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Abstract: Azulene-containing chalcones have been synthesized via Claisen-Schmidt condensation
reaction. Their chemical structure has been established by spectroscopic methods where the 'H-NMR
spectra suggested that the title chalcones were geometrically pure and configured trans (J = 15 Hz).
The influence of functional groups from azulene-containing chalcones on the biological activity of the
2-propen-1-one unit was investigated for the first time. This study presents optical and fluorescent
investigations, QSAR studies, and biological activity of 10 novel compounds. These chalcones were
evaluated for their antimicrobial activity against Gram-positive and Gram-negative bacteria. The
results revealed that most of the synthesized compounds showed inhibition against Gram-negative
microorganisms, independent of the substitution of azulene scaffold. Instead, all azulene-containing
chalcones exhibited good antifungal activity against Candida parapsilosis, with MIC values ranging
between 0.156 and 0.312 mg/mL. The most active compound was chalcone containing azulene
moieties on both sides of the 2-propene-1-one bond, exhibiting good activity against both bacteria-
type strains and good antifungal activity. This antifungal activity combined with low toxicity makes
azulene-containing chalcones a new class of bioorganic compounds.

Keywords: azulene-chalcones; synthesis; optical properties; fluorescence; antibacterial and antifungal
activity

1. Introduction

The spread of antibiotic-resistant pathogenic microorganisms represents a serious
concern of the scientific community; therefore, the development of newer drugs with
increased effect against broad strains of bacteria is imperative. Special attention has
been paid to chalcones, a class of organic compounds with a broad range of biological
activities, including antibacterial, antitumor, antimalarial, anti-inflammatory, and anti-HIV
activities [1-4]. Moreover, chalcones are versatile precursors in the synthesis of numerous
pharmacologically active heterocycle compounds, flavonoids, and isoflavonoids [5,6]. The
chemical structure consisting of two aromatic rings joined by an «,3-unsaturated carbonyl
system (Scheme 1), which is available via easy organic synthesis, has generated intensive
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research. The biological properties of chalcones were found to be dependent on the presence,
number, and position of functional groups in both A and B rings [7-9]. Structure-activity
relationship (QSAR) studies have shown that certain biological activities can be enhanced by
appending different hydrophilic or hydrophobic substituents [10-12]. Thus, the synthesis
of tailored chalcone derivatives with appropriate biologically active moieties can provide
a deeper insight into structure—activity relationships, enabling the design of effective
antimicrobial compounds.

Scheme 1. The basic chemical structure of chalcones.

In contrast to common benzene and naphthalene aromatic units, azulene is a non-
benzenoid aromatic system with unusual properties and beautiful blue color owing to
intrinsic bipolar structure [13]. Azulene derivatives have attracted the interest of many
research groups due to their applications in molecular switchers [12], organic transis-
tors (FETs) [14], light-emitting diodes (LEDs) [15], supramolecular materials [16,17], or
optical data storage devices [18,19]. Although azulenes are known for their biological
activity in natural plant extracts [20], dopamine receptors [21], or inhibition of histamine
release from mast-cell-like cells in the stomach [22], this scaffold has never been used as a
pharmacophoric element in the design of biologically active chalcones.

As part of our ongoing interest in developing methodologies for isolation of azu-
lenyl ethenes for various purposes [23-26], we have recently reported on the synthesis
of 1-azulenyl-2"-azachalcones as precursors for the preparation of fluorescent 4’-azulenyl
substituted terpyridines [27]. Therefore, we proposed taking advantage of the reactivity of
the azulene-1-carbaldehyde and extending our studies towards the synthesis of biologically
active compounds.

The aim of the present study was the synthesis of chalcones containing azulene
moieties and to investigate for the first time the influence of this functional group in
the biological activity of the 2-propen-1-one unit. In this context, we describe herein the
chemical synthesis, optical and fluorescence investigations, QSAR studies, and biological
activity of 10 novel azulene-containing chalcones.

2. Materials and Methods
2.1. Organic Synthesis
General Experimental Information

Unless otherwise stated, the commercially available chemicals and solvents were
used as received. The azulen-carboxaldehyde derivatives were prepared according to
reported procedures [13]. The IR spectra (KBr pellets) were collected on a Bruker Tensor
37 spectrometer (Ettlingen, Germany) in the 400-4000 cm~! range. The NMR spectra
were recorded on a Bruker Ultrashield Advance III 500 MHz spectrometer (Karlsruhe,
Germany); the chemical shifts expressed as & (ppm) values are reported relative to the
residual proton NMR resonances of the deuterated solvent. Multiplicities of proton reso-
nance are designated as singlet (s), doublet (d), triplet (t), and multiplet (m). COSY and
HETCOR correlation experiments were used for the structure assignment. The absorption
spectra were recorded on a Varian Cary 100 spectrophotometer (Palo Alto, CA, USA). The
fluorescence emission spectra were recorded at room temperature with a Jasco FP-6500 spec-
trofluorometer (Mary’s Court Easton, MD, USA) equipped with a 150 W xenon lamp using
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5 nm bandpasses for the excitation and the emission monochromators, detector response
of 15, scan rate of 100 nm/min, and data pitch of 1 nm. The excitation wavelength was
425 nm. Elemental analyses were performed with Perkin Elmer CHN 240B analyzer. Mass
spectra were recorded with a Varian 1200L Quadrupole MS/MS spectrometer (Palo Alto,
CA, USA) by direct injection in ESI, positive mode. Melting points were determined using
a Koehler Automatic Melting Point Range apparatus (New York, NY, USA), (K90190) and
are uncorrected. Thin-layer chromatography (TLC) was performed on silica gel Fy54 plates
(Merck, Darmstadt, Germany) with visualization by UV irradiation at 254 and 365 nm.

General Procedure for the Synthesis of Chalcones

To a stirred solution of the appropriate 1-azulenecarbaldehyde (10 mmol) in ethanol
(10 mL) after the complete dissolution, the appropriate aromatic methyl ketone (10 mmol)
and solid KOH (10 mmol) were added. The reaction mixture was then stirred at room
temperature overnight. After completion (as been monitored by TLC), the reaction mixture
was filtered and washed with cold ethanol. The filtrate, containing besides unreacted raw
materials additional chalcone product, was evaporated to dryness, and the crude product
was purified by silica gel column chromatography with petroleum ether and ethyl acetate
(3:1 v/v) as solvent system. The yields of the condensation reaction for each chalcone are
listed in Tables 1 and 2, whereas relevant spectroscopic data are given in Tables 3 and 4.

(E)-1-(2-Hydroxyphenyl)-3-phenylprop-2-en-1-one (1). Synthesized according to the gen-
eral procedure, using acetophenone and azulene-1-carbaldehyde. Yield: 67%, green solid,
m.p. 160.9—162.8 °C. 'H-NMR (500.13 MHz, CDCl3, § ppm, ] Hz): 8.69 (d, 1H, H-8, 9.9 Hz),
8.54 (d, 1H, H-B, ] = 15.2 Hz,), 8.35-8.33 (m, 2H, H-2 and H-4), 8.09 (d, 2H, H-2’and H-¢,
7.3 Hz),7.70 (t, 1H, H-6, 9.8 Hz), 7.61 (d, 1H, H-«, 15.2 Hz), 7.58 (t, 1H, H-4', 7.3 Hz), 7.52
(t, 2H, H-3' and H-5, 7.3 Hz), 7.46 (d, 1H, H-3, 4.3 Hz), 7.37 (t, 1H, H-7, 9.8 Hz), 7.31 (t,
1H, H-5, 9.7 Hz). ¥C-NMR (125.77 MHz, CDCl3, § ppm): 190.4 (C=0), 144.9 (Cy), 139.8
(Cq), 139.2( Cy), 139.1 (C-6), 137.7 (C-2 or C-4), 136.3 (C-B), 134.7 (C-2 or C-4), 134.3 (C-8),
132.2 (C-4'), 128.5 (C-3' and C-5'), 128.3 (C-2' and C-6'), 126.2 (C-5), 125.5 (C-7), 125.2 (Cy),
120.2 (C-3), 118.2 (C-or). MS-ESI positive mode: 259 (M*) (100%), 105 (25%), 152 (46%), 181
(30%) Selected IR data: 3056, 1643 (C=0), 1595 (C=C), 1562, 1398, 1273, 1217, 1182, 1022,
978 (C=C), 780, 692, 640 cm 1.

