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Synthesis and Spectral Characterization of Asymmetric Azines Containing a
Coumarin Moiety: The Discovery of New Antimicrobial and Antioxidant
Agents

Milenko N. Risti¢,? Niko S. Radulovi¢,*® Biljana R. Deki¢,® Vidoslav S. Deki¢,? Novica R. Risti¢,? and Zorica
Stojanovi¢-Radi¢,

2 Department of Chemistry, Faculty of Science and Mathematics, University of PriStina, Lole Ribara 29, 38220 Kosovska Mitrovica, Serbia

b Department of Chemistry, Faculty of Sciences and Mathematics, University of Ni3, Visegradska 33, 18000 Ni3, Serbia, e-mail: nikoradulovic@yahoo.com

<Department of Biology and Ecology, Faculty of Sciences and Mathematics, University of Nis, Visegradska 33, 18000 Nis, Serbia

Nine unsymmetrical azines containing a coumarin moiety were prepared by the reaction of the hydrazone of 4-hydroxy-3-acetylcoumarin with
differently substituted aromatic aldehydes. The azines were fully spectrally characterized, including a complete assignment of 'H- and *C-NMR
resonances, and assessed for their acute toxicities in the Artemia salina model. Their free radical scavenging activities were tested in the DPPH" assay,
and in vitro antimicrobial activities were determined against seven bacterial and two fungal strains. The azines containing a p-hydroxyphenyl group
were shown to be the most effective antimicrobial agents, and in the case of resistant strains of Staphylococcus aureus and Acinetobacter baumannii, the
activity was comparable to that of chloramphenicol. The derivative having a 3,5-dimethoxy-4-hydroxyphenyl group exhibited pronounced antioxidant

power reacting rapidly and in 1: 1 mol ratio with the DPPH radical.

Keywords: unsymmetrical azines « coumarins « Artemia salina « antioxidant « antimicrobial activity

Introduction

Azines were in the focus of organic chemists due to their wide range of interesting chemical properties (“conjugation blockers”), arising from the
opposite orientation of two polar electron-acceptor groups joined by an N-N bond, in addition to numerous biological and therapeutic actions." In
addition to having a possible application in analytical chemistry, they are considered as good synthons in a number of synthetic transformations,
especially the ones leading to heterocyclic systems 18! but those having aromatic moieties also have been utilized for the preparation of conducting
materials, dye lasers, image-recording materials, dosimeters of ultraviolet radiation, and other optical devices.™ Azines have been used as versatile
ligands for the synthesis of novel complexes with different metal cations.>® The interaction of azines with biological systems is also well investigated,
and they are known to possess antimicrobial ! anticonvulsant,'” antidepressant,' anti-inflammatory, ' and antitumor activities."”2'4 | ikewise, they
behave as platelet!’™ and aldose reductase inhibitors.%!

Coumarins (2H-1-benzopyran-2-ones) represent a class of synthetically useful heterocyclic compounds!”'8 that have been accredited with a
broad range of biological/pharmacological action including antimicrobial,"® - 24 antifungal 25122 antiviral 26 -2% anticoagulant,% antitumor'-3! and
anti-inflammatory¥ activities. They have been used as additives in food and cosmetics,> brightening agents and dyes for tuning lasers.?% Among
numerous derivatives, those possessing the 4-hydroxy substituent have been long known for their effect as competitive inhibitors of vitamin K in the
biosynthesis of prothrombin (oral anticoagulants), with warfarin, dicoumarol, and bromadiolone as examples of coumarin derivatives used as
rodenticides with this modus operandi3’~3% The mentioned activity of 3-substituted 4-hydroxycoumarins is known to be dependent on the nature of
the substituent in position 3.4 There are examples of poorly water-soluble antibiotics (such as novobiocin and clorobiocin), containing the
substituted 4-hydroxycoumarin core and that act as potent inhibitors of bacterial DNA gyrase 2 and topoisomerase IV, but that have not found
successful pharmaceutical application so far due to: a) low activity against Gram-negative bacteria, b) toxicity and side effects, ¢) rapid emergence of
coumarin-resistant bacterial strains.!?

It appears natural to expect that 4-hydroxycoumarin derivatives 3-substituted with an aromatic moiety linked with an azine tether would display
a similar range of activities where both the azine and coumarin functionalities would contribute to the overall activity. Such unsymmetrical (mixed)
azines of 3-acetyl-4-hydroxycoumarin are known, albeit not in great number, and have been proven to inhibit cyclin-dependent kinases.*! Reports on
these compounds contain only limited or largely unassigned spectral data, particularly the NMR spectra.l3! Prompted by all of the above mentioned

and our interest in antimicrobial coumarins 4% -4 we decided to contribute to the structural diversity of these derivatives by preparing a series of
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unsymmetrical azines baring the 3-substituted-4-coumarin core and a range of differently substituted phenyl rings in a three-step reaction sequence
starting from the commercially available 4-hydroxycoumarin. The prepared compounds would be spectrally characterized in detail, including the full
assignment of 'H- and "*C-NMR resonances with the aid of extensive 1D- and 2D-NMR experiments. In order to locate the most pharmacologically
interesting ones, with respect to the shortcomings given above, these were envisaged to be tested against a range of Gram-positive and Gram-negative
bacteria, and fungal strains, of differing resistance to antibiotics. Their acute toxicity would be evaluated in the simple Artemia salina model.
Furthermore, wishing to probe the non-existence of extended conjugation in azines, and gaining an insight into their possible mode of action, the

prepared compounds would also be screened for radical scavenging activity (DPPH).

Results and Discussion

Chemistry

The starting coumarin ketone, compound 2, was obtained by the acetylation of 4-hydroxycoumarin performed with glacial acetic acid in the presence
of POCl; as the catalyst. We considered two possible ways to reach the target asymmetric azines: either directly in a single condensation step involving
no control over the formation of the initial hydrazone and subsequently of the azine from a mixture of two carbonyl compounds, or in two separate
steps where the hydrazone would be isolated and purified and then subjected to the reaction with one more equivalent of a carbonyl compound.
Expectedly, the first approach gave mixtures of products that mostly consisted of the symmetric azine of the aromatic aldehydes, the hydrazone of 3-
acetyl-4-hydroxycoumarin 3, and a varying amount of the asymmetric azines. Practically no symmetrical azine of the coumarin derivative could be
detected. This reactivity of compound 2, i.e. the formation of the hydrazone 3 and no symmetric azine, and its less pronounced reactivity when
compared to (more electrophilic) aldehydes, can be possibly explained in two ways. The reduced nucleophilicity of the NH; nitrogen in the hydrazone 3
due to the formed intramolecular hydrogen bond with the phenolic group in position 4 of the coumarin core could retard the formation of the azine or
the lower solubility of the formed hydrazone (again due to the intramolecular hydrogen bonding) in the reaction medium (as evidenced by the
formation of precipitate during the condensation step) would shift the reaction equilibrium in that direction.

