

In this context, the synergistic use of MCRs and Ionic Liquids
).
(ILs) is a perfect combination for eco-compatible heterocyclic
increasingly useful tools for the synthesis of pharmaceuticall syn-
thesis. MCRs performed in green and eco friendly media, such as ILs
and Deep Eutectic Solvents (DESs), have become increasingly useful
tools for the synthesis of pharmaceutically active heterocyclic
compounds since the development of a rapid and cleaner tech-
nology is of great importance [8e13].

In our recent work, synthesized and characterized a series of
biodegradable protic based ILs [14,15]. Some of the synthesized
ethanolamine-based ILs, have been used as solvents and catalysts in
organic synthesis [8], as media for biooxidations [16], as media for
hydrolytic and synthetic reactions catalyzed by lipase-inorganic
hybrid nanoflowers [17], as entrainers for the separation of azeo-
tropic mixtures [18] and as reducing agents in silver nanoparticles
synthesis [19] and silver mesoparticles [20].

In recent years, DESs are reported as low-cost eutectic mixtures,
with similar physicochemical properties and phase behavior to ILs
and gaining increasing interest in many scientific fields [13,21].
From the view point of green chemistry, DESs such as choline
chloride/urea (CC/U), are in some cases more attractive than ILs, as
their synthetic process is relatively simple, cheap and 100% atom
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economic. DESs are of great interest as an alternative to room
temperature ILs and demonstrate great importance and advantages
in several organic transformations [13]. Their preparation usually
involves mixing one or more hydrogen bond donors and one or
more hydrogen bond acceptors from natural and readily available
starting materials in the proper ratio under heating until a ho-
mogenous liquid is formed [22].

As a continuation of our previous study on biscoumarin syn-
thesis [8], we herein present the synthesis of some new bis-(b
-dicarbonyl)-methane compounds based on the quinolinone
framework, under mild conditions, using the IL N-hydrox-
yethylammonium formate as solvent.

Moreover, as the recyclability and biodegradability of DESs in
combination with the high atom economy of MCRs is bound to
provide a greener approach to a wide variety of bioactive mole-
cules, we herein report a comparative study of the use of CC/U as
solvent for the domino Knoevenagel/Michael reactions resulting to
the synthesis of geminal bis-(b-dicarbonyl)-methane compounds
in lower reaction time and satisfactory yields under also mild
conditions. The recyclability and reusability of both IL and DESwere
also investigated. The obtained compounds were structurally
elucidated and conformationally examined.

Coumarins and quinolinones, consist an important class of
heterocyclic compounds that found numerous natural products,
and constitute targets in organic synthesis since they are serving as
a class of substances with diverse biological and pharmacological
activities [23e26]. Many of their derivatives, like biscoumarins
[5,27,28] and bisquinolinones [4,6] are bis-(b-dicarbonyl)-methane
compounds. According to the literature, biscoumarin analogues are
endowed with significant activities such as antimicrobial [29],
antimalarial [30,31], antileishmanial [32], antibacterial [33,34],
antitumor [35], anticoagulant [36] etc.

To a step further, due to the well-known biological and phar-
macological activity of coumarins, quinolinones and some of their
derivatives, the synthesized compounds were tested for their
antifungal activity against four strains of Candida albicans, a fungal
pathogen responsible for candidiasis in human hosts [37]. An
abnormal overgrowth of Candida species had been observed in the
gastrointestinal, urinary and respiratory tracts, not only in immu-
nocompromised patients (AIDS, diabetes) but also related to
nosocomial infections and in healthy individuals [38,39].

2. Results and discussion

2.1. Chemistry

The bis-(b-dicarbonyl)-methane derivatives 4a-4j were pre-
pared by one step reaction, using as solvents an IL or DES, as pre-
sented in Scheme 1.

A plausible mechanism can be described as follows: the alde-
hyde carbonyl is activated by hydrogen bond formation (with either
the H3Nþ group of the IL or the NH2 group of urea of the DES) and a
nucleophilic attack by the b-dicarbonyl compound occurs. The
resulting Knoevenagel adduct 3, is an a,b-unsaturated dicarbonyl
compound which can act as a good Michael acceptor with
enhanced electrophilic character by H-bond formation with the IL
or DES. A second molecule of the b-dicarbonyl compound acts as
the Michael donor to produce the final bis(b-dicarbonyl) methane
compounds 4a-4j [13,40,41].

