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Abstract

1,8-Diaminonaphthalene was used as an active binucleophile from which some perimidines and (naphthalene-1,8-
diyl)bis(heterocycles) were designed, prepared, and assessed for their antimicrobial activity against Staphylococcus aureus,
Escherichia coli, different strains of methicillin-resistant Staphylococcus aureus (MRSA), and multidrug resistant (MDR)
clinical isolates of Enterococcus faecium and Enterococcus faecalis. Compounds 1 and 6 exhibited significant antibacterial
activity against Staphylococcus aureus with MIC values of 62.5 and 15.63 pg/mL. Additionally, compound 2 showed a
remarkable antimicrobial activity against MRSA 1 (MIC = 62.5 pg/mL). Additionally, compound 6 exerted extremely potent
antimicrobial effect towards all resistant strains with MIC values range of 31.25-62.5 pg/mL that is much more potent than
reference drugs amoxicillin and cephalexin (MIC > 500 pg/mL). Furthermore, compounds 2, 3, and 6 displayed powerful
antibiofilm activity against both Staphylococcus aureus and MRSA where compound 2 presented the most potent antibiofilm
action among the tested compounds. To investigate the mechanism of action for compounds 2 and 6, inhibition of DNA gyrase
together with topoisomerase IV were evaluated. Both compounds presented promising inhibitory action with ICso at the

micromolar range.
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1. Introduction

The evolving antimicrobial resistance due to
Gram-positive bacterial infections (GPBIs) is one of
the major public health care concerns. Multidrug
resistant Gram-positive bacteria can result in high
morbidity and mortality rates in addition to high cost
and long hospitalization [1,2]. Among numerous
pathogenic Gram-positive bacteria, Staphylococcus
aureus and enterococci are standing out as being
responsible for the most challenging and resistant
infections [3,4]. MRSA cause many infections such as
osteomyelitis, meningitis, urinary tract infections,
gastrointestinal ~ tract  infections,  septicemia,
pneumonia, endocarditis and infections of indwelling
medical devices [5,6]. The World Health Organization
(WHO) categorized MRSA as one of the most priority
pathogens for which novel antibacterial agents should
be designed [7].

Enterococci have elicited as significant
nosocomial pathogens second to Staphylococci which
are the leading source of nosocomial infections all
over the world [8]. Approximately all Enterococci

infections are provoked via Enterococcus faecalis and
Enterococcus faecium [9]. Enterococcus is resistant to
many antimicrobial agents and can transfer the drug
resistance genes to Staphylococcus aureus [10]. In
fact, many Staphylococcus aureus infections comprise
formation of biofilms that are communities of bacteria
attached to surfaces and enclosed in extracellular
matrix usually formed of polysaccharides, proteins,
lipids, and DNA [11]. The principal rational for
antimicrobial resistance is the late distribution of
antibiotics across the biofilm matrix [12]. Biofilm
formation by staphylococcus resistant isolates is
considered a significant virulence factor influencing
its pathogenicity and persistence in host organisms
[13]. Biofilm forming bacteria causes chronic
infections that are resistant to many antimicrobial
agents and accounts for more than 80 % of all types of
infections [14]. The rising MRSA and enterococci
resistance to the most antibiotics, biofilm formation
along with the high infection rate, either hospital- or
community-acquired, necessitate the discovery of
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novel antimicrobial agents against these hazardous
infections.

1,8-Diaminonaphthalene is considered as an
active binucleophile from which many valuable
nitrogens containing heterocyclic compounds were
attained. Perimidine is a perinaphtho-fused pyrimidine
structure that was firstly obtained in 1874 [15]. It was
also synthesized from cyclocondensation of 1,8-
diaminonaphthalene  with  different  bicarbonyl
compounds [16]. Perimidines are significant
polynuclear heterocyclic compounds with versatile
pharmacological and biological activities for example
anticancer [17-21], antimicrobial [22,23], anti-
inflammatory [24], antioxidant [25], and antiulcer
[26]. Furthermore, (1H-perimidin-2-yl)methanethiol |
was reported to exert potent antimicrobial activity,
especially against Bacillus subtilis with inhibition
percent equal 89-100 % [24]. Besides,
pyridazinylperimidine derivative 11 showed promising
growth inhibitory activity towards Gram-positive,
Gram-negative and fungi strains with minimum
inhibitory concentration (MIC) ranges from 0.06-1.95
pg/mL [27]. Moreover, compound Il exhibited
remarkable inhibitory activity towards Pseudomonas
aeruginosa, Streptococcus pneumonia, Escherichia
coli as well as Candida albicans [28]. (Figure 1).
Moreover, quinoline motif was considered as a very
important core in broad spectrum antibacterial drugs
such as ciprofloxacin, gemifloxacin, sparfloxacin,
levofolaxin, gatifloxacin, moxifloxacin and ofloxacin
[29]. Also, 7-substituted quinolin-4-one derivatives
showed potent antibacterial activity against MRSA
[30]. Additionally, naphthoquinones have been known
as substantial scaffold in drug design for treatment of

many infectious diseases caused by pathogenic
microorganisms [31,32]. So, isosteric replacement of
quinoline by naphthalene is expected to provide
compounds with similar antimicrobial activity.