For this reason, we opted for the two-step approach. Although there were two conceivable combinations (to form the hydrazone of the
aldehydes or that of compound 2), the above-mentioned results and the general shortening of the synthetic pathway encouraged us to choose the
approach involving hydrazone 3, i.e. asymmetric azines were obtained starting from the purified hydrazone 3 which was condensed with an equivalent
amount of an aromatic aldehyde in solution. We also assayed the other combination (reacting 2 with a hydrazone of an aromatic aldehyde) but found it
to produce lower yields of the azines which were contaminated with the symmetric azines of the aldehydes. Thus, a series of asymmetric azines 5a - i of
3-acetyl-4-hydroxycoumarin and different aromatic aldehydes 4a - i was prepared as presented in Scheme 1. Optimal conditions for the preparation of
compound 3 involved the reaction of compound 2 with hydrazine hydrate in 1 : 1T molar ratio in methanol. The target azines 5a - i were synthesized in
absolute ethanol in moderate-to-good yields. Seven of the obtained compounds (5a, 5d - h, and 5i) are new and two (5b and 5¢) are previously known.
431 However, the available NMR spectral data for the two known compounds and other related ones are scarce or limited. In the case of their YC-NMR

spectral data, they are reported here for the first time.

OH OH O OH N/NHz
lacial AcOH / POCI NH,NH, / MeOH
AN g : 3 AN CH, 2NHp N oH
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5a-i 5i | 4-CHMe, 82

Scheme 1. Synthesis of unsymmetrical azines 5a - i
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The structures of the synthesized compounds were confirmed by HR-MS(E), IR, 1D ('H- and C-NMR, including DEPT90/135 and a series of 'H
homonuclear decoupling experiments) and 2D ("H-H COSY, NOESY/ROESY, HSQC, HMBC) NMR spectroscopy, and they are in complete agreement with
the proposed structures. In the following part of this section, we will illustrate the structural elucidation of these compounds in the specific case of the
azine 5a, with an emphasis on the total assignation of NMR signals with the aid of 2D NMR experiments.

High-resolution mass spectrometric analysis HR-MS(EI) confirmed the molecular formula of the synthesized compound 5a — CisH1sN2O4 ([M+] at
m/z 336.1121, A = +1.1 mmu). IR spectrum of 5a showed a sharp absorption band at 3434 cm™' corresponding to an intramolecularly hydrogen bonded
OH group, and Ar-H bond vibrations at 3085 cm'. The strong absorption at 1697 cm' could be attributed to the lactonic C=0 group of the coumarin
moiety. The IR spectrum also showed intense vibrations at 1602, 1568, 1170 and 1113 cm, most probably arising from the presence of C=C, C=N, C-0O,
C—N bonds. 'H-NMR spectrum of compound 5a consisted of 10 signals, six of which had chemical shifts characteristic for methine protons on an
aromatic core (Table ST). With the information from the 'H-'H COSY and NOESY spectra these signals could be separated into two groups (Figure 1,

Supplementary material, Figure S5).

Figure 1. Crucial nOe correlations («<>) observed in the NOESY spectrum of compound 5a

The first group included two higher order multiplets at 7.06 — 7.11 and 7.81 - 7.86 ppm that appeared to originate from a para-substituted
aromatic core (one electron donating and one electron accepting substituent). The second group represented a four-resonance spin system belonging
to an ortho-disubstituted (condensed) benzene ring with two sets of doublets of doublets at 7.98 and 7.31 ppm, one doublet of doublets of doublets at
7.68 ppm, and one doublet of triplets at 7.34 ppm. Integration of the signals confirmed that the two groups consisted of 4 protons each.

Based on HMBC (Figure 2, Supplementary material, Figure 54) and HSQC (Supplementary material, Figure S3) data, and the structure of compound
5a, the two groups could be easily allocated to the protons of the phenyl group present in the starting benzaldehyde (para-substituted) and of the
coumarin core (four-spin group) and. The assignment of these signals was performed from the observed HSQC and HMBC correlations and
supplemented with the occurrence of vicinal and long-range proton-proton couplings.

The signal at 7.98 ppm was placed at position 5 since it displayed three-bond correlations (HMBC) with two non-protonated carbons at 180.4
(C-4) and 153.7 (C-8a) ppm, as well as with one methine carbon (C-7) at 134.9 ppm (Figure 2). It is interesting to note that the remaining doublet of
doublets from at 7.32 ppm (H-8), besides showing correlations through three bonds with C—6 (124.4 ppm) and C—4a (120.2 ppm), coupled through two

bonds with the non-protonated C—8a as previously noted in related coumarin systems. #4451

Figure 2. Crucial 'H-"*C correlations (—) through 2 and 3 bonds observed in the HMBC spectrum of compound 5a

Two upfield proton signals at 2.95 and 3.84 ppm corresponded to the more shielded protons of the methyl and methoxy groups. A NOESY
correlation of the signal at 3.84 ppm with the multiplet at 7.06 - 7.11 ppm assigned the protons of the methoxy group and H-3'/5', respectively. The
chemical shift of the carbon atoms to which these protons were bonded are readily determined from the HSQC spectrum (C-2'/6' at 130.9 ppm, C-3'/5'
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at 115.1 ppm, and OCHjs at 55.9 ppm), and further corroborated by HMBC correlations of the proton signal at 8.71 ppm assigned to N=CH (part of the
azine bridge) with the C-2'/6' (130.9 ppm). The HMBC correlations of H-3'/5' with 125.7 ppm, and simultaneous correlations of H-2'/6' and methoxy
protons with the signal at 162.8 ppm assigned C—1' and C—4', respectively. The methyl protons showed a three-bond correlation with the carbon at 95.9
ppm, assigned to C-3, and a two-bond interaction with 171.9 ppm, assigned to the carbon atom of the remaining imine group (CH3C=N).

The only remaining unassigned signal in the *C-NMR spectrum, at 161.9 ppm, then belongs to C-2, and this is in agreement with the observed
chemical shift and the lack of interactions in both HSQC and HMBC spectra. The comparison of this value with the one from analogous signals in related
compounds corroborated this assumption.* %! The most deshielded signal observed in the 'H-NMR spectrum appeared as a broad singlet at 16.44
ppm and was assigned to the OH proton at position 4 of the coumarin moiety. This signal showed a NOESY cross-peak with a proton of the azomethine
group at 8.71 ppm. This correlation confirms the existence of the diimine bridge between the coumarin core and the aryl side of the molecule, and
together with the cross-peak of the azomethine proton with H-2'/6'".