(E)-3-(Azulen-1-yl)-1-(4-hydroxyphenyl)prop-2-en-1-one (2). Synthesized following the
general procedure using p-hydroxyacetophenone and azulen-1-carbaldehyde. Yield 62%,
light brown solid, m.p. 218.7-227.9 °C. IH-NMR (500.13 MHz, DMSO-dg, 6 ppm, ] Hz):
10.31 (s, 1H, -OH), 8.80 (d, 1H, H-8, 9.9 Hz), 8.65 (d, 1H, H-2, 4.2 Hz), 8.48 (d, 1H, H-4,
9.3. Hz), 8.37 (d, 1H, H-B, 15.0 Hz), 8.09 (d, 2H, H-2" and H-¢’, 8.3 Hz), 7.90 (d, 1H, H-«,
15.0 Hz), 7.82 (t, 1H, H-6, 9.9 Hz), 7.55 (d, 1H, H-3, 4.2 Hz), 7.47-7.37 (m, 2H, H-5 and H-7),
6.91 (d, 2H, H-3' and H-5, 8.3 Hz). 3C-NMR (125.77 MHz, DMSO-dg, § ppm): 186.8 (C=0),
161.7 (Cq), 144.2 (Cyq), 139.6 (C-6), 138.8 (Cq), 137.9 (C-4), 135.5 C-2), 134.5, (C-8), 134.4 (C-B),
130.8 (C-2" and C-8'), 129.8 (Cy), 126.3 (C-5 or C-7), 125.7 (C-5 or C-7), 124.9 (Cy), 120.1 (C-3),
118.2 (C-«), 115.2 (C-3' and C-5"). MS-ESI positive mode: 275 (M™*) (100%), 120.9 (20%).
Selected IR data: 3490 (OH), 3016, 2950, 1587 (C=0), 1545 (C=C), 1515, 1402, 1281, 1167.98,
972 (C=C), 824, 774, 705 cm 1.

(E)-1-(4-Aminophenyl)-3-(azulen-1-yl)prop-2-en-1-one (3). Synthesized from p-aminoaceto-
phenone and azulen-1-carbaldehyde. Yield 73%, silver solid, m.p. 219.7-222.9 °C. 'H-NMR
(500.13 MHz, CDCl3, & ppm, ] Hz): 8.79 (d, 1H, H-8, 9.9 Hz), 8.50 (d, 1H, H-$, 15.1 Hz), 8.34
(d, 1H, H-2, 4.3 Hz), 8.32 (d, 1H, H-4, 9.4 Hz), 8.00 (d, 2H, H-2/, H-6¢/, 8.5 Hz), 7.67 (t, 1H,
H-6,9.8 Hz), 7.63 (d, 1H, H-«, 15.1 Hz), 7.45 (d, 1H, H-3, 4.2 Hz), 7.33 (t, 1H, H-7, 9.8 Hz),
7.29-7.26 (m, 1H, H-5, signal overlapped with CHCl3), 6.73 (d, 2H, H-3/, H-5, 8.5 Hz).
3C-NMR (125.77 MHz, CDCl3, § ppm): 188.2 (C=0), 150.6 (Cq), 144.6 (Cq), 139.3 (Cq), 139.0
(C-6), 137.5 (C-4), 134.8 (C-2), 134.6 (C-p), 134.4 (C-8), 130.8 (C-2/, C-6'), 129.5 (Cy), 125.8
(C-5), 125.6 (Cg), 125.1 (C-7), 120.0 (C-3), 118.4 (C-w), 114.0 (C-3’, C-5). MS-ESI positive
mode: 274 (M*) (100%), 181 (60%), 153 (40%), 120 (30%). Selected IR data: 3439 (NHy), 3340,
3229, 1628, 1593 (C=C), 1545, 1438, 1273, 1176, 964 (C=C), 827, 782, 734 cm 1.



Materials 2022, 15, 1629

4 0f 20

(E)-3-(Azulen-1-yl)-1-(naphthalen-1-yl)prop-2-en-1-one (4). Synthesized according to the
general procedure using 1-acetylnaphthalene and azulen-1-carbaldehyde. Yield 75%, brown
oil, m.p. 89.9-98.9 °C. TH-NMR (500.13 MHz, CDCl3, § ppm, ] Hz): 8.50 (d, 1H, H-8,9.9 Hz),
8.38 (d, 1H, H-8', 9.2 Hz), 8.33-8.29 (m, 3H, H-2, H-4, H-B), 8.00 (d, 1H, H-2, 8.2 Hz), 7.93
(d, 1H, H-5,9.3 Hz), 7.83 (d, 1H, H-4, 7.0 Hz), 7.68 (t, 1H, H-6, 9.9 Hz), 7.58-7.54 (m, 3H,
H-3', H-6', H-7'), 7.44 (d, 1H, H-3, 4.3 Hz), 7.37 (d, 1H, H-o, 15.4 Hz), 7.32-7.28 (m, 2H, H-5,
H-7,9.8 Hz). ®*C-NMR (125.77 MHz, CDCl3, § ppm): 195.8 (C=0), 145.0 (Cq), 139.7 (Cy),
139.1 (C-6), 138.4 (Cq), 137.7 (C-2, C-4 or C- B), 137.3 (C-2, C-4 or C- 3), 135.0 (C-2, C-4 or
C- B),134.1 (C-8),133.9 (Cy), 130.9 (C-2'), 130.6 (Cy), 128.4 (C-5'), 127.1 (C-3/, C-6' or C-7'),
126.6 (C-5 or C-7), 126.3 (C-4'), 125.9 (C-3/, C-6' or C-7'), 125.6 (C-8'), 124.8 (C-5 or C-7),
124.7 (C-3/, C-6' or C-7'),123.6 (C-x), 120.4 (C-3). MS-ESI positive mode: 309 M* (100%),
181 (48%), 155 (44%), 308 (24%). Selected IR data: 3434, 3045, 2924, 1678 (C=0), 1557 (C=C),
1397, 1280, 1175, 965 (C=C), 864, 804, 744 cm 1.

(E)-3-(Azulen-1-yl)-1-(naphthalen-2-yl)prop-2-en-1-one (5). Synthesized using 2-acetylnap-
hthalene and azulen-1-carbaldehyde. Yield 99.99%, brown solid, m.p. 183.9-193.7 °C.
'H-NMR (500.13 MHz, CDCl3, § ppm, ] Hz): 8.72 (d, 1H, H-8, 9.9 Hz), 8.61-8.59 (m, 2H,
H-p, H-1'), 8.43 (d, 1H, H-2, 4.3 Hz), 8.36 (d, 1H, H-4, 9.4 Hz), 8.17 (d, 1H, H-3/, 8.8 Hz),
8.03 (d, 1H, H-8', 7.9 Hz), 7.97 (d, 1H, H-4/, 8.6 Hz), 7.91 (d, 1H, H-5/, 8.0 Hz), 7.78 (d, 1H,
H-«, 15.1 Hz), 7.71 (t, 1H, H-6, 9.9 Hz), 7.62-7.56 (m, 2H, H-6' and H-7'), 7.48 (d, 1H, H-3,
43 Hz), 7.38 (t, 1H, H-7,9.9 Hz), 7.31 (t, 1H, H-5, 9.8 Hz). 3C-NMR (125.77 MHz, CDCl3,
§ ppm): 190.2 (C=0), 145.0 (C-10), 139.9 (C-9), 139.1 (C-6), 137.7 (C-4), 136.5 (C-10'), 136.3
(C-B), 135.30 (C-9’), 134.8 (C-2), 134.4 (C-8), 132.7 (C-2'), 129.5 (C-8'), 129.4 (C-1"), 128.4
(C-4'), 128.0 (C-6' or C-7'),127.8 (C-5), 126.6 (C-6' or C-7'), 126.2 (C-5), 125.6 (C-7), 125.3
(C-1), 124.7 (C-3'), 120.3 (C-3), 118.3 (C-«). MS-ESI positive mode: 309 (M*) (100%), 181
(50%), 155 (30%). Selected IR data: 3054, 1642 (C=0), 1562 (C=C), 1398, 1216, 1055, 975
(C=Q), 898, 759, 742 cm 1.