On the other hand, naphthalene derivatives have
caught the attention of many scientists owing to their
broad pharmacological applications such as
antimicrobial  [33-39], anticancer [40], anti-
inflammatory [41] and antiviral activities [42]. There
are some marketed antimicrobial drugs containing
naphthalene moiety for example Naftifine 1V,
antibacterial and antifungal drug that inhibited sterol
biosynthesis [43]. Also, Tolnaftate V and Terbinafine
VI are antifungal agents which are able to suppress
squalene epoxidase, an essential enzyme for
biosynthesis of ergosterol [44-46] (Figure 2). Previous
studies revealed that Schiff base VII showed a potent
antimicrobial ~ action  against  Staphylococcus
aureuswith an inhibition zone of 10 = 0.856 mm. The
improved lipophilicity of V11 encouraged its ability to
penetrate the bacterial cell wall [47].
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Figure 1: Perimidine containing antimicrobial agents
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Figure 2: Naphthalene containing antimicrobial agents

Furthermore, dinaphthalene-1-ylsubstituted 2-
pyrazolines VIII exhibited powerful antimicrobial
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potential against Staphylococcus aureus, Klebsiella
pneumonia, Proteus mirabillis, Shigella dysentery and
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Salmonella typhii [48,49]. Also, pyrazole-arginine
based peptidomimetics IX was investigated to exert
good antimicrobial activity against antibiotic resistant
resistant strains as MRSA, vancomycin-resistant
Enterococcus faecium (VREF) and multidrug-
resistant Pseudomonas aeruginosa (MDRPA) two to
four times better than melittin [50]. Moreover, 1,5-
diphenylpyrrole containing analogues X were
discussed to show high inhibitory action against drug-
resistant Gram-positive and Gram-negative pathogens
via DNA gyrase suppression [51]. Another study
reported the promising antibacterial activity of
pyridine-3-carboxamide derivatives Xl as dual
suppressors of DNA gyrase and DNA topoisomerase
IV [52]. Additionally, N,N-bis(cyanoacetyl)hydrazine
derivatives XI1 were reported to display a remarkable
antimicrobial activity via suppression of DNA gyrase
and topoisomerase IV [53] (Figure 3).
HN:<NH2

NH

@ .
7 LA “,,”f©/
Nog ©\ WL

X c NO, X1
= NO,
o/
CN NC \ N
< : { d
2N Y
O H o

Xl

Figure 3 : Reported DNA gyrase and topoisomerase IV inhibitors

Guided by the aforementioned details, it was decided
to use 1,8-diaminonaphthalene as an active precursor
for the synthesis of novel perimidines and
pharmacophore-linked perimidines derivatives to
evaluate their antimicrobial activity and antibiofilm
activity. Linked pharmacophores include bispyrroles,
bispyridinones, naphthalenes, and bispyrazoles. The
activity of the new molecules was assessed against
different bacterial clinical isolates and standard strains
including the realistic mode of action.

2. Experimental

2.1. Chemistry

Melting points were detected via Stuart device
and were uncorrected. Infrared charts were carried out
on Bruker FT-IR spectrophotometer. 'H-NMR and
13C-NMR spectra were applied in (DMSO-ds) at 300
MHz on a Varian Gemini NMR spectrometer. Mass
spectra were performed via Schimadzu GCMS-QP-
1000EX mass spectrometer. Elemental analyses were
determined on Elementar Vario analyzer. Progression
of reactions were followed up through silica gel (60
GF 254, Merck), the eluent was ethyl acetate/hexane
(2:1) and were viewed under UV-lamp.
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9-Hydroxy-10-0x0-10H-pyrrolo[1,2-a]perimidine-
8-carbonitrile (2).

A suspension of equimolar amounts of compound 1
(0.41 g, 2 mmol) and oxalyl chloride (0.25 g, 0.17 mL,
2 mmol) in absolute ethanol (20 mL) containing
piperidine (3 drops) was refluxed for 50h. After
cooling, the resulted powder was filtered and
crystallized from DMF.

Brown powder; Rf = 0.38; yield 61%; m.p. 240-
241°C. IR (KBr, cm™): 3425, 3387 (br. OH); 3010
(CH-Ar); 2200 (C=N); 1656 (amidic C=0), 1593
(C=N); 1462 (C=C). H-NMR (DMSO-dgs-6ppm):
6.79-7.22 (m, 6H, Ar-H); 8.93 (s, 1H, OH, DO
exchangeable). *C-NMR (DMSO-dg—8ppm): 92.2
(C-8); 116.3 (C=N);119.9 (C-1); 121.2 (C-3a1); 122.0
(C-4); 124.0 (C-6); 126.5 (C-3); 129.4 (C-3a); 129.6
(C-5); 132.3 (C-2); 143.6 (C-11a); 148.1 (C-6a); 149.1
(C-7a); 152.4 (C=0); 161.2 (C-OH). Molecular
Formula: C15H7N302. Analysis, Calcd. (%):C, 68.97;
H, 2.70; N, 16.09. Found (%): C, 69.17; H, 2.67; N,
16.34.

10-Hydroxy-8,11-dihydropyrido[1,2-a]perimidine-
8-carbonitrile (3).

A solution of compound 1 (0.41 g, 2 mmol)
in DMF (15 mL) containing piperidine (1drop) was
mixed with 1,3-dichloroacetone (0.25 g, 2 mmol). The
mixture was refluxed for 26 h. After that, it was poured
on crushed ice containing 3 drops of dil. HCI to give
the targeted product. The resulted powder was filtered,
rinsed out with plenty amount of water. The selected
crystallization solvent was DMF / water mixture (1:1).
Shiny black powder; Rf = 0.37; yield 70%; m.p.
>300°C. IR (KBr, cm): 3438 (br. OH); 3010 (CH-
Ar); 2943 (CH-aliph.); 2165 (C=N); 1636 (C=N);
1465 (C=C). 'H-NMR (DMSO-ds-8ppm): 3.45-3.56
(m, 2H, pyridoperimidine—Cg—H); 4.02, 4.14 (2s, 2H,
pyridoperimidine—-C;;—H);  4.31-436 (m, 1H,
pyridoperimidine—Co—H); 7.36-7.60, 7.82-8.15 (2m,
6H, Ar—H); 9.29 (s, 1H, OH, D,0 exchangeable). MS:
m/z (%): 262 (M+1, 17); 261(M*, 21); 223(32);
187(33); 166(46); 163(46); 149(34); 147(41); 134(75);
106(57); 97(55); 95(100). Molecular Formula:
Ci6H11N3O. Analysis, Calcd. (%):C, 73.55; H, 4.24;
N, 16.08. Found (%):C, 73.81; H, 4.32; N, 16.21.