The signal of the OH resonates at significantly lower field (ca. 16 ppm) compared to an intramolecularly hydrogen-bonded phenol group (10 - 12
ppm) in the analogous azines or hydrazone of salicylaldehyde.””->0! This could be interpreted as an exceptionally strong intramolecular hydrogen bond
that imparts the molecule with the zwitterionic character (R—-OH*NR'R") close to the other possible tautomer (ketone-enamine). The highly deshielded
carbon at C—4 (1804 ppm) also agrees with this assumption. The mentioned key nOe interaction between OH and HC=N is only possible if the
conformation of that part of the molecule is near planarity, i.e. when OH is the closest and syn to the hydrogen from HC=N fragment. This again brings
the CH3C=N methyl group in close proximity to the ortho-hydrogens of the phenyl core of the starting aldehyde, resulting in the planar s-trans
conformation of the azine moiety. The rotation around the N=CH-C*" single bond disconnects the aryl group from the extended conjugation of the
planar azine-coumarin hybrid. However, as mentioned in the introductory section, many azines were found not to be planar, but to exist in a gauche
conformation. This was the consequence of an unfavorable 4-electron repulsion of the free electron pairs on the two adjacent nitrogen atoms. In our
case, as in the case of the azine of salicylaldehyde ! this repulsive interaction either does not exist, or is converted to an attractive one, by the
formation of strong intramolecular hydrogen bonds which changes the polarity (nature) of these lone pairs (Figure 3). This can be envisaged as a
favorable orbital interaction of the anomeric type, in this specific case with antiperiplanar nn — o*n+, as depicted in Figure 3. In a similar manner, the

spectra of the remaining synthesized azines 5b-i were assigned.

A A ]
H H H
\ﬁ \\R \ﬁ \\R \ﬁ \\R
O/H\N/Nf _— %/H\’(\‘g/N-' P Y O/H\N/N«‘
N CHj X CH3 & CHj
o~ o o~ o o~ o

Figure 3. Structures of the possible tautomeric equilibrium existing for the azine-coumarin hybrids and a qualitative depiction of an orbital interaction leading to an s-trans

conformation of the planar azine moiety.
Antimicrobial activity

Compounds 5a - i were tested for growth inhibitory activity against a panel of ATCC microbial strains consisting of four Gram-positive and three Gram-
negative bacteria and two fungi (Table 7). The compounds displayed a very wide spectrum of activity in the concentration range 0.16 — 6.03 pmolml
which was in particular cases even comparable to the observed activity of one of the used positive controls (chloramphenicol). Practically all
compounds were effective in reducing the microbial growth of all tested strains with the only exception 5i against C. albicans, which was resistant even
to the highest tested concentration of this compound. The lowest MIC value was determined for 5f that displayed antistaphylococcal activity at 160
nmolml”. When mutually compared, among the tested coumarin derivatives, 5a and 5f exhibited the highest antimicrobial effect with average MIC
values of 1.32 and 1.46 pmolml?, respectively. On the other hand, compounds 5i, 5g and 5e were the least efficient antimicrobial agents that were
active in the ranges 0.75 - 6.03 (with the highest MICs against C. albicans), 1.31 — 5.23 and 2.68 - 5.36 pmolml™, respectively. There was no notable

selectivity observable towards any of the tested microbial groups (Gram-positive and negative bacteria, or fungi). Among the tested strains, S.
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epidermidis and P. aeruginosa exhibited the highest resistance to the action of the tested coumarin derivatives, which was also visible from their
susceptibility to the tested reference antibiotics (Table 7). Although A. baumannii was quite resistant to both applied positive controls (154.74 and 21.49
nmolml for chloramphenicol and streptomycin, respectively), compounds 5a — i showed significant activity towards this bacterium in the lower tested
range 0.60 — 3.01 pmolml™. It is interesting to note that against this particular strain, 5d and 5i, compounds with medium-to-low activity against other
strains, strongly inhibited A. baumannii at low concentrations — 0.60 and 0.75 pmolml”, respectively. These values are only around four times higher
than the MIC of chloramphenicol against the same bacterium. Since this bacterial species represents a very important human opportunistic pathogen,
primarily significant as the causative agent of multiresistant hospital-acquired infections, these results are thus very promising and urge further research
in this direction. Among the tested compounds, 5¢ was the most potent antifungal agent, while other compounds showed more or less the same

activity against both the tested mold and yeast.

Table 1. Minimal inhibitory concentrations (MIC) of compounds 5a - i (pmolml™) and antibiotics (nmolml ) against a panel of ATCC strains

Compound S5a 5b 5¢ 5d Se 5f 59 5h 5i CHL® STR® NYS©

Gram-positive

S. aureus 0.74 246 3.01 0.28 536 0.16 523 1.56 6.03 19.34 0.67 /
B. cereus 0.74 123 149 241 536 0.31 523 3.12 149 9.66 Q.15 /
S. lutea 0.74 246 149 0.28 268 0.31 1.31 1.56 149 241 268 /
S. epidermidis 149 246 3.01 1.19 536 248 523 1.56 6.03 483 268 /

Gram-negative

P. aeruginosa 149 519 6.01 1.19 536 1.24 523 3.12 6.03 38.68 536 /

E. coli 074 123 3.01 241 536 248 523 1.56 149 4.83 0.67 /

A. baumannii 149 246 3.01 0.60 2.68 1.24 523 3.12 0.75 154.7 215 /
Fungi

C. albicans 298 246 0.72 241 2.68 248 523 3.12 >6.03 / / 253
A. brasiliensis 149 246 037 241 536 248 262 3.12 3.02 / / 033

? CHL - chloramphenicol. ° STR - streptomycin. °NYS - nystatin

We made an effort to further (statistically) analyze the obtained results and, as previously done with other coumarin derivatives,?¥ agglomerative
hierarchical clustering (AHC) analysis was performed to determine the similarities and selectivity of the mentioned compounds. The AHC analysis was
applied utilizing MIC values against seven bacterial and two fungal strains as variables and the results are presented in the dendrogram shown in Figure

4. As it can be seen, three groups/classes of compounds (C1-C3) were clearly separated.

Dendrogram

E
E
o C-3 C1 c-2
------- ARSI AIERRS T e e Feveveperenen
5
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Figure 4. The dendrogram (AHC analysis) - dissimilarity in the antimicrobial activity (M/C values of compounds 5a - i used as variables against seven bacterial and two fungal
strains) relationships of the coumarin-azine hybrids (Euclidean distance dissimilarity, the aggregation criterion-the Ward method). Three groups of compounds were found:

C1-C3.

