Accepted Manuscript =

Antibacterial activity and mechanism of action of the benzazole acrylonitrile-based
compounds: In vitro, spectroscopic, and docking studies h
Shaikha S. AlNeyadi, Alaa A. Salem, Mohammad A. Ghattas, Noor Atatreh, Ibrahim 7
M. Abdou
PII: S0223-5234(17)30371-9

DOI: 10.1016/j.ejmech.2017.05.010

Reference: EJMECH 9440

To appearin:  European Journal of Medicinal Chemistry

Received Date: 24 December 2016
Revised Date: 1 May 2017
Accepted Date: 2 May 2017

Please cite this article as: S.S. AlNeyadi, A.A. Salem, M.A. Ghattas, N. Atatreh, |.M. Abdou,
Antibacterial activity and mechanism of action of the benzazole acrylonitrile-based compounds: In vitro,
spectroscopic, and docking studies, European Journal of Medicinal Chemistry (2017), doi: 10.1016/
j-ejmech.2017.05.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2017.05.010

ACCEPTED MANUSCRIPT

N
A

“ . I
O, =
NH, / =N

Active f-center H,N

77 % yield

MIC = 1.0 pg/mL (E. coli)

The binding mode of compound 5 (ball and stick in orange) docked into the PBP binding site



Antibacterial activity and mechanism of action of he benzazole
acrylonitrile-based compounds:in vitro, spectroscopic, and docking
studies

Shaikha S. AlNeyadi Alaa A. Salerfjy Mohammad A. GhattdsNoor Atatrefiand Ibrahim M. Abdou®*

a
Department of Chemistry, College of Science, UAE éaity Al-Ain, 15551 UAE

b
College of Pharmacy, Al Ain University of Sciencd @echnology, Al Ain, 64141 UAE

Abstract: A new series of pyrimidine derivatives 9a-dand12a-d was synthesized by an efficient procedure. Thibacterial activity

of the new compounds was studied against four batttrains. Compoun8 was found to exhibit the highest potency, with.& ig/mL,
against bothEscherichia coliand Pseudomonas aeruginosehen compared with amoxicillin (MIC = 1.0-1.5 pg/mOransmission
electron microscope results confirmed that acésitagainst bacteria occurred via rupturing of gewall. Molecular modeling results
suggested that compoungls9a-dand12a-d have the potential to irreversibly bind to the ipéin-binding protein (PBP) Ser62 residue in
the active site and were able to overcome amaoixigidisistance in bacteria by inhibiting thdactamase enzyme. Docking studies showed
that compound$, 9a-d and 12a-d inhibit the p-lactamase enzyme through covalent bonding wittvBefhe synergistic effect with
amoxicillin was studied. The newly synthesized commds reported in this study warrant further comsition as prospective
antimicrobial agents.

Keywords pyrimidine, synthesis, antibacterighlactamasePBP, docking.

*Corresponding author.
E-mail address: i.abdou@uaeu.ac.ae (Ibrahim M.o#&bd

1. Introduction

Microbial infections are becoming the most pressggue for global health and the economy. Therefmtensive
efforts are underway to develop new antimicrobgdras. The design of new compounds to deal witistegt bacteria has
become one of the most important areas of antidatteesearch today, since the resistance of pathicgbacteria to
available antimicrobial drugs is rapidly becomingnejor problem worldwide. The discovery of noveldapotent
antibacterial agents is the greatest challengéofiay’s chemists and pharmacists to prevent theganee of resistance to
existing drugs. Organisms such as methicillin-tesisStaphylococcus aureugancomycin-resistant enterococci (VRE), and
Gram-negative bacilli are resistant to all antigi®tused in the treatment of infections [1]. Reswf bioassays and
structure-activity relationship (SAR) investigatiooindicate that existing marketed drugs have litioites, and some have
toxic side effects. An understanding of the mecmnof resistance can play a major role in develppiaw agents that
might have better activity.