9-Hydroxy-11-o0x0-8,11-dihydropyrido[1,2-
a]perimidine-8-carbonitrile (4).

Compound 1 (0.41 g, 2 mmol) in benzene
(20 mL) was added to diethyl malonate (0.64 g, 0.61
mL, 4 mmol) and the mixture was refluxed for 40 h.,
cooled, filtered and the attained powder was
crystallized from DMF.
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Brown powder; Rf = Rf = 0.36; yield 46%; m.p. 168-
170°C. IR (KBr, cm™): 3367 (br. OH); 3049 (CH-Ar);
2924 (CH-aliph.); 2202 (C=N); 1635 (C=0);
1616(C=N); 1585 (C=C). 'H-NMR (DMSO-ds-
dppm): 2.72 (s, 1H, pyridoperimidine—Cs—H); 4.16 (s,
1H, pyridoperimidine—Cio—H); 6.97-7.31 (m, 6H, Ar—
H); 11.69 (s, 1H, OH, D,0O exchangeable). 3C-NMR
(DMSO-dg—3ppm): 28.6(C-8); 109.7 (C-10); 114.8
(C-6); 120.1 (C-1); 122.1 (C=N);122.5 (C-3); 125.1
(C-4); 126.9 (C-3a1); 129.9 (C-2); 133.5 (C-5); 141.8
(C-3a); 144.7 (C-6a); 146.3 (C-12a); 152.2 (C-7a);
159.0 (C=0); 196.1 (C-OH). Molecular Formula:
Ci6HgN3O». Analysis, Calcd. (%):C, 69.81; H, 3.30;
N, 15.27. Found (%): C, 69.95; H, 3.34; N, 15.38.

11-Hydroxy-9-methylpyrido[1,2-a]perimidine-8-
carbonitrile (5).

An equimolar mixture of compound 1 (0.41
g, 2 mmol) and ethyl acetoacetate (0.26 g, 0.25 mL, 2
mmol) in absolute ethanol (20 mL) containing
ammonium acetate (0.15 g, 2 mmol) as a catalyst was
refluxed for 12 h. The excess solvent was evaporated
and the product was crystallized from DMF.
Pale brown powder; Rf = 0.43; yield 52%; m.p.200-
202°C. IR (KBr, cm™): 3051 (CH-Ar); 2922 (CH-
aliph.); 2204 (C=N); 1633 (C=0); 1614 (C=N); 1469
(C=C). 'H-NMR (DMSO-dg-6ppm): 1.23 (s, 3H,
CHs); 2.26 (s, 2H, CHy); 6.52-7.31 (m, 6H, Ar-H).
MS: m/z (%): 273(M*, 10); 207 (36); 182(92);
168(100); 167(30); 149(22); 140(44); 113(22); 95(22);
81(55); 69 (90). Molecular Formula: Ci7H11N3O.
Analysis, Calcd. (%):C, 74.71; H, 4.06; N, 15.38.
Found (%):C, 74.89; H, 4.12; N, 15.49.

N,N'-(Naphthalene-1,8-diyl)bis(2-
chloroacetamide) (6).

A mixture of 1,8-diaminonaphthalene (1.58
g, 10 mmol) and chloroacetyl chloride (2.26 g, 1.59
mL, 20 mmol) was refluxed in dioxane for 1 h. Then,
it was cooled and treated with crushed ice to attain the
desired precipitate that was filtered, rinsed out with
plenty amount of water. The selected crystallization
solvent was DMF / H,O (1:1) mixture.
Yellow powder; Rf = 0.30; yield 81%; m.p. 266-
276°C. IR (KBr, cm™): 3123 (NH); 3003 (CH-Ar);
2966, 2823 (CH-aliph.); 1649 (C=0); 1587 (C=C).
'H-NMR (DMSO-dg-8ppm): 4.45 (s, 4H, 2CH,);
6.71-7.38 (2m, 8H, Ar-H& 2NH). Molecular
Formula: Ci14H12CI2N202. Analysis, Caled. (%): C,
54.04; H, 3.89; N, 9.00. Found (%): C, 54.33; H, 3.91;
N, 9.11.
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N,N’'-(Naphthalene-1,8-diyl)bis(2-cyanoacetamide)

(7).

Method A: A suspension of compound 6 (0.62 g, 2
mmol) in dry benzene (10 mL) and potassium cyanide
(0.26 g, 4 mmol) in water (5 mL) was stirred at 50°C
for 6 h. The aqueous layer was separated and treated
with ice-colled water containing 3 drops of 10% HCI.
The resulted product was filtered, washed, and
crystallized from DMF/H,0 (1:1) mixture.

Method B: A mixture ofl,8-diaminonaphthalene
(1.58 g, 10 mmol) and ethyl cyanoacetate (2.26 g, 2.13
mL, 20 mmol) in absolute ethanol (25 mL) was heated
under reflux for 50 h. The resulted solution was
cooled, filtered and the attained product was
crystallized from DMF/H,0 (1:1) mixture.

Green powder; Rf = 0.31; yield 84%; m.p. >300°C. IR
(KBr, cm™): 3378 (NH); 3039 (CH-Ar); 2920 (CH-
aliph.); 2171 (C=N); 1660 (C=0); 1579 (C=C). H-
NMR (DMSO-ds-8ppm): 3.99 (s, 4H, 2CH>); 6.55 (d,
2H, J= 6.9 Hz, naphthalene-C,7;—H); 6.77-7.18 (m,
4H, naphthalene—Cs456—H); 10.53 (s, 2H, 2NH, DO
exchangeable). *C-NMR (DMSO-dg—dppm): 21.4
(2CHy); 126.5 (C-2,7); 126.8 (C-8a); 128.1 (C-4,5);
129.3 (2C=N);129.9 (C-3,6); 137.2 (C-1,8); 147.0 (C-
4a); 155.1 (2C=0). Molecular Formula: C16H12N40,.
Analysis, Calcd. (%):C, 65.75; H, 4.14; N, 19.17.
Found (%):C, 65.91; H, 4.24; N, 19.25.