Group C-1 (5a, 5d, and 5f) displayed the lowest MIC values for most of the tested microorganisms. The antimicrobial activities of these
compounds were nonselective in nature but, as it can be seen from Figure 5, the fungi were slightly more resistant. The group was composed of electron
rich only oxygenated derivatives with an obligatory OH or OMe at C—4'. Although slightly lower in inhibitory activity but still largely unselective,
compounds 5b, 5¢, and 5h, which belonged to group C-2, only significantly differed from group C—1 compounds in their weaker effect against P.
aeruginosa. The phenyl rings of compounds belonging to C-2 were also electron rich and possessed a C—4’' substituents, but this time along one
derivative with an OMe (5b), there was a methyl group (5h) and a Me:N- group (5¢) on this ring. The last group (C—3) showed the least similarity with the
activities observed from groups C—1 and C-2. Compounds from this group (5i, 5e, and 5g) were the least active ones against the tested strains but
demonstrated greater selectivity by affecting the growth of S. lutea and A. baumannii in almost the same concentrations as the compounds from groups

C-1and C-2.

Kore

Figure 5. Graphical representation of the scores (the lowest activity is the highest value of MIC) of the centroids (classes C1-C3) from the AHC analysis

Most of the derivatives that possessed a phenolic group on the phenyl ring were among the most active ones (5d and 5f from C-1). This appears
to be an expected outcome since phenolics are known to be efficient antimicrobials (among the natural products thymol and carvacrol are good
examples).b As these monoterpene phenols are known to interact with cell membranes, making them more permeable ' our coumarin derivatives
(5a - i) might also have a similar mode of action (as already mentioned the OH at C—4 could be regarded as a phenolic group). Thus, additional phenolic
groups at the phenyl ring would be expected to enhance the overall activity. The lower activity of 5¢ from C—3 seems to be the result of steric hindrance
of the two neighboring methoxy groups. Itis also worth mentioning that the derivative that did not possess a C—4' substituent (5e) was the least active
of all tested compounds. This implies that a C—4' substituent is likely to be required for the more subtle tuning of antimicrobial activity in these

derivatives. However, the ortho-OMe in 5¢g might have influenced the conformation of this part of the molecule and exerted its effect in this way.
Acute toxicity assay — Artemia salina mode/

As some of the derivatives were demonstrated to possess interesting antimicrobial effect, we were naturally interested whether they were also toxic (a
shortcoming of some of the mentioned coumarin antibiotics mentioned in the introductory section). The most convenient test for this, that provides
the first glimpse into the toxicological profile of these compounds, is the Artemia salina assay. The results of the acute toxicity testing in this model are
presented in Table 2. Fortunately, the tested compounds did not show any significant toxicological effect at a concentration that corresponded to MIC.
We were unable to test higher concentrations of 5a — i due to their low solubility in artificial seawater. At the highest tested concentration after 24 h, the
highest mortality rate of 18.3% was observed for compound 5a. After 48 h of incubation, compounds 5b (48.3%), 5e (35.0%), 5f (35%) and 5h (36.7%)
showed a more significant degree of toxicity. At the concentrations of 0.20 and 0.020 mgml™, after 24 h, compound 5a did not show any toxicity, while

compounds 5e, 5¢, 5f and 5h (24 h) displayed a comparable mortality rate of 11.7, 10.0, 10.0 and 8.3%, respectively at 0.20 mgml.

Table 2. Acute toxicity of compounds 5a - i in the A salina model

Concentration Observation period Mortality rate (%) for the tested compounds
(mgml™) (after 24 and 48 h)
5a 5b 5¢ 5d Se 5f 59 5h 5i
2.00 24 183 1.7 1.7 100 133 133 10.0 15.0 100
48 300 483 233 25.0 35.0 350 317 36.7 183
0.20 24 0.0 6.7 100 5.0 1.7 10.0 5.0 83 83
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48 16.7 35.0 233 15.0 183 16.7 30.0 16.7 15.0
0.02 24 0.0 5.0 5.0 0.0 10.0 6.7 33 33 5.0
48 133 1.7 16.7 10.0 16.7 1.7 183 1.7 133

DPPH radical scavenging activity

The free radical scavenging activity of compounds 5a-c, 5e, 5¢g, and 5i, dissolved in methanol, was determined from their reaction with the stable, deep
violet 1,1-diphenyl-2-picrylhydrazyl radical (DPPH).5? The reduction of DPPH is accompanied by a change in color change since the yellow hydrazine is
formed and can be straightforwardly tracked by the decrease in the absorbance at 517 nm. Along with the coumarin derivatives, ascorbic acid, a known
powerful antioxidant, was assayed and the ECso values, antioxidant reducing power (ARP), and stoichiometric relations were calculated for all of them 3!

In the case of the highest concentration tested (0.1 mM) only a single compound displayed a scavenging activity, and luckily a prominent one,
thus Table 3 presents only the mentioned antiradical parameters for compound 5¢ and ascorbic acid. The reaction between 5¢g and DPPH radical was
practically instantaneous, and based on the values from Table 3, one molecule of 5g was sufficient to scavenge one DPPH radical, while ascorbic acid, as
expected, displayed a 1 : 2 stoichiometry of the reaction with DPPH radical. The observed stoichiometry, expected from strong antioxidants, suggests
that the primarily formed radical by proton abstraction is a stable one, both kinetically (sterically most probably) and thermodynamically (at least more
stable than the DPPH radical). At first, the results concerning the coumarin-azine hybrids were unexpected since all of the molecules contained the
same phenolic type OH (an acidic site) in the position 4 of the coumarin core. Thus, this OH-group does not seem to contribute the antiradical
properties, probably due to the mentioned strong hydrogen bonding that would be lost upon proton abstraction from this position. It follows that the
observed activity of 5g must be connected to the phenolic group present on the aryl moiety in position 4'. An electron-rich aryl core seems to be
beneficial for the formation of a stable radical species by proton abstraction from 4-OH (Figure 6). Although the azine bridge is expected to be coplanar
with coumarin core due to intramolecular hydrogen bonding, the contribution of resonance structures V - VIl is questionable since the aryl group is

known to freely rotate around the C—1'-C=N bond and not reside in the coplanar orientation due to steric reasons.