Benzimidazoles and benzothiazoles are importargarmpacophores in medicinal chemistry owing to their
involvement as key components for various biololgaaivities. Benzothiazoles and their derivatiessibit antitumor [2],
antimicrobial [3], and antiviral [4] activities. Beimidazoles have been found to display anticafilerantiviral [6], anti-
inflammatory [7], antimicrobial [8], antioxidant [9 and anticoagulant properties [10]. Extensive ch&mical and
pharmacological studies have confirmed that bemamble and benzothiazole derivatives are effectigainst various

strains of microorganisms. The antibacterial atiéigiof these compounds are due to structural aiityilto purine, resulting



in competitive inhibition of the synthesis of nuclacids and proteins inside the bacterial cell yil]. Organic compounds
containing pyrimidine scaffold as a core unit armn to exhibit various biological and pharmacaealtiactions such as
antiviral, antibacterial, antitumor, anti-inflamroag, and antifungal activities [12]. Considerablaprovement in the
biological potential and discovery of many effiaaes and safer drugs was observed when two or nmuaenacophores
were combined together in one molecule. The hybridecules have the advantage of low toxicity andildk synergy in

the medicinal efficacy of the individual moietigls3].

The therapeutic importance of these classes of oangs inspired us towards the development of smalécules
as therapeutic agents; herein we report the demighsynthesis of pyrimidine analogues containingzbmidazole and
benzothiazole moieties by a simple and efficienthoé to evaluate the antibacterial potencies of tass of novel
compounds. The synthesized compound3a-dandl2a-dwere characterized by their elemental analysisaii® 1D-NMR

spectral studies. Findings of biological activitindicate that some compounds possess potentialiartbial activity.

2. Results and Discussion
2.1. Chemistry

The synthesis of new and potentially useful compien 9and12, in which a pyrimidine ring was linked to
the benzimidazole or benzothiazole moieties throaghacrylonitrile bridgewas carried ouby a simple and
efficient synthetic procedure (Schemes 1-3). The mpgrimidines were designed by introducing aj-
unsaturated nitrile as an actif¥ecenter to be targeted by nucleophilic residuethénenzyme’s active site, and
also to form additional H-bonds, resulting in neatuires which enhance the biological activitiethefobtained
productss, 9and12.

It is known that heteroaromatic nitrile derivativesdergo Knoevenagel condensation reactions wigh ar
aldehydes to yield 3-aryl-2-hetarylacrylonitrilersbatives [14]. In the current study, we report gyathesis of a
new series of benzazole pyrimidine acrylonitrizs9a-d and 12a-d. A condensation between an equimolar
amount of 2-benzazole acrylonitrildsl1 and pyrimidine aldehyde&8in the presence of a catalytic amount of
piperidine proceeded well and gave the final préesloc9 and 12 in yields 77-89 %, with excellent purities
(Schemes 1-3).
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Scheme 1.Synthesis of £)-2-(benzofi]thiazol-2-yl)-3-hetarylacrylonitriles: i = POCKHDMF, NaHCGQ;, ii = CHy(CN),,
EtOH, 25C, 5 hiii = piperidine, 25C, 15 min.
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9a: R = (CHj3),N-, (86%)

9b: R = CsHsCH,NH-, (78%)
9¢: R = N-morpholino, (80%)
9d: R = p-CIC4H/NH-, (83%)

Scheme 2.Synthesis of K)-2-(benzofithiazol-2-yl)-3-hetarylacrylonitrilesO: i = R-NH,, N,N-diisopropyl ethylamine
(DIPEA), EtOH, MW, 120°C, 150 W, 10 min= POCKDMF, NaHCG; iii = piperidine, 28C, 15 min.
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Scheme 3Synthesis off)-2-(benzofllimidazol-2-yl)-3-hetarylacrylonitriled 2: i = ethyl cyanoacetate, EtOH, reflux, 20
min. ii = piperidine, 25C, 15 min

It seems reasonable that the condition used invibi& would promote the Knoevenagel reaction thioug
the active methylene dfor 11 as a precursor. The reaction begins by deprotmafi the activated methylene in
the presence of a catalytic amount of piperidinee &ctivated methylene attacks the carbonyl carlobribe
aldehydes in pyrimidine2or 8 to produces, 9, 12(see Appendix A, Fig S1) [15].