(E)-1,3-Di(azulen-1-yl)prop-2-en-1-one (6). Similarly to Type I chalcones, equimolar
amounts of 1-acetylazulene and azulen-1-carbaldehyde were reacted under the same
conditions. Yield 84%, black solid, m.p. 185.4 °C. H-NMR (500.13 MHz, CDCl3, 5 ppm,
J Hz): 10.08 (d, 1H, H-8', 9.9 Hz), 8.74 (d, 1H, H-8, 9.9 Hz), 8.56-8.49 (m, 3H, H-2/, H-4' and
H-pB), 8.40 (d, 1H, H-2, 4.2 Hz), 8.32 (d, 1H, H-4, 9.3 Hz), 7.85-7.82 (m, 2H, H-6 or H-w),
7.67 (t, 1H, H-7',9.9 Hz), 7.64 (t, 1H, H-6, 9.9 Hz), 7.50-7.46 (m, 2H, H-3' or H-5'), 7.37 (d,
1H, H-3, 4.1 Hz), 7.34 (t, 1H, H-7, 9.9 Hz), 7.29-7.26 (m, 1H, H-5, overlapped with CHCl3
signal). 13C-NMR (125.77 MHz, CDCl3, 5 ppm): 186.8 (C=0), 145.3 (C), 144.5 (Cy), 140.9
(Cq), 139.9 (C-2/, C-4' or C- B), 139.5 (C-8'), 139.48 (C-6"), 139.1 (Cy), 138.9 (C-6 or C-7'),
138.4 (C-2/, C-4' or C- B), 137.4 (C-4), 134.6 (C-2), 134.2 (C-8), 133.3 (C-2/, C-4’ or C- B), 129.0
(C-6 or C-7'),127.2 (C-3' or C-5'), 127.1 (Cy), 125.8 (Cy), 125.6 (C-5), 125.0 (C-7), 122.1 (C-wv),
119.9 (C-3' or C-5'), 117.9 (C-3). MS-ESI positive mode: 309 (M*) (100%), 181 (75%), 157
(46%), 108 (30%). Selected IR data: 2856, 1620 (C=0), 1549, 1396, 1283, 976 (C=C) cm .

(E)-1-(Azulen-1-yl)-3-(3-chloroazulen-1-yl)prop-2-en-1-one (7). Synthesized similarly to
6, using l-acetylazulene and 3-chloroazulene-1-carbaldehyde following the above de-
scribed general procedure. Yield 78%, dark brown solid, m.p. 229.6-233.2 °C. 'H-NMR
(500.13 MHz, CDCl3, 5 ppm, ] Hz): 10.07 (d, 1H, H-8', 9.9 Hz), 8.68 (d, 1H, H-8, 9.9 Hz),
8.52-8.50 (m, 2H, H-2' and H-4'), 8.64 (d, 1H, H- B, 15.1 Hz), 8.39 (d, 1H, H-4, 9.5 Hz), 8.28
(s, 1H, H-2), 7.85 (t, 1H, H-6¢/, 9.6 Hz), 7.82 (d, 1H, H-«, 15.3 Hz), 7.71 (t, 1H, H-6, 9.9 Hz),
7.65 (t, 1H, H-7,9.9 Hz), 7.50 (t, 1H, H-5', 9.6 Hz), 7.38 (d, 1H, H-3', 4.1 Hz), 7.33-7.28 (m,
2H, H-5 and H-7). 3C-NMR (125.77 MHz, CDCl3, § ppm): 186.4 (C=0), 145.5 (Cy), 141.1
(Cq), 140.4 (C-6), 139.9 (C-8'), 139.6 (C-6'), 139.5 (C-2' or C-4), 138.5 (C-2/ or C-4'), 137.9
(Cq), 137.7 (Cy), 135.4 (C-4), 135.1 (C-8), 132.1 (C-2), 131.9 (C-B), 129.2 (C-7'), 128.4 (C-5'),
126.9 (Cq), 125.5 (C-5 or C-7), 125.3 (C-5 or C-7), 123.5 (Cy), 122.8 (C-ax), 119.4 (Cy), 118.0
(C-3’). MS-ESI positive mode: 343 (M) (100%), 215 (75%), 128 (60%), 345 (40%). Selected IR
data: 3445, 2918, 1628 (C=0), 1399 (C=C), 1028, 958 (C=C), 867, 741, 615 cm 1.

(E)-1-(Azulen-1-yl)-3-(3-bromoazulen-1-yl)prop-2-en-1-one (8). Synthesized following
the above described general procedure using equimolar amounts of 1-acetylazulene and
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3-bromoazulene-1-carbaldehyde. Yield 74%, black solid, m.p. 206.7-213.3 °C. IH-NMR
(500.13 MHz, CDCl3, 6 ppm, ] Hz): 10.07 (d, 1H, H-8’, 9.9 Hz), 8.68 (d, 1H, H-8, 9.9 Hz),
8.51-8.49 (m, 2H, H-2" and H-4'), 8.46 (d, 1H, H-p, 15.1 Hz), 8.37-8.35 (m, 2H, H-2 and H-4),
7.85 (t, 1H, H-6, 9.8 Hz), 7.79 (d, 1H, H-«, 15.1 Hz), 7.71 (t, 1H, H-6, 9.8 Hz), 7.65 (t, 1H,
H-7',9.9 Hz), 7.50 (t, 1H, H-5/, 9.7 Hz), 7.37-7.33 (m, 3H, H-3', H-5 and H-7). 13C-NMR
(125.77 MHz, CDCl3, § ppm): 186.3 (C=0), 145.5 (Cy), 141.1 (Cy), 140.3 (C-6), 139.9 (C-8),
139.6 (C-2' or C-4'), 139.56 (Cy), 139.5 (C-6'), 138.6 (Cy), 138.4 (C-2" or C-4'), 137.1 (C-2 or
C-4),135.3 (C-2 or C-4), 134.8 (C-8), 131.8 (C-B), 129.2 (C-7'), 127.4 (C-5), 126.8 (Cq), 125.8
(C-3/,C-5 0r C-7),125.6 (C-3/, C-5 or C-7), 124.8 (Cy), 122.8 (C-a), 118.1 (C-3/, C-5 or C-7),
107.2 (Cq). MS-ESI positive mode: 387 (M*) (100%), 258.9 (80%), 389 (75%), 260.9 (50%).
Selected IR data: 1626 (C=0), 1567 (C=C), 1383, 1304, 1112, 957 (C=0), 809, 739 cm .