The aromatic aldehydes were chosen with respect to the elec-
tronic nature of the substituents (Cl, OMe, OH) as well as the po-
sition of substitution. We have previously developed an
environmentally friendly methodology for the synthesis of bis-
coumarins via a domino Knoevenagel Michael reaction using N-
hydroxyethylammonium formate as an alternative solvent. After
optimization studies it was ascertained that the reaction between
4-hydroxy-coumarin and various benzaldehydes in the synthesized
ILs proceeded smoothly at 40 �C in a period of time up to 3 h [8].

In an effort to expand the scope of our previous study, we
investigated the 2:1 reaction between quinolinone derivatives such
as 2,4-quinolinediol (1a), 4-hydroxy-1-methyl-2(1H)-quinolone
(1b) and different substituted benzaldehydes (2a-2f) using as sol-
vent N-hydroxyethylammonium formate using the same condi-
tions (3 h at 40 �C) (Table 1, Method A).

The desired compounds were obtained in satisfactory yields,
after simple trituration with methanol at 60e65 �C. The substitu-
tion on the heterocyclic nitrogen does not seem to influence the
reactivity of the starting quinolinones as the yields of compounds
4a-4c, produced from NH-quinolinone 1a, are comparable to those
of compounds 4d-4f, produced from NCH3-quinolinone 1b. Higher
yields were obtained by reactions with the dimethoxy-substituted
benzaldehydes (70e79%) whereas the products from p-chloro-
benzaldehyde were obtained in lower yields (46 and 50%).

In order to boost the eco friendly character of the reported
method we set out to examine the reaction using a DES as solvent
so as to make the reaction procedure more environmentally and
economically viable. In this context, we chose to use CC/U. ChCl is
the most common quaternary ammonium salt used in DES syn-
thesis since it is a low cost and nontoxic compound. In addition, it is
classified as a provitamin in Europe and produced on large scale as
an animal feed supplement [42]. When mixing ChCl with a
hydrogen bond-donor such as urea, the hydrogen bonding between
ChCl and urea is responsible for reaching the eutectic point.

At the outset, we investigated the bisquinolinone derivatives 4a-
4g synthesis using CC/U as the solvent. Due to the poor solubility of
2,4-quinolinediol (1a) and 4-hydroxy-1-methyl-2(1H)-quinolone
(1b) in CC/U, the reaction was inevitably carried out in higher
temperature.

In order to optimize the reaction temperature, different tem-
peratures were tested (Table 2). It is clear that by performing the
reaction at 80 �C, the reaction proceeded smoothly in 4 h, providing
the desired products in higher yields comparing to the other tested
conditions.

After optimization studies, a range of aromatic aldehydes were
subjected to reaction with 2,4-quinolinediol (1a) and 4-hydroxy-1-
methyl-2(1H)-quinolone (1b) in CC/U, to afford the desired prod-
ucts 4b and 4d-4g (Table 1, Method B).

According to results above, we can conclude that the use of CC/U
as solvent, does not favour the reaction between 2,3-dimethoxy-
benzaldehyde (2a) and 2,4-quinolinediol (1a) (product 4a). How-
ever, the reaction of 1a with 3,4-dimethoxy-benzaldehyde pro-
duces compound 4b in 58% yield. This difference in reactivity was
not observed when the IL was used as a solvent. In that case,
compound 4a was obtained in 79% yield (Table 1). A plausible
explanation for this observation can be the increased steric hin-
drance caused by the presence of a 2-methoxy-group on the aro-
matic ring which probably hinders the hydrogen bond formation
between the carbonyl group and CC/U and does not facilitate the
nucleophilic attack of 1a.

Based on the positive results of the bisquinolinone synthesis
using CC/U, we decided to test the reactivity of 4-hydroxycoumarin
(1c). The 2:1 reaction between 4-hydroxycoumarin (1c) and 3,4-
dimethoxy-benzaldehyde (2b) was investigated as a model reac-
tion at 40 �C using CC/U as solvent. The reactants underwent a
domino Knoevenagel e Michael reaction to yield the product 4h in
high purity and 41% yield within 1 h. Thus, the reaction can be
accomplished in a shorter period of time, but the yield is less
satisfactory comparing to our previous method where N-hydrox-
yethylammonium formatewas used as solvent (75% at 40 �C in 3 h).
Hence, in order to evaluate how the temperature affects the



Scheme 1. Bis-(b-dicarbonyl)-methane compounds (4a-4j) synthesis via a Knoevenagel�Мichael condensation between aromatic aldehydes (2a-2g) and appropriate heterocyclic
1,3-dicarbonyl compound (1a-1c) in the presence of IL N-Hydroxyethylammonium formate or DES CC/U.