All obtained compound$, 9 and 12 were fully characterized using elemental analySi5;IR, and NMR
spectroscopic techniques. Bothl- and ®*C-NMR data were consistent with the presence ofnpgline,
benzothiazole, and benzimidazole moieties. *Fh&IMR data of all derivatives revealed a singlefiaie proton,
consistent with the formation of a single isomehjali was assigned to be the thermodynamically rataieleE
configuration [16].The obtained-isomer is stabilized by the presence of hydrogaming between the olefinic
proton and the imidazole nitrogen, in addition e steric repulsions between the aromatic and det@matic
groups in the-conformer [17],[18].

The IR spectra of compoun@s-d showed characteristic absorption bands at 2010—-2282nd 1565—
1614 cnit corresponding to the CN and C=C functions, respelsti In addition, it confirmed the absence of both
the carbonyl group and the aldehyde proton (CHChénfinal products. Th&H-NMR spectra for compounds
9a-d showed that the olefinic protons were observedkrat low fields within a rangé = 8.17-8.87 ppm due to
the highly deshielded protons in tBdorm. This is one of the driving forces for greatéability and planarity for
the compound9a-d [19]. The'H-NMR spectra also demonstrated the absence drp sttdehyde-proton singlet
atd = 9.90 ppm, confirming the formation of the tasgkproduct®a-d, while the pyrimidine protons (H-4,6)



appeared within a range= 8.52-9.44 ppm. FurthéfC-NMR evidence confirming the formation of a carbon
carbon double bond is the disappearance of thalsg® = 22.8 ppm, corresponding to the methylene, CH
carbon and the appearance of the new olefinic kigmahe **C-spectra, the olefinic carbons resonated in the
range ofo = 147.1-162.9 ppnandthe signal appeared &t= 112.2-117.4 ppm assigned to the CN group, while
the pyrimidine C4 and C6 appearedat 152.8-164.5 ppm. The presence of aromatic Ciphatic C-H, CN,
and C=C signals at 3053, 2968, 2210, and 1585 iapectively, in the IR spectrum of compo@lindicated

the formation of the desired product. Furthermise H-NMR spectrum recorded a singlet peak at8.51 ppm,
attributable to the olefinic proton, as well asaieing the morpholine ring protons appearing aB8.67—3.68 ppm
and¢ =3.83-3.84 ppm. Thednd H of pyrimidine ring resonated as a singled a8.94 ppmBenzimidazole-2-
acetonitrilell is the second convenient precursor used [20],[@14ur study. Benzimidazole-2-acetonitrilé
was allowed to react with pyrimidine aldehyd@is the presence of catalytic amounts of piperidinafford (E)-
2-(benzo[dimidazol-2-y)-3-arylacrylonitrilesl2a-d at yields of 81-89 % (Scheme 3Bjructures of the obtained
acrylonitrile derivativesl2a-d were established on the basis of their elementalysis along with their
compatible spectral data. The FT-IR spectra of aamgds 12b showed characteristic absorption bands at
2207 cnt, 1604 cnit, and3439 cnt corresponding to the CN, C=C and NH- groups, rebpsyg. The'H-NMR
spectrum indicated the presence of a low-fieldioieforoton in the region of = 8.46-8.88 ppm accounting for
the formation of target compouri®b. In addition, the docking study and energy minirtiaa supported the
formation of theE-isomer, with a potential energy of 11.83 kcal/mompared with 12.66 kcal/mol for th

isomer.