(E)-1-(Azulen-1-yl)-3-(3-methylazulen-1-yl)prop-2-en-1-one (9). Synthesized by general
condensation reaction protocol from 1-acetylazulene and 3-methylazulene-1-carbaldehyde.
Yield 63%, brown solid, m.p. 97.2-103.9 °C. H-NMR (500.13 MHz, CDCl3, 5 ppm, ] Hz):
10.07 (d, 1H, H-8', 9.8 Hz), 8.63 (d, 1H, H-8, 9.8 Hz), 8.53-8.49 (m, 3H, H-2/, H-4’ and
H-p), 8.22 (s, 1H, H-2), 8.19 (d, 1H, H-4, 9.4 Hz), 7.83 (d, 1H, H-6/, 9.8 Hz), 7.79 (d, 1H,
H-«, 15.0 Hz), 7.65-7.58 (m, 2H, H-6 and H-7’), 7.47 (t, 1H, H-5', 9.6 Hz), 7.36 (d, 1H, H-3/,
4.1 Hz), 7.23-7.17 (m, 2H, H-5 and H-7), 2.69 (s, 3H, H-11). '3C-NMR (125.77 MHz, CDCl3,
& ppm): 186.9 (C=0), 145.2 (Cy), 141.6 (Cy), 140.9 (Cy), 139.9 (C-8'), 139.5 (Cy), 139.47 (C-6),
139.4 (C-2/, C-4 or C-B), 138.8 (C-6 or C-7"), 138.3 (C-2/, C-4' or C-), 135.1 (C-2), 134.3 (C-4),
133.8 (C-8), 133.0 (C-2/, C-4' or C-p), 128.9 (C-6 or C-7), 128.1 (Cy), 127.2 (Cy), 127.1 (C-5'),
124.3 (C-5 or C-7), 124 (Cy), 121.7 (C-ev), 117.9 (C-3'), 12.8 (C-11). MS-ESI positive mode:
323 (M*) (100%), 195 (75%), 154 (26%), 324 (23%). Selected IR data: 3413, 2923, 2852, 1621
(C=0), 1551 (C=C), 1396, 963 (C=C), 741 cm 1.

(E)-3-(Azulen-1-yl)-1-(3-methylazulen-1-yl)prop-2-en-1-one (10). Synthesized following
the above described general procedure using 1-(3-methylazulen-1-yl)ethanone and azulen-
1-carbaldehyde described above. Yield 57%, brown solid, m.p. 158.2-168.7 °C. IH-NMR
(500.13 MHz, CDCl3, 6 ppm, ] Hz): 9.99 (d, 1H, H-8', 9.8 Hz), 8.71 (d, 1H, H-8, 9.9 Hz), 8.54
(d, 1H, H-B, 15.1 Hz), 8.39 (d, 1H, H-2, 4.2 Hz), 8.36-8.34 (m, 2H, H-2' and H-4’), 8.29 (d, 1H,
H-4,9.4Hz),7.79 (d, 1H, H-«, 15.1 Hz), 7.75 (t, 1H, H-6', 9.8 Hz), 7.64 (t, 1H, H-6, 9.9 Hz),
7.53 (t, 1H, H-7', 9.8 Hz), 7.45 (d, 1H, H-3, 4.2 Hz), 7.39 (t, 1H, H-5/, 9.7 Hz), 7.30 (t, 1H,
H-7,9.8 Hz), 7.23 (t, 1H, H-5, 9.8 Hz), 2.67 (s, 3H, H-11"). >*C-NMR (125.77 MHz, CDCl3,
§ ppm): 186.4 (C=0), 144.4 (Cy), 142.0 (Cy), 141.3 (Cy), 140.2 (C-2' or C-4'), 139.19 (C-8),
139.18 (C-6), 139.0 (Cy), 138.8 (C-6), 137.3 (C-4), 135.2 (C-2" or C-4), 134.6 (C-2), 134.3 (C-8),
133.0 (C- B), 128.4 (C-7"), 125.9 (C-5'), 125.8 (Cy), 125.7 (Cy), 125.5 (C-5), 125.2 (Cy), 124.8
(C-7),122.2 (C-x), 119.9 (C-3), 12.67 (C-11'). MS-ESI positive mode: 323 (M*) (90%), 181
(100%), 367(30%). Selected IR data: 3065, 2919, 1616 (C=0), 1573 (C=C), 1543, 1425, 1395,
1287, 1193, 966 (C=C), 860, 743 cm ™.

2.2. Biology
2.2.1. Determination of Minimum Inhibitory Concentration

The antimicrobial activity of all compounds was assessed on Gram-positive bacteria
(Staphylococcus aureus ATCC 25923), Gram-negative bacteria (Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 27853), and fungi (Candida parapsilosis ATCC 22019) using
quantitative binary serial dilution method in 96-well plates [28,29]. The negative control
was represented by wells with culture medium, while positive control was the microbial
strain in broth. Briefly, binary serial dilutions of the compounds performed in 100 pL
of broth were seeded with microbial inoculum of 10° colony forming units (CFU)/mL
and incubated for 24 h at 37 °C. Minimum inhibitory concentration (MIC) values were
determined as being the lowest concentration at which the tested compounds inhibited the
growth of the microbial cultures compared to the positive control. The minimum inhibitory
concentration values (MICs) (in ug/mL) for 1-10 are summarized in Table 5. Due to the
fact that the obtained compounds were colored, after the incubation of the 96- well plates,
from each well, 10 pL. were seeded on agar plates (Plate Count Agar) to determine the
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inhibitory concentration. The same value of the inhibitory concentration was obtained in
repeated experiments.

2.2.2. Determination of Antibiofilm Activity

The effect of the chalcones on the biofilm formation was evaluated after the determi-
nation of the MICs. Briefly, the plates were emptied, washed to remove the nonadherent
cells, fixed with methanol, and stained with crystal violet. The antibiofilm activity was de-
termined after adding 33% acetic acid solution by measuring the absorbance at 490 nm [30],
and the results are listed in Table 6.

2.2.3. Cytotoxicity Evaluation
Cell Viability Assay

To assess the toxicity of the azulene-containing chalcones, the adherent cell line
HEp-2 (American Cell Type Collection [ATCC] CCL-23™) was used. Adherent cells
were trypsinized, counted, and seeded in 96-well plates (NUNC, USA) at a density of
1 x 10* cells per well in Dulbecco’s modified medium (DMEM:F12) (Sigma, St. Louis,
MO, USA) supplemented with 10% thermally inactivated fetal bovine serum (FBS) (Sigma,
St. Louis, MO, USA) and chalcone at concentrations of 200, 100, 50, and 25 pg/mL. After
cells were maintained for 48 h at 37 °C in humidified 5% CO,, cell viability was evaluated
using the CellTiter Glo kit (Promega, Madison, WI, USA), according to the manufac-
turer’s indications. The 50% cytotoxic concentration (IC50) was determined from the
dose-response curve.

Cell Cycle Analysis

For cell cycle analysis, a suspension of 7.5 x 10* HEp-2 cells was seeded for 24 h in a
1 cm? well in DMEM:F12 containing 10% fetal bovine serum. After recovery, the cells were
treated with 50 ug/mL or 100 ug/mL azulene-containing chalcone, and 24 h later, the cells
were harvested, fixed in cold ethanol overnight, and stained with RNase A /propidium
iodide at a concentration of 1 mg/mL to 100 pg/mL. The events were recorded using the
Beckman Coulter flow cytometer and analyzed using Flow]o 7.2.5 software.

Mitotracker—Hoechst Stain

The HEp-2 cells were seeded at a concentration of 7.5 x 10* in DMEM:F12 containing
10% FBS and treated with azulene-containing chalcone as for cell cycle analysis. After 24 h,
the cells were stained with 20 nM MitoTracker Red CMXRos (Sigma, St. Louis, MO, USA)
and 10 ug/mL Hoechst 33342 (Sigma, St. Louis, MO, USA), 20 min, at 37 °C. The evaluation
was conducted using an Observer D1 Zeiss microscope with a fluorescence module.