Table 1
Bisquinolinone synthesis via a domino Knoevenagel Michael reaction using N-
hydroxyethylammonium formate (Method A) or CC/U (Method B) as solvent.

Product Method A [a] Method B [b]

% Yield (after trituration procedure)

4a 79 No reaction
4b 60 58
4c 50 �[c]

4d 78 64
4e 69 70
4f 46 25
4g �[c] 52

[a] Reaction conditions: 3 h at 40 �C.
[b] Reaction conditions: 4 h at 80 �C.
[c] Not tested in these reaction conditions.

Table 2
Optimization of the reaction conditions of bisquinolinone synthesis via a domino
Knoevenagel Michael reaction using as solvent CC/U.

Product Temperature (�C) Time % Yield

4e 60 overnight 51
80 4 h 70

4g 60 overnight 30
80 4 h 52
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reaction yields, three different temperatures were tested (40 �C,
60 �C and 80 �C) (Table 3). Through this investigation we can
conclude that 3 h and 60 �C are the best conditions for the bis-
coumarin synthesis using CC/U as solvent.

By comparing IL and DES as solvents in the domino
Knoevenagel-Michael reactions studied here we can conclude that
Table 3
Knoevenagel Michael MCR between 4-hydroxycoumarin (1c) and various benzal-
dehydes (2b, 2e & 2g) in different reaction conditions via CC/U.

Product Temperature (�C) Time % Yield

4h 40 1 h 41
60 1 h 51
60 3 h 70

4i 40 3 h 44
60 3 h 70
80 3 h 68

4j 60 3 h 64
the reaction yields provided by Method A (using IL) are slightly
higher comparing to those of Method B (using CC/U). This could be
attributed to the “bulkier” structure of CC/U that may lead to steric
hindrancewhen hydrogen bonds are formed between the CC/U and
the carbonyl groups in both steps of the domino reaction. Addi-
tionally, the reaction conditions of Method A are milder and the
reaction time lower, therefore, we could assume that Method A is
more energy-efficient than Method B.

2.2. Recyclability and reusability

Recyclability and reusability of the solvent was performed in
order to satisfy the green chemistry criteria. A model reaction was
chosen and the reactants were mixed in 2:1 M ratio the appropriate
amount of solvent, according to the appropriate method each time.
After completion of the reaction (monitoring with TLC), the reac-
tion mixture was shaken with water and was filtered to separate
the solvent. The isolated solvent was evaporated and dried in high
vacuum and heating until constant weight. Recyclability and
reusability of the solvent was performed in order to satisfy the
green chemistry criteria.

The solvent, reused efficiently up to successive 3 times
providing the bis-(b-dicarbonyl)-methane derivative in good yields
and high purity. The solvent΄s purity was as tested through 1H NMR
spectroscopy before reuse (Fig. 1).

2.3. NMR based structural and conformational elucidation of
selected compounds

In order to evaluate themain conformational features of the title
compounds, 2D NMR experiments were implemented on bisqui-
nolinone 4g, which was selected as a representative compound.
More specifically, 2D COSY was used to assign the protons of the
aromatic region of 4g. Specifically, cross peaks between 8.24 and
7.33 ppm, 7.33e7.62 ppm 7.62e7.42 ppm and 6.81e7.08 ppm pre-
sent correlations between protons H-5,Н-5΄ � H-6,Н-60, H-6,Н-
6΄ � H-7,Н-70and Н-7,Н-7΄ � H-8, Н-80 and H-400,Н-600 with H-300,Н-
700, respectively (see Supplementary material, Fig. S1).

The 2D NOESY spectrum is one of the most powerful methods
for conformational analyses, since it allows tocorrelate nuclei
through space at a distance smaller than 5 Å (NOE phenomenon).
The presence of OH-4 � NCH3-10 and OH-4΄ � NCH3-1 off diagonal
peaks (see Supplementary material, Fig. S2) clearly indicates an
“anti” orientation of the fused aromatic rings providing the



Fig. 1. 1H NMR (DMSO‑d6) of N-Hydroxyethylammonium formate before (a) and after use (b) as solvent.
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possibility for H bonds formation between the hydroxyl groups at
positions 4 and 40 with the corresponding carbonyl groups (Fig. 2
left).