2.2. Biological Studies
2.2.1. Antimicrobial activity

Biological activities of compounds containing pyiitme rings have stimulated considerable interast i
exploring the synthesis of new and potentially usebmpoundsNovel derivatives5, 9a-d and 12a-d were
evaluated for theirin-vitro antibacterial activity against two Gram-positive ctamial strains, namely,
Staphylococcus aurey®TCC-25923) andBacillus subtilis(ATCC 6633); and two Gram-negative bacterial
strains, namelyEscherichia coli(ATCC-25922) and®Pseudomonas aerugino$ATCC-27853) using the well
diffusion method. Amoxicillin was used as the refere standard. The results of screening derivaby@ga-d
and 12a-d are summarized in Table 1. Among the series, tanmpounds,5 and 12d, exhibited excellent
antibacterial activity against both Gram-positived aGram-negative bacteria with a MIC ranging fromol
13ug/mL. Compounds9a, 9d, 12b, and 12a exhibited moderate antibacterial activity agaitis¢ tested
organisms (MIC = 11.1 to 2pg/mL). However, all other compounds in the seriesenfound to have good
activity against both Gram-positive and Gram-negatbacteria, as compared to amoxicillin. Timevitro
antibacterial screening of compounfis9a-d againstE. coli showed that compounfl (MIC = 1.0 ug/mL)
exhibited slightly higher antibacterial activity aifn the control (amoxicillin, MIC = 1.fug/mL), whereas
compoundlL2d had an MIC value of 9.0g/mL. The remaining compounds showed good activity ag&nsoli

with MIC values between 11.1 and h/mL, compared with amoxicillin 1.pg/mL. Compound$, 9 and 12



were found to inhibiS. aureusat MIC values between 8.0 and 3p@mL. In addition, compounds and12d
exhibited good antimicrobial activities, comparedhwamoxicillin (MIC = 1.5ug/mL), against Gram-positive
Bacillus subtilisbacteria, with MIC ranging between 8.0-13@mL (Table 1), (Fig. 1). Therefore, the biological
results obtained for the new pyrimidine analogbe8d and12d showed promising antibacterial activity against
Gram-positive and Gram-negative bacteria (TableA)rief investigation of the structure-activitglationship
(SAR) revealed that halogen substitution at theinmgline ring contributed to better antibacterialtiaty.
Furthermore, the presence of amino groups at pasit2- and 4- of the pyrimidine ring improved the
antibacterial properties. It has been reported fihsing two biodynamic heteroaryl systems can teisuthe
formation of a new scaffold with significant biologl activity [22]. In addition, the linkage of pgmidine to
benzothiazole or benzimidazole was found to enhdneentibacterial activities of the final produd®esults
presented in Table 1 indicate that all the testadpounds exhibited greater activity against Grasitp@ and
Gram-negative bacteria strains than amoxicillin,ileviihe benzimidazole analogues exhibited more note

activity than the benzothiazole derivatives.

Table 1

Agar well diffusion method — zone of inhibition ahdIC (ug/ml) of pyrimidines5, 9a—dand12a—d

Compounds Zone of inhibition (mm) MIC (ng/ml)
E. coli P. aeruginosa S. aureus B. subtilis Ei col P. aeruginosa S. aureus B. subtilis
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Fig. 1. a) A plot of the minimum inhibitory concentratiopg/ml) for four strains of bacteria; b) Zone of ibition areas of
the new pyrimidine$, 9 and12 compared with amoxicillin.

2.2.2. Investigation of in-vitro amoxicillin comieith with compoun8 or 12d

Antibiotic combinations are used to enhance antds&d efficacy and to prevent the development of
resistance. Antibiotic combinations are frequenggd in order to obtain broad-spectrum effecthéntteatment
of serious infections such as septicemia and emditisa and also to produce amvivo effect against strains
which are defined as resistant to the known inimgior fatal dose of one antibiotic [23].

Certain combinations of-lactam antibiotics exhibit synergistic antibacdreffects against various
strains. Amoxicillin is similar to penicillin in $t bactericidal action against susceptible bactiriing the stage
of active multiplication. It acts through the intibn of cell wall biosynthesis, leading to the tteaf the
bacterium. Its usefulness is limited by its susidply to p-lactamase enzyme hydrolysis produced by the
organism [24].

The synergistic effects of combinations such asofacillin + 5) and (amoxicillin+ 12d) were studied.
Equal volumes of amoxicillin (MIC) withb (MIC), and 12d with amoxicillin were mixed. A 1.0 pg/mi
concentration of amoxicillin was mixed with a 131@/ml concentration ol2d and made up to a range of
dilutions (100, 80, 60, 40, 10, and 5 %). Therahg, 100 % dilution will contain amoxicillin 1.0 pgl and12d
MIC 13.0 ug/ml, and 10 % will contain amoxicillinlOug/ml andl2d 1.3 pg/ml (Tables 2, 3 and Fig. 2).