Table 3. Free radical scavenging activity of compound 5g and ascorbic acid. ECso (mole of antioxidant/1 mol of DPPH), antioxidant reducing power (ARP), stoichiometric ratio

antioxidant/DPPH (mole of antioxidant/1 mol of DPPH), stoichiometric ratio DPPH/antioxidant (mole of DPPH/1 mol of antioxidant)

Sample ECso ARP Stoichiometric ratio antioxidant/DPPH Stoichiometric ratio DPPH/antioxidant
5¢g 053 1.89 1.06 0.94
ascorbic acid 0.25 4.00 0.50 2.00
o o o o
OH o’ o] 0o
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Figure 6. Possible resonance stabilization of the free radical formed in the reaction of 5g with DPPH radical

Conclusions
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A series of mixed azines with a coumarin moiety were synthesized and evaluated for their acute toxicity, antimicrobial and antioxidant activities. An
optimized two-step method for the synthesis of this small library of coumarin-azine hybrids was developed and represents an efficient, simple and rapid
procedure, where the target azines were obtained in moderate to good yields the reaction of the hydrazone of 3-acetyl-4-hydroxycoumarin and
differently substituted aromatic aldehydes. The library was intended to provide first insights into the chemical, spectral and biological properties of
such hybrids. The prepared azines were fully spectrally characterized, including a complete assignment of 'H- and *C-NMR resonances with the aid of
extensive 1D- and 2D-NMR experiments. All of the spectral data pointed to a strong intramolecular hydrogen bond formed between OH in the position
4 of the comparing core and the adjacent N-atom of the azine bridge. We believe that this strong interaction keeps the coumarin ring and the azine
bridge coplanar. Most of the synthesized azines, especially those possessing a p-hydroxyphenyl moiety, possessed a wide spectrum of significant
antimicrobial activities, especially compound 5f against S. aureus, as well as 5d and 5i against A. baumannii. The determined MIC values were
comparable to that of chloramphenicol tested in parallel. The toxicity assay (A. salina model) showed that the tested compounds do not have a
pronounced effect on the survival of brine shrimps. The derivative having the mentioned phenolic group and additional electron-donating groups (e.g.
two OMe) exhibited a pronounced antioxidant power reacting instantly and stoichiometrically (mol ratio 1 : 1) with the DPPH radical. Thus, in this work,
we discovered coumarin derivatives that might have a pharmaceutical application as antimicrobial agents with antioxidant properties while being of

low toxicity. Also, these results urge further studies in this direction, with the promise of locating even more potent derivatives of this class of hybrids.

Experimental Section

General section

All chemicals were obtained from commercial sources (Sigma-Aldrich, USA; Acros Organics, Belgium; Fluka and Merck, Germany) and used as received,
except that the solvents were purified by distillation. Melting points were determined on MPM-HV2 melting point meter (Paul Marienfeld GmbH & Co. KG,
Lauda-Kénigshofen, Germany). The purity of the synthesized compounds was checked by thin layer chromatography (TLC) on precoated aluminum
silica gel plates (Kiesel 60 Fas4, 0.2 mm, Merck, Darmstadt, Germany). Visualization was achieved by UV light and/or spraying the plates with 1:1 (v/v)
aqueous sulfuric acid and then heating. Purification of the synthesized compounds was performed by column chromatography (Silica-gel 60, particle
size 0.040-0.063 mm, Fluka). HR-MS(EI) spectra were recorded on a JEOL Mstation JMS 700 instrument (JEOL, Germany). Elemental microanalysis for
carbon, hydrogen, nitrogen, and oxygen were carried out on a Carlo Erba 1106 microanalyzer (Milan, Italy); their results agreed favorably with the
calculated values.

The IR spectra were recorded on Thermo Nicolet model 6700 FT-IR (Waltham, USA) instrument and the vibration frequencies are reported in wave
numbers (cm™). "TH-NMR (400 MHz) and "*C-NMR (100.6 MHz) were recorded on Bruker Avance il spectrometer (Fallanden, Switzerland) at 25 °C in CDCls
and (Ds)DMSO as the solvents, using TMS as the internal standard. Chemical shifts are reported in ppm (8) values relative to TMS (0 ppm) in 'TH-NMR
spectra or signals of residual solvents, CDClz: 8n 7.26, 8¢ 77.36 and (Ds)DMSO: 8u 2.54, 8¢ 40.45, in the heteronuclear 2D spectra (gradient 'H-"H COSY,
HSQC and HMBC, and NOESY/ROESY). Scalar couplings (J) are reported in Hertz. In addition to the mentioned spectra, selective '"H homonuclear
decoupling experiments and DEPT90/135 spectra were acquired to aid signal assignment. All NMR spectra were recorded using standard built-in pulse

sequences from the software Topspin (Bruker). UV spectra were measured using a UV-1800 Shimadzu spectrophotometer (Tokyo, Japan).
Synthesis

3-acetyl-4-hydroxy-2H-chromen-2-one (2). Phosphorus oxychloride (5.6 ml, 60 mmol) was slowly added to a solution of 4-hydroxy-2H-chromen-2-
one (1; 3g, 18.6 mmol) in acetic acid. The reaction mixture was refluxed on an oil bath for 35 minutes, and then gradually cooled to room temperature
and eventually in an ice bath. The precipitated solid was collected by filtration. Recrystallization from ethanol yielded white needle-like crystals of
compound 2 (m p. 135 - 136 °C).

3-(1-hydrazonoethyl)-4-hydroxy-2H-chromen-2-one (3). 3-Acetyl-4-hydroxy-2H-chromen-2-one (2; 4.1 g, 20 mmol) was suspended in methanol (20
ml). After stirring at room temperature for 10 minutes, hydrazine hydrate (1g, 20 mmol) was added and the resulting mixture was refluxed for 5 h on a
water bath. The progress of the reaction was monitored by TLC, and after the completion of the reaction, the solution was cooled to room temperature.
The formed precipitate was filtered and washed with methanol. After drying, the crude solid product was recrystallized from ethanol to give a pure

light-greenish yellow compound 3 (m.p. 222 - 224 °C).
General procedure for the synthesis of azines 5a - i

A solution of 3-(1-hydrazonoethyl)-4-hydroxy-2H-chromen-2-one (3; 1.1 g, 5 mmol) and the appropriate aromatic aldehyde (4a - i; 5 mmol) ((4-
methoxybenzaldehyde 4a, 34-dimethoxybenzaldehyde 4b, 4-(dimethylamino)benzaldehyde 4¢, 4-hydroxy-3-methoxybenzaldehyde 4d, 2-
methoxybenzaldehyde 4e, 4-hydroxybenzaldehyde 4f, 4-hydroxy-3,5-dimethoxybenzaldehyde 4g, 4-methylbenzaldehyde 4h, and 4-
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isopropylbenzaldehyde 4i) in absolute ethanol (10 ml) was refluxed for 3-4 h. The consumption of the reagents was monitored by TLC (ethyl
acetate/hexane 3:2, v/v). After the completion of the reaction, the mixture was allowed to cool to room temperature. The formed solid was collected by
filtration and washed with chloroform-methanol (1:1, v/v). The obtained products were purified by flash SiO2 column chromatography (ethyl
acetate/hexane 1:1, v/v).