In an effort to explore the conformational features, compound
4g was minimized and subjected to random sampling conforma-
tional search from which 4 representative low energy conforma-
tions were generated (see Supplementary material, Fig. S3). All four
conformers satisfied the above crucial NOE distance constrains and
presented the formation of H bonds between the hydroxyl groups
at positions 4 and 40 with the corresponding carbonyl groups,
reinforcing the initial hypothesis. The lowest energy conformation
of compound 4g that satisfying the NOE distance constraints is
illustrated in Fig. 2 (right).

Furthermore, the existence of peaks between OH-4 and NCH3-10

with aromatic protons H-300, H-700 further describes the specific
orientation of the fused rings with the para substituted aromatic
Fig. 2. (left) 3,3’-((4-methoxyphenyl)methylene)bis(4-hydroxy-1-methylquinolin-2(1H)-one
derived from random sampling conformational search, in accordance with crucial NOE dis
responding 2-C]O and 20-C]O are depicted with yellow lines. The calculated distances be
lines) satisfying the NOE signals. The corresponding angles, including the following atoms
ring.
A detailed assignment of the 13C NMR spectrumwas performed

for the novel compound 4d using 13C, 2D heteronuclear HSQC and
HMBC spectra. This analysis clearly shows that carbons 1NeCH3 &
10NeCH3, C2 & C-20, C4 & C-40, C4a & C-4a0 and C8a & C-8a’ (see
Supplementary material, Table S1), give different signals in the
spectrum. This observation can be attributed to the “anti” orien-
tation of the fused aromatic rings which results to the chemical
non-equivalence of these carbon atoms.
2.4. Evaluation of anticandidial activity

The antimicrobial activity of coumarins and quinolinones is
known in the literature but bibliographic data of the antimicrobial
activity and particularly the antifungal activity of bis-b-dicarbonyl
methane products is still scarce. Some biscoumarin analogues have
) (4g) (right) The lowest energy conformation (E ¼ �3.95 kcal mol�1) of compound 4g
tance constraints. Hydrogen bonds formation between 4-OH and 40-OH with the cor-
tween OH-4 � NCH3-10 and OH-4΄ � NCH3-1 were 3.81 and 3.86 Å, respectively (pink
OH-4/20-C]O (163.7�) and OH-4΄/2-C]O (172.3�) are presented with green color.



Table 4
Anticandidal activity of bis-b-dicarbonyl methane compounds (10�2 mmol$mL�1)
against four isolates of Candida albicans.

Compound C. albicans

7/15 8/15 527/14 1/6/15

5 MIC 3.272
MFC 6.544

6 MIC 0.794
MFC 1.587

7 MIC 0.839
MFC 1.678

8 MIC 1.639
MFC 3.279

9 MIC 3.501
MFC 7.002

4h MIC 3.175 1.587
MFC 6.349 3.175

4a MIC 1.594
MFC 3.188

4d MIC 0.774
MFC 1.548

4e MIC 1.504
MFC 3.001 1.504

4f MIC 3.172 3.172
MFC 6.343

Ketoconazole MIC 0.583 0.301
MFC 9.408 1.167 0.583

Amphotericin B MIC 0.068
MFC 0.135
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been tested for their antifungal activity against Staphylococcus
aureus ATCC 6538 [29] and against C. albicans [43] with very
promising results, whereas for the bisquinolinone analogues, to our
knowledge, there is no corresponding bibliographic data. Thus, we
set out to test some of the bis-coumarin and bis-quinolinone
products for their antifungal activity and in particular against four
Candida albicans isolates. Amphotericin B and Ketoconazole, both
important drugs widely used in humans as antifungal agents
[44,45] were used as controls.

In this context, five biscoumarins (5e9) synthesized in our
previous work (Scheme 2) [8], biscoumarin 4h and bisquinolinones
(4a & 4e-f) synthesized in the present work, were tested against
four isolates of C. albicans.

The antifungal susceptibility of the tested compounds was
evaluated as Minimum Inhibitory Concentrations (MIC) and as
Minimum Fungicidal Concentration (MFC). MIC and MFC assay
results of the tested compounds are shown in Table 4.