N3,N3'-(Naphthalene-1,8-diyl)bis(1H-pyrazole-
3,5-diamine) (8).

To a suspension of compound 7 (0.29 g, 1
mmol) in absolute ethanol (20 mL), (0.5 g, 0.5 mL, 10
mmol) of hydrazine hydrate 99% was put in. The
mixture was heated for 16 h. and the desired powder
was filtered and crystallized from DMF/H,O (1:1)
mixture.

Brown powder; Rf = 0.36; yield 68%; m.p.
>300°C. IR (KBr, cm™): 3367, 3205 (NH2& NH);
3025 (CH-Ar); 1624 (C=N); 1543 (C=C). 'H-NMR
(DMSO-ds-0ppm): 4.70 (s, 2H, 2 pyrazole-C4s—H);
7.16 (d, 2H, J= 7.5 Hz, naphthalene-C,—H); 7.41 (t,
2H, J= 7.5 Hz, naphthalene-Cs¢-H); 7.69 (d, 2H, J=
7.5 Hz, naphthalene—Cs5-H); 10.41 (s, 4H, 2 NH,
D,O exchangeable); 10.88 (s, 2H, 2 NH, D20
exchangeable); 12.54 (s, 2H, 2 Pyrazole-NH, DO
exchangeable). MS: m/z (%): 320(M*, 7); 223(21);
207(27); 186(26); 173(26); 140(28); 114(51); 91(74);
76(21); 52(100). Molecular Formula: CigHieNs.
Analysis, Calcd. (%):C, 59.99; H, 5.03; N, 34.98.
Found (%):C, 60.16; H, 5.10; N, 35.21.
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1,1'-(Naphthalene-1,8-diyl)bis(5-(4-chlorophenyl)-
2-0x0-2,3-dihydro-1H-pyrrole-3-carbonitrile) (9).

A suspension of compound 7 (0.29 g, 1
mmol) and 4-chlorophenacyl bromide (0.47 g, 2
mmol) in absolute ethanol (20 mL) including 5 drops
of triethylamine as a catalyst was refluxed for 17 h.
The resulted solid was filtered and crystallized from
DMF/H20 (1:1) mixture.
Brown powder; Rf = 0.41; yield 76%; m.p. >300°C.
IR (KBr, cm™): 3055 (CH-Ar); 2206 (C=N); 1670
(C=0); 1589 (C=C). H-NMR (DMSO-ds-5ppm):
2.73 (s, 2H, 2CHCN); 2.89 (s, 2H, 2pyrrole—Cs—H);
7.30-7.56 (m, 6H, naphthalene—H); 7.59 (d, 4H, J=8.1
Hz, 4-Cl-C¢Hs—Cz6-H); 7.96 (d, 4H, J= 8.1 Hz, 4-
Cl-CgHs—C35-H). *C-NMR (DMSO-ds—5ppm): 29.0
(pyrrole-C-3,3"); 88.9  (pyrrole-C-4,4’); 103.2
(naphthalene-C-2,7); 106.0 (naphthalene-C-8a); 108.8
(2C=N); 120.0 (naphthalene-C-4,5); 120.9(phenyl-
C2,2°,6,6); 121.3 (naphthalene-C-3,6);128.6 (phenyl-
C3,3°,5,5%); 128.9 (pyrrole-C-5,5"); 130.0 (phenyl-
C1,1”); 133.8 (phenyl-C4,4°); 137.9 (naphthalene-C-
1,8); 140.8 (naphthalene-C-4a); 153.5 (2C=0).MS:
m/z (%): 561(M~*, 5); 208(21); 195(21); 174(27);
147(36); 128(46); 119(52); 104(30); 86(38); 80(50);
77(100). Molecular Formula: Cs2H1sCI2N4Oo.
Analysis, Calcd. (%):C, 68.46; H, 3.23; N, 9.98.
Found (%):C, 68.61; H, 3.30; N, 10.13.

1,1'-(Naphthalene-1,8-diyl)bis(6-amino-4-(2,4-
dimethoxyphenyl)-2-oxo-1,2-dihydropyridine-3,5-
dicarbonitrile); (11).

Compound 7 (0.29 g, 1 mmol) and 2-(2,4-
dimethoxybenzylidene)malononitrile (10) (0.43 g, 2
mmol) were refluxed in absolute ethanol (20 mL)
containing piperidine (3 drops) for 25 h. After cooling,
the product was filtered, left to dry and crystallized
from DMF/H,0 (1:1) mixture.

Dark brown powder; Rf = 0.45; yield 66%; m.p.
>300°C. IR (KBr, cm™): 3394 (NH,); 3059 (CH-Ar);
2931 (CH-aliph.); 2187 (C=N); 1660 (C=0); 1581
(C=C); 1207, 1026 (C-O-C). 'H-NMR (DMSO-ds-
dppm): 3.84 (s, 12H, 4 OCHjs); 6.29-7.36 (2m, 12H,
Ar-H); 8.31 (s, 4H, 2NH;, D,0 exchangeable). *C-
NMR (DMSO-ds—8ppm): 49.1 (40CHgz); 68.5
(pyridine-C-5,5"); 108.9 (phenyl-C-3,3%); 109.7
(phenyl-C-5,5%); 117.0 (naphthalene-C-2,7);120.1
(phenyl-C-1,1°); 121.9 (naphthalene-C-8a); 124.0
(pyridine-C-3,3"); 125.2 (4C=N); 126.1 (naphthalene-
C-4,5); 127.0 (naphthalene-C-3,6); 128.3 (phenyl-C-
6,6”); 129.3 (naphthalene-C-1,8);133.1 (naphthalene-
C-4a); 160.2 (pyridine-C-6,6); 161.1 (2C=0); 162.2
(phenyl-C-2,2",4,4"); 163.1 (pyridine-C-4,4°).
Molecular Formula: CaiH2sNgOs. Analysis, Calcd.
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(%):C, 67.03; H, 3.94; N, 15.63. Found (%):C, 67.34;
H, 4.20; N, 15.82.