1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-methoxybenzylidene}hydrazine (5a). Light yellow crystals. M.p. 190 — 193 °C. IR
(KBr): 1113, 1170, 1568, 1602, 1697, 2817, 3085, 3434. 'TH-NMR (400 MHz, (Ds)DMSO): 16.44 (brs, HO-C(4)); 8.71 (s, N=CH); 7.98 (dd, J = 8.0, 1,6, H-C(5));
7.86 - 7.81 (m, H-C(2'/6"); 7.68, (ddd, /= 8.8, 8.0, 1.6, H-C(7)); 7.34 (td, /= 8.0, 0.8, H-C(6)); 7.31 (dd, J = 8.8, 0.8, H-C(8)); 7.11 - 7.06 (m, H-C(3'/5")); 3.84 (s,
OMe-C(4"); 2.95 (s, Me). *C-NMR (100.6 MHz, (Ds)DMSO): 180.4 (C(4)); 171.9 (C=N); 162.8 (C(4")); 161.9 (C(2)); 156.8 (N=CH); 153.7 (C(8a)); 134.9 (C(7));
130.9 (C(2'/6"); 126.1 (C(5)); 125.7 (C(11); 124.4 (C(6)); 120.2 (C(4a)); 116.9 (C(8)); 115.1 (C(3'/5"); 95.9 (C(3)); 55.9 (OMe); 17.8 (Me). HR-MS(EI): 336.1121 (M
+ HJ*, CioH16N204*; calc. 336.1110). Anal. calc. for CioH1sN204: C 67.85, H 4.79, N 8.33, O 19.03; found: C 67.98, H4.72, N 8.41, 0 18.89.

1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(3,4-dimethoxybenzylidene}hydrazine (5b). Yellow powder. M.p. 220 - 222 °C. IR
(KBr): 1104, 1134, 1574, 1608, 1695, 2841, 3065, 3443. 'TH-NMR (400 MHz, (Ds)DMSO): 16.45 (brs, HO-C(4)); 8.64 (s, N=CH); 7.99 (dd, J = 7.6, 1,6, H-C(5));
7.68,(ddd, J=84,7.6,1.6 H-C(7)); 748 (d, J = 2.0, H-C(2"); 7.39 - 7.28 (m, H-C(6/8/6")); 7.08 (d, J = 8.4, H-C(5); 3.84 (s, OMe-C(4")); 3.83 (s, OMe-C(3");
2.98 (s, Me). BC-NMR (100.6 MHz, (Ds)DMSO): 180.4 (C(4)); 171.8 (C=N); 161.9 (C(2)); 157.0 (N=CH); 153.7 (C(8a)); 152.1 (C(4")); 149.6 (C(3")); 135.0 (C(7));
127.1 (C(11)); 126.1 (C(5)); 124.4 (C(6)); 124.0 (C(6Y); 120.2 (C(4a)); 116.9 (C(8)); 111.9 (C(5); 109.5 (C(2"); 95.9 (C(3)); 56.0 (OMe-C(4)); 55.9 (OMe-C(3"));
17.8 (Me). HR-MS(EI): 366.1234 ([M + HI*, C20H1sN2Os™; calc. 366.1216). Anal. calc. for GoH1gN2Os: C 65.57, H 4.95, N 7.65, O 21.84; found: C 65.03,H 5.02, N
7.83,022.12.

1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-dimethylaminobenzylidene)hydrazine (5¢). Brick red powder. M.p. 268 - 270 °C.
IR (KBr): 1106, 1179, 1591, 1612, 1697, 2812, 3100, 3451. "H-NMR (400 MHz, CDCls): 16.40 (brs, HO-C(4)); 8.23 (s, N=CH); 8.07 (dd, /= 7.6, 1,6, H-C(5)); 7.67
- 763 (m,H-C(2/6"); 7.56, (ddd, J = 8.0, 7.2, 2.0, H-C(7)); 7.27 - 7.23 (m, H-C(6/8)); 6.73 - 6.68 (m, H-C(3'/5")); 3.06 (s, NMe2-C(4"); 2.80 (s, Me). >*C-NMR
(100.6 MHz, CDCls): 181.1 (C(4)); 171.2 (C=N); 162.2 (C(2)); 155.3 (N=CH); 153.8 (C(8a)); 152.8 (C(4"); 133.8 (C(7)); 130.3 (C(2'/6"); 125.9 (C(5)); 123.5 (C(6));
120.3 (C(4a)); 119.9 (C(19); 116.6 (C(8)); 111.7 (C(3/5"); 96.1 (C(3)); 40.1 (NMe2-C(4"); 17.5 (Me). HR-MS(EI): 349.1417 (M + H]*, CooH1sN303*; calc. 349.1426).
Anal. calc. for CaoH19N305: C 68.75, H 548, N 12.03, 0 13.74; found: C 68.59, H 5.52,N 12.18, 0 13.71.

1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-hydroxy-3-methoxybenzylidene)hydrazine (5d). Dark yellow powder. M.p. 232
-234°C. IR (KBr): 1083, 1162, 1599, 1610, 1710, 2832, 3078, 3431. '"H-NMR (400 MHz, (Ds)DMSO): 16.46 (brs, HO-C(4)); 10.01 (s, HO-C(4"); 8.61 (s, N=CH);
7.96 (dd, J=7.6,1,6,H-C(5)); 7.66, (ddd, /= 8.8,7.6, 1.6, H-C(7)); 743 (d, = 1.6, H-C(2"); 7.34 - 7.26 (m, H-C(6/8/6")); 6.90 (d, J= 8.4, H-C(5")); 3.84 (s, OMe-
C(39); 2.94 (s, Me). BC-NMR (100.6 MHz, (Ds)DMSO): 180.3 (C(4)); 171.5 (C=N); 161.9 (C(2)); 157.2 (N=CH); 153.6 (C(8a)); 151.4 (C(4"); 148.5 (C(3")); 134.9
(C(7));126.1 (C(5)); 124.7 (C(6Y); 124.4 (C(1"); 124.3 (C(6)); 120.2 (C(4a)); 116.8 (C(8)); 116.1 (C(5); 110.7 (C(2"); 95.8 (C(3)); 56.0 (OMe); 17.8 (Me). HR-MS(EI):
352.1050 ([M + HI*, CieH1sN20s*; calc. 352.1059). Anal. calc. for CisH1sN20s: C 64.77, H4.58, N 7.95, 0 22.70; found: C 64.65,H4.61,N7.92, 0 22.82.