According to these results, it seems that biscoumarin 6 (МIC
0.794$10�2 and MFC 1.587$10�2 mmol$mL�1 for all the strains) and
the novel bisquinolinone 4d (MIC 0.774$10�2 mmol$mL�1 kai MFC
1.549$10�2 mmol$mL�1 for all the strains) are the most effective
compounds of the series, against all tested Candida strains
comparing to Ketoconazolele that was used as the control anti-
fungal drug (МІC 0.583 $10�2 mmol$mL�1 for strains 7/15, 8/15 &
527/14 and 0.301 for the strain 1/6/15 and MFC
9.408$10�2 mmol$mL�1 for the strain 7/15, 1.167$10�2 mmol$mL�1

for the strains 7/15& 8/15 and 0.583$10�2 mmol$mL�1 for the strain
1/6/15).

A more detailed analysis of the results shows that the position
and electronic character of the substituents on the phenyl ring are
important for activity. Themost active biscoumarin 6 possesses two
electron-donating methoxy groups at positions 2 and 3 of the ar-
omatic ring. Changing the position of the 2-OCH3 group to position
4 (compound 4h) results to significant loss of activity against
strains 7/15 and 8/15 (MIC 3.175$10�2 mmol$mL�1 kai MFC
6.349$10�2 mmol$mL�1 for both strains) and a moderate loss of
activity against strains 527/14 and 1/2/15 (MIC
1.587$10�2 mmol$mL�1 kai MFC 3.175$10�2 mmol$mL�1 for both
strains). However, the presence of a 4-OH and a 3-OCH3 groups
(compound 5) as well as only a 4-OH (compound 9) leads to loss of
activity against all strains, thus we can postulate that a polar,
hydrogen bond forming OH group does not favour anticandidial
activity in the biscoumarin series tested. On the other hand, the
Scheme 2. Biscoumarins 5e9 [8].
presence of electron withdrawing substituents at position 4, like Cl
(compound 7, MIC 0.839$10�2 mmol$mL�1 kai MFC
1.678$10�2 mmol$mL�1 for all strains) gives rise to a molecule with
activity comparable to compound 6 whereas the presence of a 4-
NO2 group (compound 8) decreases the activity.

As far as bisquinolinones are concerned, compound 4d pos-
sessing a NeCH3 structural feature as well as 4-OH and 3-OCH3
substituents is the most active compound among all those tested in
this work. Replacement of the 4-OH with 4-OCH3 (compound 4e,
MIC 1.504$10�2 mmol$mL�1 kai MFC 3.001$10�2 mmol$mL�1 for
strains 7/15 and 8/15) leads to loss of activity whereas the 4-Cl
substituted compound 4f is inactive.

Comparing biscoumarin 6 with bisquinolinone 4a, it is obvious
that the bioisosteric replacement of the heterocyclic O with the
NeH group does not promote activity thus, it can be postulated that
the presence of a hydrogen bond donor such as the NeH moiety is
not a desirable structural feature for this kind of activity. It is
evident though that a much larger number of analogues should be
tested in order to obtain a better insight on the structure -activity
relationship of bis-(b-dicarbonyl)-methane derivatives.

All compounds showed lower antifungal effect than Ampho-
tericin B, which exhibitedMIC at 0.068 10�2 mmol$mL�1 andMFC at
0.135$10�2 mmol$mL�1.
2.5. In silico calculations

In order to propose a putative mechanism of antifungal activity
for bis-b-dicarbonyl methane compounds, ligand-based similarity
calculations were performed. The similarity property principle
(SPP) states that similar compounds should have similar properties
[46]. Based on this principle a combination of similarity metrics
was performed between the most widely used antifungal agents,
the azoles (see Supplementary material, Fig. S4) and the bis-b-
dicarbonyl methane synthetic compounds (Table 4). Particularly,
the methodology includes molecular and chemical similarity



Fig. 3. Flowchart of the methodology for similarity measurements.
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concepts [47] and Fig. 3 presents the flowchart of the methodology.
The similarity metrics analysis indicates that the synthetic

compounds (query molecules) present high similarity with both
triazoles and imidazoles subsets of azoles drug class (see Supple-
mentary material, Table S2) with a Tanimoto good coefficient
values, in many cases higher than the literature threshold of 0.85
[48]. Thus, all synthetic compounds present acceptable similarity
correlation compared to both triazole and imidazole subsets
(0.5<Tc < 0.9).