2.2. Antimicrobial assay:

Screening of minimum inhibitory concentration
(MIC) for newly synthesized compounds was carried
out via broth microdilution method according to the
CLSI reference standards [54]. In brief, 100 pL of
Muller-Hinton broth (MHB) (Oxoid® Limited,
Basingstoke, UK) was dispersed in 96 multi-well
microtiter plates, followed by the addition of 100 uL
of tested compounds onto microtiter plate. After that,
serial dilution was done from the 1% to the 12% well.
Addition of 10 pL of freshly prepared bacterial
suspension (1.5 x108 CFU / mL) was performed for all
wells. Positive and negative controls were carried out
for each bacterial strain. Incubation of plates were
performed 18-24 h at 37°C, Cephalexin, 1000 pg/ml
and Amoxicillin 1000 pg/ml were used as reference
standard antibiotics. The MICs were determined as the
lowest concentration that showed no bacterial growth
comparable with control. All the tests were run in
duplicate.

2.2.1. Antibiofilm activity:
a-Biofilm formation

The antibiofilm activity of compounds 2, 3
and 6 was detected against Staphylococcus aureus
(ATCC 25923) a standard biofilm producer strain.
Additionally, six MRSA, Enterococcus faecium and
E. faecalis isolates were investigated for their biofilm
formation by quantitative crystal violet microtiter plate
assay [55]. The average optical densities for each
isolate (OD) and control (ODc) were determined, and
the biofilm-formation ability was detected through the
reported method [56] where non-biofilm manufacturer
OD < ODc, weak biofilm manufacturer ODc < OD <
2 x ODc, moderate biofilm manufacturer 2 x ODc <
OD <4 x ODc and strong biofilm manufacturer OD >
4 x ODc.
b-Inhibition of bacterial attachment

Detection of antibiofilm activity was
performed according to the reported procedure [57].
Briefly, 180 pL of tryptic soy broth (TSB) (Oxoid®
Limited, Basingstoke, UK) with 1% glucose was
added to polystyrene wells, flat-bottomed, 96-well
microtiter plates followed by addition of 20 uL freshly
prepared bacterial suspensions with turbidity
equivalent to 0.5 McFarland standards (108 CFU/mL).
Different concentrations of tested compounds that
equal to 0.5x MIC, 1 x MIC and 2 x MIC were added
and TSB broth with 1% glucose was considered as
control. Incubation of plates at 37°C for 24 h. was
performed. After that, wells decantation and washing
three times with normal saline was performed to get
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rid of non-adherent cells. Fixation of biofilms was
applied via utilizing 150 pL of methanol for 15 min.
All wells were stained with 150 puL of 0.1% crystal
violet for 15 min followed by washing with deionized
water and drying overnight at room temperature. Then,
150 pL of 95% ethanol solution was put in and the
plates were left at 25°C for at least 30 min without
shaking. Detection of absorbance at 630 nm was done
utilizing Benchmark Microplate Reader (Bio-Rad,
Hercules, CA, USA) to calculate percent reduction in
biofilm formation aided by the following equation
[58].
Percent reduction in biofilm formation =

Ac - At
. x 100
Where A; is OD for positive control wells and Ay is

OD of test wells

2.2.2. DNA gyrase supercoiling and ATPase assays:

The DNA gyrase supercoiling and ATPase
assays were carried out at the confirmatory diagnostic
unit, Vacsera-Egypt using Staphylococcus aureus
DNA gyrase Inspiralis [59,60]. Circumstances of
enzyme, plasmid, buffer and the estimation method
were discussed in the reported literature [61]. 1Cso
values were calculated three times and the average was
determined. Novobiocin was utilized as a reference.

2.2.3. Topoisomerase 1V decatenation and ATPase
assays:

The assays were carried out at confirmatory
diagnostic unit, Vacsera-Egypt using Staphylococcus
aureus topoisomerase 1V decatenation Kits (Inspiralis).
The criteria of buffer, enzyme, plasmid, and the
detailed procedure were described according to the
reported publication [62,63]. ICso values were detected
three times for each and the average was taken.
Novobiocin was utilized as a reference.

2.2.4. In-vitro cytotoxicity test:

Normal human lung fibroblast WI-38
(ATCC, Manassas, VA, USA) was implanted on
Dulbecco’s modified Eagle’s medium (DMEM / Life
Technologies) containing 10% fetal bovine serum
(GIBCO, UK), 10 ug/ml of insulin (Sigma) and 1%
penicillin—streptomycin (Life Technologies). The
detailed procedure for MTT assay was carried out
according to the reported publications [64,65].
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3. Results and discussion
3.1. Chemistry