Gene Expression Quantification

The mechanism of azulene-containing chalcone toxicity was assessed by gene ex-
pression evaluation. HEp-2 cells were seeded in 6-well plates at a concentration of
3 x 10° cells/wells in DMEM:F12 supplemented with 10% FBS. The cells were treated
with azulene-containing chalcone at a concentration of 100 nug/mL. After 24 h, the cells
were harvested and centrifuged, and the pellet was subjected to total RNA extraction using
Trizol reagent (Sigma, St. Louis, MO, USA). The cDNA was produced using 2 pg total
RNA and High Capacity Reverse Transcription Kit (Thermo Fisher Scientific, Chelmsford,
MA, USA). Fifty nanograms of cDNA was subjected to PCR reaction using Maxima SYBR
Green/ROX qPCR Master Mix (Thermo Fisher Scientific, Chelmsford, MA, USA) and
Origene primer pairs: caspase 3 (CAT#: HP207674) caspase 7 (CAT#: HP233752), caspase
8 (CAT#: HP234494), caspase 9 (CAT#: HP205155), caspase 10 (CAT#: HP228052). For NOX-4
and NOS2, the following primers were used: NOX 4 forward 5-TATCACTACCTCCACCAG
ATGT-3 and reverse 5-AGGCTGCAGTTGAGGTTAAGAA-3’ and NOS2 forward 5'-TGAAC
TACGTCCTGTCCCCT-3' and reverse 5'-CTCTTCTCTTGGGTCTCCGC-3'. Amplification
was completed using StepOne Real-Time PCR System (Thermo Fisher Scientific, Chelms-
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ford, MA, USA). The relative changes in the levels of mRINA expression were quantified by
using the 27 24CT method.

2.3. Quantitative Structure-Activity Relationship (QSAR) Studies

The QSAR studies were carried out on 48 chalcones, including 10 synthesized azulenyl-
chalcones, in order to identify the physicochemical parameter responsible for their antimi-
crobial activity against Staphylococcus aureus [31-35]. The geometry optimization of the
molecules was completed using PCModel and MOPAC programs [36,37]. The descriptors
were calculated using MOPAC, PRECLAYV, and DRAGON software, and the descriptors and
QSAR equations were selected using the PRECLAV algorithm. The best QSAR model was
chosen based on the statistical parameters such as the square of the correlation coefficient
(r?), the Fischer’s value of significance (F), and the standard error of estimate(s).

3. Results and Discussion

The most convenient method to prepare chalcones is the Claisen—-Schmidt condensa-
tion of equimolar amounts of aromatic methyl ketones with substituted aldehydes in an
alkali ethanol solution, at room temperature [38]. Following this synthetic strategy, we
synthesized 10 azulene-containing chalcones divided into Type I and Type II compounds
(Schemes 2 and 3) by replacing one or both rings of the 1,3-diphenyl-2-propen-1-one parent
compound (see Scheme 1) with azulene groups. For the first time, the azulene-containing
chalcones were evaluated for their biological properties, namely their antibacterial prop-
erties using four different cultures. To our knowledge no QSAR study involving azulene-
containing chalcone derivatives has been reported so far; therefore, we report on our efforts
to generate quantitative structure—activity relationship information on the antibacterial
effect of these chalcones against Staphylococcus aureus.

Ar CH, KOH
g - Ar.
EOH
0

Scheme 2. Synthesis of Type I azulene-containing chalcones.

Scheme 3. Synthesis of Type II azulene-containing chalcones.

3.1. Chemistry

We initially explored the reaction of azulene-1-carboxaldehyde with various acetophe-
nones in the presence of stoichiometric amounts of potassium hydroxide, obtaining Type
I chalcones (Scheme 2 and Table 1). The yields of the reaction are between 62 and 73%
(entries 1-3), increasing for the 4-hydroxy substitution of the phenyl group. In order to
study the effect of different aromatic substitutions, we also prepared chalcones 4 and 5
that contain 1- and 2-naphthyl moieties, respectively, for a direct comparison with the
phenyl analog.
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Table 1. Substitution patterns in Type I chalcones and the reaction yield.

Compound Ar Yield (%)
1 Phenyl 67
2 4-OH-Phenyl 73
3 4-NH,-Phenyl 62
4 1-Naphthyl 75
5 2-Naphthyl 95

Next, we synthesized 1,3-diazulenyl-2-propen-1-one (Type II) compounds, wherein
both rings A and B are azulenyl groups (Scheme 3). These chalcones were prepared
through condensation of 1-acetylazulene derivatives (indicated as R) with substituted
azulen-1-carboxaldehyde (indicated as R’) in ethanolic potassium hydroxide solution.
By comparison with the corresponding phenyl-containing chalcone, condensation of 1-
acetylazulene afforded the corresponding chalcone 6 in higher yield (Table 2). Instead,
substitution of the azulene in the starting materials caused a decrease in the condensation
reaction yield, the most significant effect being observed for 3-methyl-1-acetylazulene,
when the corresponding chalcone 10 was isolated in 57% yield.

Table 2. Substitution patterns in Type II chalcones and the reaction yield.

Compound R R’ Yield (%)
6 H H 84
7 H Cl 78
8 H Br 74
9 H CH; 63
10 CH;, H 57

The molecular structure of all the isolated azulene-chalcone compounds was confirmed
by IR, NMR, and MS spectroscopy. The characteristic stretching vibration band of the
chalcone moiety [39] was observed in all cases as a prominent band between 1625 and
1650 cm ! in the IR spectrum of each. A strong stretching band attributed to the C=C
chalcone bond appeared at 1570-1600 cm~!. For chalcones 2 and 3, a broad signal was
observed around 3400 cm ™! due to the presence of OH or NH; group, respectively. Mass
spectra were recorded using electrospray ionization and showed the correct molecular ion
peaks in all cases.

All synthesized compounds were fully characterized by 'H- and '*C-NMR spec-
troscopy. Assignment of the peaks was accomplished by COSY, HMQC, and HMBC
experiments. In all cases, the characteristic signals of the vinylic protons H-& and H-f3 with
coupling constants around 15 Hz were observed in the 'H-NMR spectra, indicating an E
configuration. Their § values are influenced by the chalcone A ring, a deshielding effect
being observed from phenyl to 2-naphthyl to 1-azulenyl. An exception was observed in
the case of the 1-naphthyl group when both H-« and H-§3 vinylic protons were shielded
when compared to the other aromatic A ring of chalcones. Instead, substitution of the
azulenyl rings, either A or B rings with electronegative halogens (chalcones 7 and 8) or with
an electron-donating group (chalcones 9 and 10), affects the chemical shifts of the vinylic
protons to a small extent. As expected, the aromatic protons of the azulenyl B ring are
also affected by the conjugation as well as the electronic effects of the substituents present
on the ring. Table 3 summarizes the chemical shifts of the relevant protons in the herein
described compounds.
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Table 3. Relevant 'H-chemical shifts for azulene-containing chalcones.

Compd. H-a H-B Az-2 Az-3 Az-4 Az-8
1 7.61 8.54 8.35 7.46 8.34 8.69
2 7.90 8.37 8.65 7.55 8.48 8.80
3 7.63 8.50 8.34 7.45 8.32 8.79
4 7.37 8.32 8.30 7.44 8.31 8.50
5 7.78 8.60 8.43 7.48 8.36 8.72
6 7.83 8.55 8.40 7.37 8.32 8.74
7 7.82 8.64 8.28 - 8.39 8.68
8 7.79 8.46 8.35 - 8.36 8.68
9 7.79 8.51 8.22 - 8.19 8.63

10 7.79 8.52 8.39 7.45 8.29 8.71

The 13C-NMR spectra confirm the structure of the azulene-containing chalcones. The
most deshielded signal is the one corresponding to the carbonyl carbon and appears in
the 186.4-195.8 ppm range, the expected region for 6 C=0 in chalcones [40]. The o- and 3-
carbon atoms with respect to the carbonyl group give rise to characteristic signals between
118.2 and 123.3 ppm for C-oc and between 131.8 and 139.9 ppm for C-f3, respectively (see
experimental part).