Especially compounds 6 and 4d, which present the highest
anticandidial activity, show a high scoring similarity in comparison
with Ravuconazole, 0.92 and 0.905, respectively (see Supplemen-
tary material, Table S2). Obviously, since the synthetic compounds
follow the same molecular and chemical pattern as azoles a pro-
posed mechanism for their anticandidial activity could be the in-
hibition of the lanosterol 14a-demethylase (CYP51) blocking
ergosterol synthesis, a unique component in fungal cell membrane.
3. Conclusions

In conclusion, we have successfully developed a simple and
efficient method for the synthesis of bis-(b-dicarbonyl)-methane
derivatives, some of which are reported for the first time in the
literature (4a, 4c & 4d). The efficiency of two different solvents in
the domino Knoevenagel-Michael reactionwas examined: the IL N-
hydroxyethylammonium formate (Method A) and the DES CC/U
(Method B). Both solvents yielded the final products in high purity
and satisfactory yields after simple work-up procedure. Method A
seems to be more energy efficient comparing to Method B due to
the milder reaction conditions and shorter reaction time. Both N-
hydroxyethylammonium formate and CC/U can be easily recycled
and successfully reused up to 3 times, highlighting the proposed
method’s advantageous and environmentally friendly character.
Finally, some of the bis-(b-dicarbonyl)-methane derivatives were
tested for their antifungal activity against four strains of C. albicans,
responsible for candidiasis, one of the most common nosocomial
infections. Comparing to Ketoconazole (reference drug) the best
results were given from biscoumarin 6 (X ¼ O, R2 ¼ R3 ¼ OCH3),
withМIC 0.794$10�2 andMFC 1.587$10�2 mmol$mL�1 as well as the
novel bisquinolinone 4d (Х ¼ CH3, R2 ¼ OCH3, R3 ¼ OH), with MIC
0.774 $10�2 mmol$mL�1 and MFC 1.549$10�2 mmol$mL�1 for all the
fungal strains. Finally, similarity calculations results indicate that
the bis-b-dicarbonyl methane compounds could possibly exert
their antifungal activity through inhibition of the Candida Albicans
CYP51 enzyme.
4. Experimental section

4.1. Materials

Ethanolamine analytical grade (Fischer Scientific), formic acid
98e100% (Sigma Aldrich), choline chloride 98þ% (Alfa Aesar), urea
purum (Fluka), 4-hydroxy-coumarin 98þ% (Alfa Aesar), 2,4-
quinolinediol 97% (Sigma Aldrich), 4-hydroxy-1-methyl-2(1H)-
quinolone 98% (Sigma Aldrich), 3,4-dimethoxy-benzaldehyde
(Sigma Aldrish), 2,3-dimethoxy-benzaldehyde 98% (Sigma Aldrich),
3,4-dihydroxy-benzaldehyde 97% (Fluka), anisaldehyde 98%
(Fluka), 4-chloro-benzaldehyde 96% (Acros Organics), 2-chloro-
benzaldehyde,vanillin >98% (Fluka). All reagents were used
without additional purification.

4.2. Methods

NMR spectroscopy. Synthesized compounds were structurally
elucidated using 300 & 600 MHz Varian NMR spectrometers using
DMSO‑d6 and CDCl3 99,9 atom % D as solvents. 1H NMR spectra
were recorded at 298 K under the following parameters. Spectral
width (SW) ¼ -2e14 ppm, number of scans (ns) ¼ 32. For the 2D
homonuclear NMR experiments a Varian 600 MHz spectrometer
equipped with a triple resonance probe{HCN} was used at 298 K.
2D 1He1H COSYand 2D 1He1H NOESY spectra were recorded using
SW ¼ 9689.9 Hz with 90� pulse ¼ 9.38 us. For the 2D 1He1H COSY,
number of increments were (ni) ¼ 16 and number of scans were
(ns) ¼ 32. For the 2D 1He1H NOESY, mixing time was set
tm ¼ 250 ms, ns ¼ 64 and ni ¼ 256. The assignment of the carbon
chemical shifts (ppm) for the novel compound 4d was performed
through 13C, 2D heteronuclear HSQC and HMBC spectra. The
1He13C HSQC and 1He13C HMBC spectrumwere recorded with 256
t1 (ni) increments, 128 (ns) scans per increment and a relaxation
delay of 1s. The 13C spectral width was 36199.1 Hz for both heter-
onuclear experiments. Spectra processing was performed using
MestReNovav.11.0.0 software.