1,8-Diaminonaphthalene is a precursor for
biologically active compounds. For example,
perimidine-2-cyanomethylperimidine 1 was
synthesized from cyclocondensation of 1,8-
diaminonaphthalene with cyanoacetamide [16, 66].
Literature survey revealed that, oxalyl chloride reacted
with different bifunctional compounds to produce
versatile heterocyclic derivatives via elimination of
two molecules of HCI [67-71]. Nucleophilic
substitution reaction of compound 1 with oxalyl
chloride and dichloroacetone using basic catalyst
afforded the corresponding pyrrolo[1,5-a]perimidine 2
and pyrido[1,2-a]perimidine 3 derivatives,
respectively. The structures for these compounds were
confirmed according to their spectral analyses. IR
spectra for compounds 2 and 3 showed broad bands at
v 3387-3438 cmlassigned for tautomeric hydroxyl
groups. Besides, there was amidic carbonyl
functionality at v 1656 cmin compound 2. *H-NMR
spectrum for compound 2 presented D0
exchangeable singlet at 6 8.93 ppm characteristic for
OH proton.
Furthermore, compound 1 reacted with diethyl
malonate in benzene to yield the targeted 9-hydroxy-
11-oxopyrido[1,2-a]perimidine analog 4 . Its IR chart
presented a broad band at v 3367 cm™ as well as
another absorption at v 1635 cm™ assigned for
hydroxyl and carbonyl groups, respectively. *H-NMR
spectrum demonstrated two singlets at & 2.72 and
11.69 ppm assigned for pyridoperimidine C-8 proton
and OH proton that the latter one disappeared with
D20. ¥ C-NMR spectrum exhibited signal at § 159.0
ppm characteristic for carbonyl carbon.
Moreover, the reaction of activated nitrile with ethyl
acetoacetate was reported to be achieved in ethanol
containing a catalytic amount of ammonium acetate to
form the parallel pyridine analogs [72]. Therefore,
cyclocondensation of compound 1 with ethyl
acetoacetate was performed in ethanol containing
ammonium acetate to afford compound 5. The
structure of compound 5 was proved via amidic
carbonyl group in IR chart at v 1633 cmin addition to
two singlets at  1.23 and 2.26 ppm corresponding to
methyl and methylene protons, respectively. (Scheme
1)
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Scheme 1: synthetic protocol for perimidines synthesis

On the other hand, N-cyanoacetamide analogs were
believed to be a significant precursor in heterocyclic
chemistry [73]. Hence, N,N’-(naphthalene-1,8-
diyl)bis(2-cyanoacetamide) (7) was preparaed via two
methods. The first method was summarized in the
reaction of 1,8-diaminonaphthalene with chloroacetyl
chloride to yield bis(2-chloroacetamide) derivative 6
[74] that was subsequently converted into the
corresponding  bis(2-cyanoacetamide) analog 7
through stirring with potassium cyanide. The second
method showed the nucleophilic substitution reaction
of 1,8-diaminonaphthalene with ethyl cyanoacetate in
ethanol to yield the parallel bis(2-cyanoacetamide)
analog 7. The structures of compounds 6 and 7 were
proved through spectral and elemental data. IR charts
of compounds 6 and 7 presented band at v 2171 cm™in
compound 7 due to cyano functions. Also, 'H-NMR
spectrum of compounds 7 presented singlet at 6 3.99
ppm characteristic for two methylene protons in
addition to DO exchangeable singlet at 3 10.53 ppm
attributed to two NH protons. Besides, the appearance
of carbonyl carbon signal at § 155.0 ppm in *C-NMR
spectrum proved the structure.
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Preparation of bis(1H-pyrazole-3,5-diamine)
derivative 8 was accomplished via cyclocondensation
of compound 7 with hydrazine hydrate. The reaction
was presupposed to proceed via condensation reaction
between carbonyl functionality of cyanoacetamide and
amino function of hydrazine hydrate pursued by
intramolecular cyclization via nucleophilic addition on
cyano group. Compound 8 was identified by bands at
v 3367 and 3205 cmin IR chart due to NH, and NH
functionalities. As synthesis of pyrrole derivatives
from cyanoacetamide precursor was previously
reported [75], compound 7 reacted with 4-
chlorophenacyl bromide to afford the target bis-
pyrrole derivative 9 whose structure was confirmed
via singlet at & 2.89 ppm in 'H-NMR spectrum
attributed to pyrrole-C4 protons.

It was discussed that the reaction of cyanoacetamides
with arylidene malononitriles yielded the parallel
pyridine derivatives [76]. Herein, compound 7 reacted
with 2-(2,4-dimethoxybenzylidene)malononitrile (10)
in ethanol having 3 drops of piperidine to form the
corresponding bis-pyridine analog 11. The reaction
was assumed to occur through Michael’s addition of
cyanoacetamide active methylene on the double bond
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of arylidene malononitrile pursued by intramolecular
cyclization. IR chart of compound 11 presented band
at 3394 cm? characteristic for NH, group.
Additionally, 'H-NMR spectrum of compounds 11
presented singlet at & 3.84 ppm characteristic for four
methoxy protons and another singlet at & 8.31 ppm

NH,

assigned for two NH; protons that disappeared after
D,0 addition (Scheme 2).

Method A li Method B liii
cl cl NC;\ NC;[\
;\NH HNl O7 "NH HN™ SO
6 7
CN
NCT
iv v vi [HsCO
OCH3
H3CO
NC 3 OCHg
HoN— —NH
2 2 HaCO o N N / nOCHs

gk,

8

Reagents and conditions: (i) CICH,COCIl, dioxane; (ii) KCN, C,HsOH; (iii)
CNCH,CO,C,Hs, C,HsOH; (iv) NH,NH, H,O 99%, C,HsOH; (v) 4-chlorophenacyl bromide,

C,HsOH / TEA; (vi) C,HsOH / Pip.

Scheme 2: Synthetic route for (naphthalene-1,8-diyl)bis(heterocycles)

3.2. Antimicrobial assay:

3.2.1. Primary antimicrobial investigation:

All compounds were tested for their in-vitro
antibacterial effect towards one Gram-positive strain,
Staphylococcus aureus (ATCC 25923) as well as one
Gram-negative strain, Escherichia coli (ATCC 25922)
using Cephalexin and Amoxicillin as reference
standard antibiotics according to broth microdilution
method. The results of antibacterial activity were
assessed as the calculated minimum inhibitory
concentration (MIC). (Table 1). The MIC was
determined as the lowest concentration that prevented
bacterial growth comparable with control cells.

Regarding the antibacterial activity against
Staphylococcus aureus, it was apparent that
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pyrroloperimidine  derivative 2 and 10-
hydroxypyridoperimidine  analog 3  exerted
remarkable antibacterial activity with MIC equal 125
pg/mL. Noticeably, 2-(1H-perimidin-2-yl)acetonitrile
1 and bis(2-chloroacetamide) derivative 6 exhibited
potent antibacterial activity with MIC 62.5 and 15.63
pa/mL, respectively. Also, compounds 4, 5, 7 and 11
showed mild antibacterial activity (MIC 250 pg/mL)
however, compounds 8 and 9 have no antibacterial
action.