Optical and Fluorescence Properties

The absorption profiles and the emission spectra of these azulene-containing chalcones
are similar and are mainly dominated by the nature of the conjugation length. In general,
the UV spectrum of chalcones consists of two essential absorption bands: band I between
340 and 390 nm and a minor band II that appears between 220 and 270 nm [41]. Structural
modification of the chalcone moiety results in notable changes in the m-conjugated length
which results in redshifts in the absorption spectra. The visible regions of the recorded
absorption spectra of chalcones 1-10 are shown in Figure 1, and the detailed data are listed
in Table 4 (the full UV-Vis spectra are shown in Figure S1 in Supplementary Materials).

Absorbance

A (nm)

Figure 1. Visible absorption spectra of azulene-chalcone derivatives 1-10 in dichloromethane.
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Table 4. UV-Vis absorption and emission bands of azulene-containing chalcones.

Compd. Anm (log ¢)/Band I Anm (log €)/Band II Aem, NM

1 425 (4.52) 326 (4.14), 283 (4.35) 542(bb *)/475(sh **)/484/521(bb)
2 423 (4.42) 320 (4.14), 293 (4.21) 451 (bb)/474(sh)/485/525 (bb)
3 421 (4.54) 339 (4.24), 280 (4.50), 262 (4.54)  452(bb)/472(sh)/484/525(bb)/650(bb)
4 423 (4.46) 328 (4.20), 288 (4.29) 450 (bb)/471(sh)/484/525(bb)

5 431 (4.50) 334 (4.11), 289 (4.45), 262 (4.47) 451(bb)/474(sh)/485/525(bb)

6 451 (4.59), 436 (4.58) 322 (4.33), 288 (4.47) 452(bb)/473(sh)/485/525(bb)

7 453 (4.71), 438 (4.04) 322 (3.92), 291 (4.02) 452(bb)/474(sh)/484/525(bb)

8 453 (4.71), 439 (4.70) 324 (4.47), 290 (4.58) 452(bb)/473(sh)/485/525(bb)

9 461 (4.32), 447 (4.31) 323 (4.06), 291 (4.24) 451(bb)/471(sh)/485/525(bb)
10 462 (4.62) 330 (4.38), 291 (4.59) 452(bb)/486/525/566(bb) /654

Note: * broad band; ** shoulder; the maximum emission bands are bold written.

Substitution of one phenyl ring in the parent 1,3-diphenyl-2-propen-1-one chalcone
with azulene moiety (chalcone 1) produced a strong bathochromic effect of over 100 nm of
the absorption band I [42]. Instead, para-substitution of the phenyl ring with an electron-
donating group caused no shift of the longwave absorption band (chalcones 2 and 3). The
same effect is observed when replacing the phenyl ring with a 1- or 2-naphthyl group,
although the system gains increased conjugation length. As expected, the substitution
of both phenyl rings of the parent 1,3-diphenyl-2-propen-1-one chalcone with azulene
moieties resulted in more redshift of the long-wavelength absorption band. Compared
with chalcone 1, the maximum absorption band of 6 is redshifted by 27 nm and split
into two bands. For the same conjugated chalcone system, the introduction of a strong
electron-donating substituent lowered the energy, which is observed as a redshift of the
relevant absorption band I. For instance, the methyl substitution either on azulene ring A
or azulene ring B caused a similar bathochromic effect of around 10 nm (chalcones 9 and
10), whereas chloro- or bromo-substituents have a smaller effect on the electronic properties
(Table 4).

The fluorescence spectra of the compounds were measured upon the excitation at
425 nm and are presented in Figure 2, with maximum emission bands pointed out in Table 4.
It can be seen that the azulene-chalcone compounds show weak fluorescent emission
maxima at 485, 525, 566, and 654 nm, more or less with the same pattern, as a function of
several substitutions of the azulene fragment. Comparing 1, 2, and 3 chalcone derivatives,
we observed that the presence of an -OH group at the benzene A ring, in the proximity of
the ketone group, leads to an increase in the fluorescence emission of the azulene fragment,
with the emission bands at 454, 471, 485, and 525 nm. A change of the substitution with
the NH, group leads to weak fluorescence emission at ~650 nm. No major changes in
the fluorescence emission were observed for 1- or 2-naphthyl substitution of the azulene-
chalcone moiety. Compound 9 containing two azulene rings exhibits stronger fluorescence
emission when compared with chalcone 1, but with the same fluorescence profile. In direct
comparison, the fluorescence emissions of 7, 8, and 10, where the substituents are placed on
the azulene ring B, exhibit a similar fluorescence emission pattern with maxima at 485 and
525 nm, with no major changes produced by the substituent (-CHj3, Cl, Br). However, the
bromine caused a pronounced fluorescence quenching of the azulene fragment, whereas for
chalcones 7 and 10 an iso-emissive point at ~557 nm was evidenced. It is worth observing
that the position of the -CHj group on the azulene ring A leads to an increase in the
fluorescence emission at 525 nm, with the appearance of new emission bands at 566 and
654 nm.

Overall, the studied chalcone derivatives showed fluorescent properties in the 450-700 nm
range, depending on the number of azulene fragments and the substituent position in the
azulene fragment and position relative to the ketone group. The studied chalcone derivatives
exhibited different m-electron delocalization abilities, in which a better 7t-electron delocaliza-
tion in the proximity of the ketone group contributes to better fluorescence emission.
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Figure 2. Fluorescence emission spectra of azulene-chalcone derivatives 1-10.

3.2. Biological Evaluation
3.2.1. Antimicrobial Activity

The antibacterial effect of the azulene moiety introduced in the chalcone structure
was investigated against Gram-positive (Staphylococcus aureus ATCC 25923) and Gram-
negative (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853) bacteria, while
the antifungal effect was tested against Candida parapsilosis ATCC 22019. To our knowledge,
the antibacterial activity of azulene-containing chalcone compounds has not been reported
previously; moreover, this is the first investigation of the biological properties of azulene-
containing chalcones in general. The results expressed in terms of minimum inhibitory
concentration (MIC) were determined by in vitro screening of the antimicrobial properties
using the broth microdilution method [28] and are summarized in Table 5.

Table 5. Antibacterial and antifungal activities of azulene-containing chalcones 1-10.

Microorganisms

Compounds (MIC mg/mL)

1 2 3 4 5 6 7 8 9 10

Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Candida parapsilosis

1.250 1.250 1.250 1.250 1.250 0.625 0.625 1.250 1.250 1.250
0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625
0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625
0.312 0.312 0.312 0.312 0.312 0.156 0.312 0.312 0.312 0.312

The substituent in the B ring, systematically changed to obtain a set of analogs, affects
the antibacterial effect of the azulene-containing chalcones to a small extent. Although
it has been reported that the introduction of a hydroxyl group at the 4’ position of the
benzene ring is important to the antibacterial activity [33], chalcone 2 showed not much
improvement of the antimicrobial activity against all studied microorganisms. As the
B ring was changed from phenyl to naphthyl, the antibacterial activity was not much
improved (compounds 1, 4, and 5). Compound 6, which contains azulene moieties on both
rings, and compound 7 with substitution in the azulene A ring seem more active against
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tested bacteria. All other investigated chalcone compounds showed similar, moderate
antimicrobial activity.

We further tested the azulene-containing chalcone compounds for antifungal activity
against Candida parapsilosis ATCC 22019. In general, the tested chalcones exhibited good
antifungal activity, with MIC values ranging between 0.156 and 0.312 mg/mL. The most
active compound was chalcone 6 with an MIC value of 0.156 mg/mL.