Melting points were determined on a Gallenkamp MFB-595
melting point apparatus and are uncorrected. HR-MS spectra
were obtained using a UHPLC-MSn Orbitrap Velos-Thermo mass
spectrometer.

Molecular Modeling. Macromodel module of Schr€odinger 2017-
2 package (Maestro, version 11.2.013, Schr€odinger, LLC, New York,
NY, 2017) was utilized for conformational analysis. Compound 4g
was designed and minimized with OPLS3 force field in CHCl3 sol-
vent. Minimization was performed with Powell-Reeves Conjugate
Gradient (PRCG) method, using 5000 iterations and convergence
threshold of 0.001 kcal/mol Å, to discover a local minimum.

For the generation of random conformers, the minimized
structure of 4g was subjected to Conformational Search, using the
Mixed torsional/Low-mode sampling method. The main advantage
of this method is that combined the random changes in torsion
angles and/or molecular position from the torsional sampling
(MCMM)methodwith the lowmode steps from the LMODmethod,
which is highly efficient and has the advantage that ring structures
and variable torsion angles do not need to be specified. The
maximum number of steps was defined equal to 1000, using 100
steps per rotatable bonds, the energy window was set equal to 100
kj$mol�1 and the RMSD cut-off was equal to 0.5 Å.

4.3. Synthesis of IL N-Hydroxyethylammonium formate

In a round-bottom flask mounted in an ice bath and equipped
with a magnetic stirrer, were added 1 eq of ethanolamine and 1eq
of formic acid was added dropwise. The reaction mixture was
stirred for 24 h at room temperature. The resulting light yellow
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liquid was dried under high vacuum at 50 �C for 3 h prior to use. 1H
NMR (300MHz, DMSO‑d6): d/ppm 8.39 (1H, s, HCOO), 7.72 (4H, br s,
eNH3

þ and eOH), 3.55 (2H, t, J ¼ 5.1Hz, eOCH2�), 2.82 (2H, t,
J ¼ 5.1 Hz, CH2NH3

þ)

4.4. Synthesis of DES CC/U

In a round-bottom flask equipped with a magnetic stirrer were
added 1 eq of choline chloride (CC) and 2 eq of dry urea (U). The
reaction mixture was stirred for 30 min at 70 �C under inert con-
ditions (nitrogen atmosphere). The resulting colorless liquid was
dried under high vacuum at 50 �C for 3 h prior to use. 1H NMR
(300 MHz, DMSO‑d6): d/ppm 5.54 (8H, s, 4NH2), 3.83e3.79 (2H, m,
CH2), 3.44e4.40 (3H, m, CH2, OH), 3.41 (2H, d, J¼ 4.9Hz), 3.11 (9H, s,
3CH3).

4.5. General procedure of bis-(b-dicarbonyl)-methane compounds
(4a-4j)

Method A. In a round-bottom flask equipped with a magnetic
stirrer were added 2 mmol of the appropriate heterocyclic 1,3-
dicarbonyl compound, 2,4-quinolinediol (1a) or 4-hydroxy-1-
methyl-2(1H)-quinolone (1b), 1 mmol of a substituted benzalde-
hyde 2 and 4 mL of N-hydroxyethylammonium formate. The IL was
dried prior to use in high vacuum at 50 �C for at least 3 h. The re-
action mixture was heated at 40 �C and stirred under inert atmo-
sphere for 3e4 h. The completion of the reactionwas monitored by
TLC. The reaction mixture was progressively turned to a viscous
white solid mass. At the end of the reaction, themixturewas cooled
to room temperature, and an appropriate quantity of water was
added. The precipitate formed was filtered off by vacuum filtration.
For further purification, the product was triturated with methanol
at 60e65 �C and the pure product, collected after cooling, by
filtration and dried under vacuum.