Table 2

MIC for amoxicillin (MIC) with 5 and12d (MIC).

S. No Dilution (%) B. infantis E. coli S. aureus P. aeruginosa
(10’ cells/ml) (10> cells/ml) (10> cells/ml) (10> cells/ml)

A+5 A+12d A+5 A+12d A+5 A+12d A+5 A+12d
1 100 N N N N N N N N

2 80 N N N N N N

3 60 N N N N N N N N
4 40 N N N N N N N N
5 10 N N N N N N N N
6 05 G G G G G G G G

7 +ve control G G G G G G G G
8 -ve control N N N N N N N N

Note: A: amoxicillin; N: no growth; G: bacterial growth; +ve control: &t with only nutrient broth (to check if bacteri

grown or not); -ve control: sterile nutrient br@tb check contamination).

Table 3

Activities of compound$ and12d (MICs) and the combination of amoxicillin with and amoxicillin with12d against
bacteria strains.

Bacteria Amoxicillin 5MIC 12dMIC  MIC (pg/ml) of  MIC (ng/ml) of
MIC (pg/ml) (ng/ml) (ng/ml) amoxicillin +5  amoxicillin + 12d
B. infantis 15 1.0 9.0 0.1 0.9
E. coli 15 1.0 9.0 0.1 0.9
S. aureus 15 8.0 9.0 0.8 0.9
P. aeruginosa 1.0 8.0 13.0 0.8 1.3
14 u B. infantis
12 1 =E. coli
10+
E g . S. aureus
2 g mP. aeruginosa
o 4
= 2
0 - ] mm
Amoxicillin 5 12d Amoxicillin + 5 Amoxicillin + 12d
Before combination After combination

Fig. 2. Activities of pyrimidine acrylonitrile derivatives, 12d, and amoxicillin (MICs) before and after combioati



Synergistic effects can be clearly observed frabld 3. We can see that in the cas&otoli, promising
antibacterial activity is obtained for the amoxinilcombinations, whereas for the amoxicillin aldass activity
is observed.

Synergy has been defined as requiring a fourfettliction in the MIC of both antibiotics in combiioat,
compared with each one being used alone, meastienfractional inhibitory concentration index (F)CThe
FICI was calculated for each combinatidn+ amoxicillin and12d + amoxicillin) using the following formula
[25]:

FICI = MICs pr124(combination) MICamoxicinin (Combination)

MICS orl2d (alone) MICAmoxicillin (alone)

The FICI was interpreted as follows: synergisti;IF< 0.5; additive, 0.5 < FICk 1; indifferent, 1 < FICK 2;
antagonistic, FICI > 2.

The FICI values for the two combinations Bf amoxicillin) and {2d + amoxicillin) were 0.2, indicating
synergy. The synergy betwe®&nand 12d and amoxicillin has been attributed to the inceeesthe uptake of
compounds5 and 12d. The compound$ and 12d are resistant to hydrolysis by thelactamase enzyme
elaborated by the strain of organism being testamnpoundss and12d seem to act not only as antibacterial
agents, but also may act gdactamase inhibitors, preventing bacterial degiiadaof amoxicillin. Thus, the
synergistic effect on the MIC of the mixture is ma@ffective than applying amoxicillin alone. Thantmnation
also allows lower doses of both amoxicillin and pannds5 or 12d to be used, helping to reduce toxicity,
broadening the empiric coverage provided by thedamtimicrobial agents (with different spectra ofity), and

preventing or delaying the emergence of resistdndag antimicrobial therapy.

2.3. Docking Study

2.3.1. Penicillin-binding protein

The novel pyrimidine acrylonitrile derivatives haam«,f-unsaturated nitrile that can be easily attacked
by a nucleophile. Similar acrylonitrile-based compds showed time-dependent inhibition for the botwh
neurotoxin serotype A metalloprotease enzyme [26§gesting the formation of a covalent bond between
acrylonitrile group and an allosteric site cystemsidue. Hence, it might be sensible to suggest tlur
compounds can also inhibit the target enzyme iimremersible manner (Fig. 3).