The azulene-chalcone derivatives were tested for their ability to affect biofilm forma-
tion since 80% of the world’s microbial biomass is found in the biofilm state [43]. The most
efficient compound was again chalcone 6 with MBEC of 0.156-0.625 mg/mL (Table 6).

Table 6. Antibiofilm activity of azulene-containing chalcones 1-10.

Microorganisms

Compounds (MBEC mg/mL)

1 2 3 4 5 6 7 8 9 10

Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Candida parapsilosis

1.250 1.250 2.500 1.250 2.500 0.625 0.625 1.250 0.625 1.250
0.625 0.625 0.625 0.625 0.625 0.625 1.250 0.625 0.625 0.625
0.625 0.625 1.250 0.625 1.250 0.625 0.625 1.250 0.625 0.625
0.312 0.312 0.625 0.625 0.625 0.156 0.312 0.312 0.312 0.312

3.2.2. Cytotoxicity Assay

In order to estimate the cytotoxicity of the compounds, HEp-2 cells (American Cell
Type Collection (ATCC) CCL-23) were exposed to the azulene-containing chalcones at con-
centrations of 200, 100, 50, and 25 pg/mL and evaluated using CellTiter Glo kit (Promega,
Madison, WI, USA) assay. The results presented in Figure 3 are expressed as viability
percentages versus control.

100 ——1 Compound  IC50
20 2 1 93.89
e 3 2 97.52
70
60 4 3 113.57
§_ 50 5 4 61.75
£ 40 ——56 5 102.43
S 30 ——7 6 7857
> 20
-3 7 42 88

10
i —=—9 8 93.55
200 100 50 25 =10 3 A7
concentration (ug/mL) 10 495

Figure 3. Graphical representation of cell viability percentage vs. concentration for compounds 1-10
(left); ICs5¢ values (right).

The most toxic compound was compound 10, containing substituted azulene B ring,
followed by compound 7 with chloride content in the molecular structure and chalcone 9.
However, chalcone 6, which showed efficient antibacterial and antifungal activity, revealed
low toxicity with ICsg of 78.57 g /mL.

The cytotoxicity data were also confirmed by cell cycle analysis. Among the tested
compounds, chalcone 10 induced an increase in the G2/M phase starting from a concentra-
tion of 50 pug/mL (Supplementary Material Figure S2), the effect increasing slightly with the
concentration of the tested compound. The increase in the G2/M phase was also observed
in the case of compound 9, but at a higher concentration (100 pug/mL), but this effect was
lower (Figure 4). The sub-G0 peak, on the left of GO/G1, associated with programmed cell
death, was observed for all compounds when the treatment was performed at a concentra-
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tion of 100 pg/mL, suggesting that a mechanism other than G2/M arrest is involved in the
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Figure 4. The effect of the azulene-containing chalcones 1-10 on the cell cycle for HEp2. Histograms
show the changes in cellular DNA content after treatment with 100 ug/mL azulene-containing chalcone.
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We observed that the expression of both executioner caspases, caspase 3 (Casp 3),
and caspase 7 (Casp 7), was activated by azulene (Figure 5, right). The production of
procaspase 3 and 7 mRNA in the case of compounds 9 and 10 was quite reduced, probably
correlated with the decreased number of cells. Our results show that both apoptosis-
inducing pathways are activated by azulene The caspases 8 and 10 are involved in the
extrinsic apoptosis pathway (Figure 5, left) via ligand binding to their corresponding death
receptors, formation of the death-inducing signaling complex (DISC), and subsequent
caspase 3 activation [44].
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Figure 5. The intrinsic and extrinsic apoptotic caspase activation by 100 pug/mL azulene-

containing chalcones.

Production of procaspase 8 mRNA was inhibited by 7, 9, and 10, with an important
role in extrinsic apoptosis induction remaining for caspase 10. Cellular stress induces
intrinsic apoptosis by caspase 9 activation that stimulates the caspase cascade, culminating
in activation of executioner caspases 3 and 7 [42]. The mRNA expression of caspase 9 was
activated following the treatment with 100 pug/mL of compounds 1-8 but inhibited by 9
and 10.

One of our approaches consisted of the analysis of NOS2 and NOX4 gene expression
(Figure 6). The nitric oxide synthase (NOS2) is responsible for high-level NO production,
and its activation is transcriptionally regulated by cytokines [45] that probably are produced
during treatments. Azulene-containing chalcones induced NOS2 expression, with the
exception of 3 and 10. Moreover, in the case of 9, the expression of NOS2 was reduced. It
seems that the amino substitution might not be stable in the presence of NOS due to possible
degradation by oxygen species. In addition, methyl substitution of the azulene moiety,
located on either ring A or ring B of azulene, causes a decrease in the NOS2 expression.
NADPH oxidase 4 (NOX4) is an enzyme that produces reactive oxygen species (ROS) by
transferring electrons from NADPH to molecular oxygen.

All azulene-containing chalcones were involved in NOX4 activation, but the increase
in the cases of 1 and 7 was minimal. All these results sustain the idea that azulene promotes
intrinsic apoptosis through NOX4- and NOS2-mediated activation (Figure 6).

Quantitative structure—activity relationship (QSAR) studies involving 38 chalcone
derivatives (Table 7) with known antibacterial activity against S. aureus [29-33] were devel-
oped. These studies were based upon observed activity and molecular descriptors. The
experimental activity, Aexp, was defined as follows: Aexp = 0.1 + log (k/MIC), with k = 1.250
for obtaining positive values of the activity (Table 7). Two QSAR studies were performed:
(i) one in which all 48 molecules were included in the calibration set and (ii) another with an
external validation test. For the latter, 10 molecules were randomly chosen to be part of the
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validation test, whereas the rest were part of the calibration set. The result of the external
validation depends strongly, among other things, on the procedures for the extraction of
the calibration and validation sets from the initial database [46—48].

=NOS 2
=NOX 4

Figure 6. The effects of azulene-containing chalcones on NOS2 and NOX4 expression.

12

=
[ = -

Relative quantitation (Log 10)
o o o
o Ml +- L=x}
1 ——

Hep-=—

04

Table 7. Antibacterial activity against S. aureus of the chalcones used for QSAR studies.

Nr. Crtl. R, R, MIC (mg/mL) Aexp OSAR StudyI  QSAR Study II

1 H 4-OH, 3-OCHj3; 0.500 0.498 0.416 0.698
2 4'-Cl 4-OH, 3,5-diOCHj3 0.500 0.498 0.460 0.556
3 4/-OH-3'-F 2,4-diCl 0.300 0.720 1.234 1.386
4 4/-COOH 2-CF3 0.300 0.720 0.534 1.013
5 4/-COOH 3-NO; 0.300 0.720 1.314 0.748
6 H 3-OH 0.250 0.799 0.987 0.604
7 H 3-OH, 4-OCHj3; 0.250 0.799 1.015 0.684
8 4'-Cl 2-OH, 3-OCH3 0.250 0.799 0.746 1.085
9 4'-Cl 4-OH, 3-OCHs 0.250 0.799 0.646 1.123
10 4/-OH-3',5'-diF 2,4-diCl 0.150 1.021 1.111 0.925
11 4/-COOH 4-CF3 0.150 1.021 0.837 2.049
12 4/-COOH 4-Cl 0.150 1.021 0.998 1.496
13 4'-COOH 2-Cl 0.150 1.021 0.961 0.953
14 4/-COOH 2-Br 0.150 1.021 1.010 1.112
15 4/-COOH 3,5-diF 0.150 1.021 0.931 1.323
16 H 4-OH 0.125 1.100 1.234 1.090
17 H 3,4-diOH 0.125 1.100 0.638 0.651
18 H 2-OH, 3-OCHs 0.125 1.100 0.670 0.738
19 4'-Cl 2-OH 0.125 1.100 1.238 1.279
20 4'-Cl 3-OH 0.125 1.100 0.866 0.866
21 4'-Cl 4-OH 0.125 1.100 1.136 1.475
22 4'-Cl 3,4-diOH 0.125 1.100 0.805 1.110
23 4/-COOH 3-Cl 0.075 1.322 1.296 1.223
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Table 7. Cont.