1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(2-methoxybenzylidene) hydrazine (5e). Yellow needles. M.p. 204 — 206 °C. IR (KBr):
1105, 1168, 1557, 1609, 1705, 2840, 3053, 3450. 'TH-NMR (400 MHz, (Ds)DMSO): 16.39 (brs, HO-C(4)); 8.83 (s, N=CH); 7.99 (dd, /= 7.6, 1.6, H-C(5)); 7.95 (dd,
J=76,16, H-C(6); 7.69, (ddd, }=84,7.6,1.6,H-C(7)); 7.56, (ddd, J=8.0,7.6, 1.6, H-C(4")); 7.35 (td, /= 7.6, 0.8, H-C(6)); 7.31 (dd, /= 8.4,0.8, H-C(8)); 7.19
(d, J=8.0,H-C(3"); 7.08 (t, /] = 7.6, H-C(5"); 3.93 (s, OMe); 2.97 (s, Me). BC-NMR (100.6 MHz, (Ds)DMSO): 180.5 (C(4)); 172.3 (C=N); 161.9 (C(2)); 159.4 (C(2"));
153.7 (C(8a)); 151.9 (N=CH); 135.0 (C(7)); 134.4 (C(4"); 127.1 (C(6"); 126.2 (C(5)); 124.4 (C(6)); 121.4 (C(5); 120.9 (C(1"); 120.2 (C(4a)); 116.9 (C(8)); 112.7
(C(31); 96.1 (C(3)); 56.4 (OMe-C(2"); 17.9 (Me). HR-MS(EI): 336.1097 (IM + H]*, CioH1sN204"; calc. 336.1110). Anal. calc. for CioH1sN204: C 67.85, H 4.79, N
8.33,019.03; found: C 67.93,H 4.72, N 8.29, O 19.06.

1-{-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-hydroxybenzylidene)hydrazine (5f). Yellow powder. M.p. > 300 °C. IR (KBr): 1110,
1136, 1572, 1603, 1696, 3197, 3471. "H-NMR (400 MHz, (Ds)DMSO): 16.40 (brs, HO-C(4)); 10.31 (s, HO-C(4"); 8.58 (s, N=CH); 7.94 (dd, /= 7.6, 1,6, H-C(5));
7.73 -7.69 (m, H-C(2'/6"); 7.63, (ddd, = 8.4,7.6,1.6,H-C(7)); 7.29 (td, /= 7.6, 0.8, H-C(6)); 7.25 (dd, J = 8.4, 0.8, H-C(8)); 6.91 - 6.86 (m, H-C(3'/5")); 2.90 (s,
Me). PC-NMR (100.6 MHz, (Ds)DMSQ): 181.3 (C(4)); 171.5 (C=N); 161.8 (C(2)); 161.7 (C(4")); 156.9 (N=CH); 153.6 (C(8a)); 134.8 (C(7)); 131.1 (C(2'/6"); 126.1
(C(5)); 124.1 (C(6/1Y); 120.2 (C(4a)); 116.8 (C(8)); 116.5 (C(3'/5"); 95.8 (C(3)); 17.7 (Me). HR-MS(EI): 322.0970 ([M + HI", CisH14N20O4*; calc. 322.0954). Anal.
calc. for CigH1aN204: C 67.07, H 4.38, N 8.69, O 19.86; found: C 67.01, H 4.32, N 8.73, 0 19.94.

1-{-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(3,5-dimethoxy-4-hydroxybenzylidene)hydrazine (5g). Yellow powder. M.p. 228 -
230 °C. IR (KBr): 1114, 1163, 1595, 1619, 1707, 2842, 3115, 3465. "H-NMR (400 MHz, (Ds)DMSO): 16.45 (brs, HO—C(4)); 9.30 (s, HO-(C(4"); 8.50 (s, N=CH);
7.92(dd, J=7.6,1.6,H-C(5)); 7.61, (ddd, /= 84,7.6,1.6,H-C(7)); 7.27 (t, J= 7.6, H-C(6)); 7.22, (d, J = 8.4, H-C(8)); 7.12 (s, H-C(2'/6"); 3.81 (s, OMe—(C(3'/5Y);
2.90 (s, Me). ®*C-NMR (100.6 MHz, (Ds)DMSO): 180.3 (C(4)); 171.4 (C=N); 161.8 (C(2)); 157.1 (N=CH); 153.6 (C(8a)); 148.6 (C(3'/5"); 140.4 (C(4")); 134.7 (C(7));
126.0 (C(5)); 124.2 (C(6)); 123.1 (C(1"); 120.1 (C(4a)); 116.7 (C(8)); 106.6 (C(2'/6"); 95.8 (C(3)); 56.4 (OMe-C(3'/5"); 17.7 (Me). HR-MS(EI): 382.1150 ([M + HI*,
Ca0H18N206*; calc. 382.1165). Anal. calc. for CaoH1sN20s: C 62.82, H 4.74, N 7.33, 0 25.11; found: C 62.93,H 4.83, N 7.25, O 24.99.
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1-[-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-methylbenzylidene)hydrazine (5h). Light yellow. M.p. 194 — 196 °C. IR (KBr): 1101,
1173, 1555, 1605, 1695, 2922,3115, 3468. "H-NMR (400 MHz, (Ds)DMSO): 16.41 (brs, HO-C(4)); 8.74 (s, N=CH); 7.99 (dd, /= 7.2, 1,6, H-C(5)); 7.80 - 7.76 (m,
H-C(2'/6"); 7.68, (ddd, J = 8.4,7.2,1.6, H-C(7)); 7.37 - 7.29 (m, H-C(6/8/3'/5")); 2.97 (s, Me); 2.38 (s, Me-C(4")). BC-NMR (100.6 MHz, (Ds)DMSO): 180.5 (C(4));
1724 (C=N); 161.9 (C(2)); 157.0 (N=CH); 153.7 (C(8a)); 142.8 (C(4"); 135.0 (C(7)); 130.5 (C(1"); 130.2 (C(3'/5"); 129.0 (C(2'/6"); 126.2 (C(5)); 124.4 (C(6)); 120.2
(C(4a)); 116.9 (C(8)); 96.1 (C(3)); 21.7 (Me-C(4")); 17.8 (Me). HR-MS(EI): 320.1149 ([M + HI*, CioH1sN203*; calc. 320.1161). Anal. calc. for CigH16N20Os: C 71.24, H
5.03,N 847,0 14.98; found: C 71.36,H 5.11,N 8.62, 0 14.91.