Method B. In a round-bottom flask equipped with a magnetic
stirrer were added 2 mmol of the appropriate heterocyclic 1,3-
dicarbonyl compound, 2,4-quinolinediol (1a), 4-hydroxy-1-
methyl-2(1H)-quinolone (1b) or of 4-hydroxy-coumarin (1c),
1 mmol of a substituted benzaldehyde and 4e5 mL of the DES CC/U
as solvent. The DES was dried prior to use in high vacuum at 50 �C
for at least 3 h. The reaction mixture was heated and stirred under
inert atmosphere. The completion of the reactionwasmonitored by
TLC. Depending on the starting materials, temperature of the re-
action mixture varies between 60 �C and 80 �C for 3e4 h. The re-
action mixture progressively turned to a viscous white solid mass.
At the end of the reaction, the mixture was cooled to room tem-
perature, and an appropriate quantity of water was added. The
precipitate formed was filtered off by vacuum filtration. For further
purification, the product was triturated with methanol at 60e65 �C
and the pure product, collected after cooling, by filtration and dried
under vacuum.

All the synthesized compounds 4a-4j were characterized by 1H
& 13C NMR and HR-MS (see Supplementary material for full
experimental and spectral data).

Both IL and DES can be reused after simple recovery procedure
involving the evaporation of the aqueous filtrate in vacuo and high
vacuum drying at 50 �C until constant weight.

4.6. Antifungal activity of bis-(b-dicarbonyl)-methane compounds
against four strains of Candida albicans

Four strains of C. albicans were isolated from oral cavities of
patients at ENT Clinic, Clinical Hospital Centre Zvezdara, Belgrade,
Serbia. Strains were determined on CHROMagar plates (Bio-
merieux, France) and maintained on Sabourand Dextrose Agar
(Merck, Germany) at 4 �C and subcultured once a month.
Minimum inhibitory concentrations (MIC) and minimum

fungicidal concentrations (MFC) were tested by the use of micro-
dilution method (EUCAST(2002)) [49]. Fresh overnight yeast cul-
tures were adjusted with sterile saline to a concentration
1.0 � 105 CFU/per well. Tested compounds were added in dilution
order in microplate wells. The microplates were incubated at 37 �C
for 24 h after which MIC and MFC were determined.

The MIC values were considered as the lowest concentrations
without microscopically observed growth. Following the serial sub-
cultivations of 10 mL into microtiter plates containing 100 mL of
broth/well, as well as subsequent 24 h incubation at 37 �C, the
lowest concentrations with no visible growth were defined as the
MFC values, indicating 99.5% killing of the original inoculum. Ke-
toconazole and Amphotericin B were used as a positive control
(Sigma Aldrich, Germany).

4.7. Similarity calculations

The similarity calculations were performed, using MAESTRO
(MAESTRO, v. 11.2.013, Schr€odinger, LLC, New York, NY, 2017) soft-
ware. Two data sets were created and similarity calculations were
implemented. Data set 1 contains the commercial available anti-
fungal drug class of azoles (see Supplementary material, Fig. S4),
which was selected as reference molecules, and the set 2 includes
the bis-b-dicarbonyl methane compounds database.

Subsequently, an atom pair fingerprint was generated for all
data sets compounds and the similarity coefficient (Tanimoto co-
efficient) was calculated. Then, the similarity was calculated
focused not only on the fingerprint similarity measurement but
also on physicochemical properties (Descriptors: molecular weight,
number of heavy atoms, number of rotatable bonds, lipophilicity,
number of atoms in a ring) of all the examined datasets (see Sup-
plementary material, Table S3).

The data sets compounds (Sets 1e2) were sketched in 2D format
and were energy minimized in MAESTRO (MAESTRO, v. 11.2.013,
Schr€odinger, LLC, New York, NY, 2017) software. The fingerprint
similarity was generated using the Atom Pairs type of Canvas
fingerprint similarity. This type of fingerprint focuses on the
concept of an atom pair, which is differentiated by the type and the
topological distance separating them [50] Canvas module (Canvas,
Schr€odinger, LLC, New York, NY, 2017) of MAESTRO (MAESTRO, v.
11.2.013, Schr€odinger, LLC, New York, NY, 2017) was applied to
calculate similarities based onmolecular properties of all examined
compounds. Specifically, the descriptors for each compound in-
cludes in the data sets, were estimated by Qikprop module (Qik-
prop, Schr€odinger, LLC, New York, NY, 2017) of MAESTRO
(MAESTRO, v. 11.2.013, Schr€odinger, LLC, New York, NY, 2017).

The Tanimoto coefficient was utilized as the similarity metric
and is defined by the following equation:

Tc (A, B) ¼ c/(aþb-c)
a and b are the number of features present in compared struc-

tures A and B, respectively and c is the number of shared features by
A and B [45].
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