On the other hand, compounds 4, 5, 6 and 11
demonstrated reasonable antibacterial activity against
Escherichia coli (MIC equal 125 pg/mL). Also,
compounds 2, 3, 7 and 8 displayed mild antibacterial
activity against the same strain with MIC value of 250
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pg/mL. Additionally, compounds 1 and 9 presented no
antibacterial action against Escherichia coli.

Table 1: Primary antimicrobial screening for all

synthesized compounds (MIC- pg/ml)

Staphylococcus aureus Escherichia coli
(ATCC 25923) (ATCC 25922)
Compound MIC Compound MIC
No. (ug/ml) No. (ug/ml)
1 62.5 1 >500
2 125 2 250
3 125 3 250
4 250 4 125
5 250 5 125
6 15.63 6 125
7 250 7 250
8 500 8 250
9 500 9 >500
11 250 11 125
Amoxicillin | <7.81 | Amoxicillin 125
Cephalexin 7.81 Cephalexin 31.25

3.2.2. Antibacterial activity against some resistant
strains:

Primary antimicrobial investigation showed the
potential antimicrobial activity of compounds (2, 3 and
6) against Staphylococcus aureus. Therefore, these
compounds were further screened against different
Gram positive bacterial strains that include one
clinical methicillin sensitive Staphylococcus aureus
isolates (MSSA), six MRSA and two MDR isolates of
Enterococcus faecium as well as E. faecalis. The
results showed that all tested compounds were highly
more potent than the references, cephalexin and
amoxicillin against all MRSA isolates, Enterococcus
faecium and E. faecalis MDR isolates.

In details, compounds 2 and 3 exerted
moderate to potent antimicrobial activity against all
tested strains except for MRSA 1 that its growth was
by compound 2 with MIC equal 62.5 pg/mL. Itis clear
that compound 6 exhibited extremely potent
antimicrobial activity against all resistant strains with
MIC ranges from 31.25 to 125 pg/mL. (Table 2)

Egypt. J. Chem. 65, No. 3 (2022)

3.2.3. Structure activity relationship:

According to the previously tabulated results, it
was clear that naphthalene containing derivatives
showed  higher  antibacterial  activity than
perimidineones. In other words, the cyclization of
diamino groups of 1,8-diaminonaphthalene decreased
the antibacterial activity. Hence, N,N'-(Naphthalene-
1,8-diyl)bis(2-chloroacetamide) (6) demonstrated the
highest antibacterial activity against all tested strains
and its conversion into bis(2-cyanoacetamide)
followed by transformation into bis(pyrazole) 8,
bis(pyrrole) 9 or bis(pyridine) 11 derivatives
apparently decreased the antimicrobial activity.

Moreover, 2(1H-perimidin-2-yl)acetonitrile
1 exhibited remarkable antibacterial activity,
especially towards Staphylococcus aureus. However,
cyclization of active methylene group and NH moiety
of compound 1 into pyrrole ring 2 or 10-
hydroxypyridine ring 3 increased the antimicrobial
effect against resistant strains.  Additionally,
compound 2 with pyrroloperimidine scaffold
displayed higher antibacterial activity against MRSA
1 than pyridoperimidine containing derivative 3.
Noticeably, the addition of hydroxyl group or methyl
function at position 9 of pyridoperimidine backbone in
compounds 4 and 5, respectively decreased the
antibacterial activity against Staphylococcus aureus
and increased the antimicrobial effect towards
Escherichia coli. (Figure 4).

3.2.4. Antibiofilm estimation:

The inhibition of bacterial attachment of the three
compounds 2, 3 and 6 was tested against
Staphylococcus aureus (ATCC 25923) and the
aforementioned MRSA isolate through their capacity
to disrupt biofilm formation. The tested compounds

showed higher antibiofilm activity against
Staphylococcus aureus (ATCC 25923) than clinical
MRSA  isolates. =~ Among the  compounds,

pyrroloperimidine derivative 2 exhibited more potent
antibiofilm activity than pyridoperimidine 3 and bis(2-
chloroacetamide) 6 analogs.

Furthermore, compounds 2, 3 and 6 displayed
reduction in biofilm formation against Staphylococcus
aureus by 34.2 %, 20.5 % and 27.5 % in 2 x MIC and
by 22%, 15% and 26 % in 1 MIC, respectively (Figure
5). However, they presented reduced activity against
MRSA by 14.8, 3.7% and 5.5% in 2 x MIC and 11.1
%, 1.5, 1.8% in 1x MIC, respectively (Figure 6).
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Table 2: Antimicrobial assay for compounds 2,3 and 6 against resistant strains (MIC- pg/ml)

Bacterial MIC (ug/ml)
strains/Compounds’ 2 3 6 Amoxicillin Cephalexin DMSO
No.
MSSA 125 125 15.63 <7.8125 15.625 250
MRSA 1 62.5 125 62.5 >500 >500 250
MRSA 2 125 125 62.5 >500 >500 250
MRSA 3 125 125 62.5 >500 >500 250
MRSA 4 125 125 62.5 >500 >500 250
MRSA 5 250 250 125 >500 >500 250
MRSA 6 250 250 62.5 >500 >500 250
Enterococcus faecium 125 125 62.5 >500 >500 250
23 faecalis 46 125 125 31.25 >500 >500 250

R = H was more tolerated than =O or OH

Q OH Ri OH R=Hwas
N A\ more
O /ﬁCN O N>>:§7R2 ™ tolerated than
Potent antimicrobial activity against Moderate antimicrobial activity
MRSA 1 against resistant strains

~

O NH cN  Potent antimicrobial activity against
O ,\1>_/ Staphylococcus aureus

Cyclization into perimidine decrease the activity
except against Staphylococcus aureus

Substitution of Cl with CN

decrease the activity cl

Cl
;\ N l — = Cyclization into 5 or 6 membered
O~ 'NHHN ring decrease the activity

Extremely potent antibacterial activity
against all tested strains

Figure 4: Structure activity relationship
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3.2.5. Enzyme inhibition assay:

The most active compounds 2 and 6 were
subjected to further evaluation towards bacterial type
Il topoisomerases (DNA gyrase and topoisomerase
1V) to determine their mechanization.