1-{-1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]-2-(4-isopropylbenzylidene)hydrazine (5i). Light yellow needles. M.p. 197 — 199 °C. IR
(KBr): 1110, 1176, 1566, 1605, 1698, 2958, 3150, 3472. 'H-NMR (400 MHz, (Ds)DMSO): 16.41 (brs, HO—C(4)); 8.74 (s, N=CH); 7.99 (dd, J = 7.6, 1,6, H-C(5));
7.82 -7.78 (m, H-C(2'/6"); 7.68, (ddd, ] = 8.4, 7.6, 1.6, H-C(7)); 743 - 7.39 (m, H-C(3'/5"); 7.34 (td, /= 7.6, 0.8, H-C(6)); 7.30 (dd, J = 8.4, 0.8, H-((8)); 2.98 -
2.93 (m, Me, HC(C(4")); 1.23 (d, J = 6.8, Me,-C—(C(4"). BC-NMR (100.6 MHz, (Dg)DMSO): 180.5 (C(4)); 172.4 (C=N); 161.9 (C(2)); 157.1 (N=CH); 153.7
(C(8a/4"); 135.0 (C(7)); 130.9 (C(11); 129.1 (C(2'/6')); 127.6 (C(3'/5")); 126.2 (C(5)); 124.4 (C(6)); 120.2 (C(4a)); 116.9 (C(8)); 96.1 (C(3)); 34.0 (CH-(C(4")); 24.0
(Me—C—(C(4")); 17.8 (Me). HR-MS(EI): 348.1489 ([M + H]*, C2iH20Nz03*; calc. 348.1474). Anal. calc. for CoiH20N20s: C 7240, H 5.79, N 8.04, O 13.78; found: C
72.25,H5.88,N8.12,013.75.

Biological evaluation

Test microorganisms. The synthesized compounds were tested against the panel of microbial strains belonging to the American Type Culture Collection
reference strains: Gram-positive bacteria (Staphylococcus aureus ATCC 6538, Staphylococcus epidermidis ATCC 12228, Bacillus cereus ATCC 11778 and
Sarcina lutea ATCC 9431), Gram-negative bacteria (Pseudomonas aeruginosa ATCC 9027, Escherichia coli ATCC 8739 and Acinetobacter baumannii ATCC
19606), the yeast Candida albicans ATCC 10231 and the mold Aspergillus brasiliensis ATCC 16404. Bacterial strains were maintained on Nutrient Agar (NA)
at 37 °C, while the fungal strains were maintained on Sabouraud Dextrose Agar (SDA) at 30 °C at the Microbiology Laboratory, Department of Biology
and Ecology, Faculty of Sciences and Mathematics, University of Nis.

Antimicrobial screening. Antimicrobial activity was evaluated using a broth microdilution method in microtiter plates as described earlier.?¥ Briefly, cell
suspensions of adjusted turbidity (DEN-1, Biosan) corresponding to McFarland standard No. 0.5 were made using an overnight culture (18 h) of the test
microorganisms. Stock solutions of the prepared coumarin derivatives were made in pure DMSO and further diluted with the appropriate sterile broth
(Sabouraud Dextrose or Mueller Hinton broth) in order to prepare the solutions of the target starting concentrations. The final highest concentration of
DMSO (10%, v/V) in the prepared solutions was verified not affect bacterial nor fungal growth. These solutions were further serially diluted (the diluting
factor 2) in the concentration range of 0.005 - 2.10 mgml™'. After preparing the dilutions of the test substances, the inoculum was added to all wells and
the plates were incubated at 37 °C during 24 h in the case of bacteria or at 30 °C during 48 h (fungi). Streptomycin, chloramphenicol, and nystatin served
as positive controls, while one non-inoculated well, free of any antimicrobial agent, was also included to ensure medium sterility. Bacterial growth was
determined by adding 20 pl of 0.5% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC) aqueous solution. MIC was defined as the lowest concentration of
the test compound that inhibited visible growth (red colored pellet on the bottom of the wells after the addition of TTC). All experiments were done in
triplicate and repeated twice.

Acute toxicity testing: Artemia salina model. A spoon (about 8 g) of lyophilized brine shrimp cysts (A. salina) was suspended in 1| of artificial seawater. The
suspension was thermostated at 25 °C, slowly aerated, and constantly illuminated. After 48 h most of the cysts underwent transformation to nauplii. The
tested compounds were dissolved in DMSO and diluted with artificial seawater, so that their final concentrations were 2.00, 0.20 and 0.020 mgml,
while the final concentration of DMSO was less than 1% (v/v). Thereafter, 20 hatched nauplii were transferred to a Petri dish containing the prepared
solution of the test compounds 5a - i; brine shrimps were not fed during the test. DMSO did show any effect on the brine shrimps under these
conditions as demonstrated by the results of a negative control. Different concentrations of sodium dodecyl sulfate were used as a positive control. The
Petri dishes were kept at room temperature under a constant light source and were not aerated. Counting of dead brine shrimps was performed after
24 and 48 hours. The results are expressed as % of dead nauplii after the appropriate time point. All tests were performed in triplicate and repeated
twice.

DPPH radical scavenging activity. The free radical scavenging activity of the synthesized compounds was determined in the case of 1,1-diphenyl-2-
picrylhydrazyl radical (DPPH) and compared with ascorbic acid. Stock solutions (0.1 mM) of the test compounds 5a - ¢, 5e, 5¢, and 5i, and ascorbic acid
were prepared in methanol. This solution was further serially diluted to obtain a range of concentrations: 25, 50, and 100 pM. A methanol solution of
DPPH (1 ml, 0.1 mm), was mixed with of solutions of varying concentrations of the test compounds or ascorbic acid (2 ml) in a test tube. The mixture was
shaken vigorously and allowed to stand at room temperature while at regular time intervals the absorbance of the mixtures was measured at 517 nm
(against methanol as a blank) until it became constant (three consecutive measurements that did not differ mutually significantly). A negative control
containing no antioxidant was treated in the same way as described above. The free radical scavenging activity was calculated by using the following

equation:
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Scavenging activity (%) = ((Abscontol - AbSsample)/ AbScontrot) X 100

Each sample was assayed in triplicate and the mean values were calculated. The ECso value was defined as the amount of an antioxidant necessary

to decrease the absorbance of DPPH to 50% of the initial value and was calculated by linear regression from the antiradical activity percentage against

the concentration plots. Antioxidant reducing power (ARP) represents the inverse of ECso. A stoichiometric relation presents the amount of the

antioxidant required to quantitatively reduce DPPH radicals, and it can be expressed as the number of moles of the antioxidant required to reduce 1

mol of DPPH. The stoichiometric value is determined by multiplying the ECso value by 2. The inverse value of the stoichiometric relation presents the

number of DPPH moles reduced by one mole of the antioxidant.!

Supplementary Material
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A non-toxic mixed azine possessing 4-hydroxycoumarin and 3,5-dimethoxy-4-hydroxyphenyl moieties is a potent antioxidant and a

strong antimicrobial agent.
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