Nr. Crtl. R, R, MIC (mg/mL) Aexp QSAR StudyI  QSAR Study II
24 4'-COOH 3-Br 0.075 1.322 1.449 1.664
25 4'-COOH 3,5-diCHj; 0.075 1.322 1.289 1.322
26 4'-Cl 3-OH, 4-OCHj3 0.0625 1.401 1.200 1.156
27 H 2-OH 0.0625 1.401 1.420 0.918
28 4'-COOH 3-CF3 0.040 1.595 1.243 1.549
29 4'-COOH 3,5-diCl 0.040 1.595 1.547 1.764
30 4'-COOH 2,4-diCl 0.040 1.595 1.648 1.492
31 4'-OH 2,4-diCl 0.020 1.896 1.649 1.953
32 4'-OH-2-F 2,4-diCl 0.020 1.896 1.734 1.165
33 4'-OH 3-Br 0.020 1.896 1.403 2.034
34 4'-OH 2,3-diCl 0.015 2.021 1.651 1.890
35 4'-OH 2,3,6-triCl 0.010 2.197 1.829 2.059
36 4'-OH 3,5-diCF3 0.003 2.720 2.399 2.660
37 4'-COOH 3,5-diCF3 0.002 2.896 2.521 2.547
38 4'-COOH 3,5-diBr 0.002 2.896 2.227 2.664

Compounds synthesized herein
39 1 1.250 0.100 0.233 0.244
40 2 1.250 0.100 0.023 1.395
41 3 1.250 0.100 0.213 0.233
42 4 1.250 0.100 0.119 0.245
43 5 1.250 0.100 0.044 0.246
44 6 0.625 0.401 —0.027 0.183
45 7 0.625 0.401 0.488 0.223
46 8 1.250 0.100 0.492 0.175
47 9 1.250 0.100 —0.069 0.184
48 10 1.250 0.100 —0.068 0.172

To minimize the subjectivity in choosing the validation set, we included in this set
the molecules having the ranks 1, 4, 9, 11, 17, 21, 24, 29, 32, and 37 and azulene-chalcones
2 and 10. The other 36 molecules shown in Table 7 were used as the calibration set for
building QSARs.

The calculated QSARs are multilinear equations:

A p
cale=Cy + Y C;-D;
i=1

where A is the calculated value of the activity, Cy is the intercept, C; are weighting factors
(coefficients), D; are (the values of some) descriptors, and p is the number of descriptors.

Taking N as the number of molecules in the calibration set, the agreement between the
experimental and the calculated values (i.e., the quality of the QSARs) was measured using
the usual statistical functions “square of linear Pearson correlation” 72, “Fisher function” F,
and “standard error” SE. The value of 72 is in the 0-1 range. The values of F and SE are in
the 0—oco range.

?=A%/(B-C)

where A =X [(X; — Xm) - (Yi — Ym); B=Z [(X; — Xi)?]; C =2 [(Y; — Ym)?]; X; and Y; are values
of two certain variables; and X, and Yr, are the average of X; and Y; values, respectively.

SE =

1/2
Z(Aexp - Acalc)2
N-1

In the first QSAR study, the best equation regarding the r?> value was Cy = —3.1308;
Cy =0.1219; Dy is number of (X,X) pairs (X is any halogen atom); C, = 61.4760; D; is the
d;-dp product (d; » are sums of repulsion forces on probe atoms #4 and #72 (3D descriptors));
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C3 = —1.3011; Dj is the d3-d4 product (d3 is maximum parallax for probe atom #68 (3D
descriptor), d4 is sum of repulsion forces on probe atom #37 (3D descriptor)); C4 = —0.2062;
D; is the d5-dg product (ds is minimum force in C-H bonds, d¢ is 100-Max. nucleophilic
reaction index for O atoms); Cs = 70.5984; D5 is average valence connectivity index x ~* [49];
Cg = —1.5630; D¢ is Moran autocorrelation #5, weighted by atomic vdW volumes [50].

The quality of the prediction is p = 6, N = 46, r? = 0.9102, SE = 0.1808, and F = 67.5,
with no outlier molecules. The calculated values of activity using this equation are listed
in Table 7. A good correlation can be observed between experimental and predicted
activity for the 48 compounds using this model. It can be said that there is a complex
synergistic influence of the chemical structure, molecular shape, and molecular size on
the activity. A high percentage (in weight) of halogens increases the value of activity, as
does high molecular mass. The presence of halogen, or even CF3 groups, grafted in the
3 position and/or 5 position on the benzene ring, increases the activity. The presence
of some predictors as products emphasizes certain synergistic effects of 3D positions of
atomic charges.

In the second QSAR study, the best equation obtained with only 36 molecules is
C; =0.0251; Dy is sum of distances (A) in (X,Y) pairs, where X is any halogen atom and
Y is any O atom linked to H atom; C, = 1.5341, D, is autocorrelation #6, weighted by
Sanderson electronegativities [51]; C3 = 3.9608, Dj is the d;-d; product (d; is maximum
parallax for probe atom #43 (3D descriptor), d; is sum of repulsion forces on probe atom #28
(3D descriptor)); C4 = 57.2208, Dy is average valence connectivity index x ~4; Cs = —9.5190,
Ds is topological charge index order 10 [52].

The quality of the prediction for the molecules used in the calibration set is p = 6,
N =66, r2 = 0.8903, SE = 0.2100, and F = 50.3, and the quality of the validation set is
12 = 0.9034 and SE = 0.1984. Surprisingly, the quality of the prediction for the validation set
is a bit higher than the quality of the prediction for the calibration set. The quality of the
prediction for calibration and validation sets can be considered “good” and “comparable”.
Therefore, both the calibration set and the validation set seem to be “representative sample”
for the molecules listed in Table 7.

4. Conclusions

We described the synthesis of 10 novel azulene-chalcone derivatives and investigated
whether azulene moieties enhance the biological properties of classical chalcone deriva-
tives. Their effectiveness as antibacterial drugs was investigated against Gram-positive and
Gram-negative bacteria. All compounds showed moderate activity against Gram-negative
bacteria and low antimicrobial activity against S. aureus. The prepared compounds dis-
played antifungal activity against C. parapsilosis strain with higher efficiency induced by
azulene moieties.

Structurally speaking, the substitution of one or both phenyl rings of the parent
chalcone compound with azulene group(s) resulted in the redshift of the long-wavelength
absorption band over 420 nm. The synthesized azulene-containing chalcones showed
fluorescent properties in the 450-700 nm range, depending on the number of azulene
fragments and the substituent position in the azulene fragment and position relative to
the ketone group. Moreover, quantitative structure-activity relationship (QSAR) studies
for antibacterial activity against S. aureus of reported and herein-described chalcones were
developed. A good correlation was observed between experimental and predicted activity
for the 48 compounds using the models involved in the prediction of the antibacterial
activity. The quality of the prediction was influenced by the substitution of the chalcone
structures; thus, two approaches were used for obtaining an accurate prediction.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15051629/s1. Figure S1: Overlay of the UV-Vis spectra of
azulene-chalcone derivatives, 1-10 recorded in dichloromethane; Figure S2: Azulene effects on the
cell cycle for HEp2. Histograms show the changes in cellular DNA content after treatment with
50 pg/mL azulene.
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