3.2.5.1. DNA gyrase supercoiling assay:

DNA gyrase supercoiling assay was estimated
for compounds 2 and 6 using Staphylococcus aureus
DNA gyrase in addition to novobiocin as a standard
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antimicrobial agent. The results are deduced from
table 3 showed that compound 2 exhibited potent
inhibitory activity against DNA gyrase supercoiling
with 1Cso equal 0.167 uM while compound 6 exerted
much higher inhibition activity with 1Cso equal 0.079
UM,

3.2.5.2. DNA gyrase ATPase assay:

Similarly, compounds 2 and 6 were further
examined for DNA gyrase ATPase assay utilizing
Staphylococcus aureus DNA gyrase as well as
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novobiocin as a standard antibacterial agent. As shown
from table 3, compound 2 demonstrated DNA gyrase
ATPase inhibitory action with 1Cso equal 0.12 pM. In
addition, compound 6 strongly inhibited DNA gyrase
ATPase activity with ICso equal 0.05 pM (nearly
equipotent with novobiocin whose ICsq equal 0.06
pUM). Noticeably, DNA gyrase was nearly two times
more sensitive to naphthalene-1,8-diyl derivative 6
than pyrroloperimidine analog 2.

Table 3: DNA gyrase coiling and DNA gyrase ATPase for

compounds 2 and 6

1Cs0 (UM)
Compound DNA gyrase DNA gyrase
supercoiling ATPase
2 0.167+0.01 0.12+0.007
6 0.079+0.004 0.05+0.003
novobiocin 0.042+0.002 0.06+0.002

3.2.5.3. Topoisomerase 1V decatenation assay:

To detect whether the inhibitory activity of
compounds 2 and 6 are gyrase specific or not,
topoisomerase 1V determination was estimated. This
assay was applied to compounds 2 and 6 where
novobiocin was used as a reference drug and
topoisomerase IV was isolated from Staphylococcus
aureus. The results disclosed that compound 2
exhibited good inhibitory activity with 1Cso equal 6.63
MM while compound 6 exerted strong inhibitory
activity (1Cso equal 1.13 uM) that was three folds more
potent than novobiocin (ICsp equal 4.86 UM) as shown
in table 4 This suggested that compound 6 exhibited
its antibacterial activity through binding to
topoisomerase IV active site and block its activity.

3.2.5.4. Topoisomerase IV ATPase assay:
Staphylococcus aureus topoisomerase |V was
utilized to detect the ATPase inhibition for compounds
2 and 6 and reference drug (novobiocin). Both
compounds 2 and 6 displayed potent inhibitory
activity against topoisomerase IV ATPase with 1Csg
equal 0.66 uM and 0.31 uM, respectively. Apparently,
topoisomerase 1V was approximately twice more
responsive to naphthalene-1,8-diyl derivative 6 than
pyrroloperimidine analog 2 (table 4).

Table 4: Topoisomerase IV decatenation and
topoisomerase 1V ATPase for compounds 2 and 6
1Cs0 (M)
Compound | Topoisomerase | Topoisomerase
IV decatenation IV ATPase
2 6.63+0.3 0.66+0.07
6 1.31+0.06 0.31+0.06
novobiocin 4.86+0.24 0.26+0.04
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3.2.6. In-vitro cytotoxicity test:
Regarding the cytotoxicity of compounds 2 and

6 on normal human lung fibroblast WI-38 using the
MTT assay, they displayed safety profiles near (1Cso
equal 17.33 pM) or higher than (40.75 uM) that of the
reference drug, novobiocin (28.91 pM) (Table 5).
Table 5: Cytotoxicity of compounds 2 and 6 against WI-
38 cell line using novobiocin as a reference drug:

Compound WI-38 (ICso pM).
2 17.33+1.84
6 40.75+3.06
Novobiocin 28.91+2.12
4. Conclusion:

1,8-Diaminonaphthalene was considered as an
effective precursor for the synthesis of perimidines
and  (naphthalene-1,8-diyl)bis(heterocycles).  All
synthesized compounds were characterized via
spectral and elemental data. Antimicrobial
investigation was carried out for all prepared
compounds against Staphylococcus aureus and
Escherichia coli. Results of this study showed that
(naphthalene-1,8-diyl)bis(2-chloroacetamide) (6)
demonstrated the most promising effect towards
Staphylococcus aureus with MIC value of 15.63
pg/mL. Further antimicrobial assay was performed for
compounds 2, 3, and 6 against MRSA strains and
MDR clinical isolates of Enterococcus faecium and
Enterococcus faecalis. Pyrroloperimidine derivative 2
exerted a significant antimicrobial activity against
MRSA 1 (MIC = 625 pg/mL), while bis(2-
chloroacetamide) analog 6 demonstrated much more
potent effect and broad antibacterial spectrum against
all the resistant strains (MIC ranges from 31.25 to 125
pg/mL). Furthermore, compounds 2, 3, and 6
displayed powerful antibiofilm activity against
Staphylococcus aureus and MRSA in both 2 x MIC
and 1 x MIC. On the other hand, compounds 2 and 6
showed potent dual DNA gyrase and topoisomerase
IV inhibition with ICsp ranges of 0.05-0.167 pM and
0.31-6.63 UM, respectively. Also, they revealed safety
profiles which are close to or even higher than that of
the reference drug, novobiocin. These results supposed
that compounds 2 and 6 should be considered as
promising lead scaffolds for further antimicrobial
research.
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