One of the most well-known bacterial targets foeversible inhibitors is the penicillin-binding pein
(PBP), which could be a target for our benzazolglanitriles. To study whether that is theoretiggliossible,
our compounds were covalently docked into Ehecoli PBP active pocket. The resultant docking affisitie
showed favorable binding modes for all docked camnpig (Table 4), where all ligands had scores betw@®
and -4.0 kcal/mol. Compourtel achieved the lowest docking score amongst allhggited compounds, which

was in line with the experimental antimicrobialuks.



The reference compound, amoxicillin, used in theeeixnent was also docked into the PBP active site a
obtained a minimum energy of -6.2 kcal/mol (Tableld contrast to then silico results obtained, the pyrimidine
acrylonitrile derivatives, 9 and 12 showed bettem-vitro antimicrobial activity than amoxicillin. This care
explained by the poor correlation between predidbeting energies and the corresponding experirhenta
affinities scoring functions [27].

The docked binding mode & shows how the ligand (nitrile-activated) doublenddormed a covalent
interaction with the nucleophilic residue in the FPRBctive site Ser62 (Fig. 4). As for the non-comtle
interactions stabilizing th&-PBP complex, the cyano group nitrogen seems tinbalved in two possible
electrostatic interactions with the side chainsAsh308 and Ser360. The pyrimidine nitrogen’s preseim
compound5 allowed the formation of additional hydrogen bawith the hydroxyl group of Thr418, whilst the
aromatic amine side chain allowed further hydrogend with the backbone amide of Ser420. Moreoves, t
benzothiazole ring was docked into a hydrophobickpty creating a-n stacking interaction with the aromatic
ring of Phel60 and multiple van der Waals inteomdiwith the side chains of Leu359 and Leu421, idiog
further stabilization for the ligand-receptor compl(Fig. 4).

Overall, the newly synthesized compourig® and 12 appear to have the major features required to enter
the PBP catalytic pocket and irreversibly occupyThe formation of the covalent complex suggested the
enzyme would be permanently damaged, resultingelh wall synthesis inhibition. Indeed, further woik
required to confirm that the PBP enzyme is a tai@ebur novel antibacterial agents.

N
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Fig. 3. The proposed mechanism of PBP inhibition by thglanitrile-based compounds.
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Table 4

Docking affinities obtained from covalent dockinfyazrylonitrile-based antibacterial agents into Ehecoli PBP active site
and from experimentally testing them agaigstoli.

Compound No. Docking affinity
(kcal/mol)
5 -4.0
12d -3.3
Amoxicillin -6.2

2.3.2.p-Lactamase enzyme

It was found that a similar class of compounds sftbwime-dependent inhibition of the botulinum
neurotoxin serotype A metalloprotease enzyme thrabhg formation of a covalent interaction betwekeairt
acrylonitrile group and an allosteric site cystemasidue [26]. To further investigate the actiontloé newly
synthesized benzazole derivatives as antimicraialle compounds, an experiment was designed tly she
possible mode of interaction with th®lactamase enzyme (Fig. 5). Consequently, a theatestudy was
undertaken to evaluate the possibility of a covaleteraction with theE. coli -lactamase active pocket. The
docking affinity results showed stable binding gnes for all docked compounds ranging between a#®-6.3
kcal/mol (Table 5).

The ligand5 appears to fit in thg-lactamase pocket very nicely, explaining how tigand was able to
obtain a minimum binding energy of -5.9 kcal/maly(F6). This was probably attributed to the hydmgending
formed between thg cyanide and the Ser130 side chain; positioningnttrée-activated double bond to form a
covalent bond with the Ser70 hydroxyl group. Aduially, the 2-amino group of the pyrimidine ringrfeed a
hydrogen bond with the hydroxyl group of Ser235udithese compounds can irreversibly bindafectamase
enzyme. Furthein-vitro testing is required, however, to confirm that Beis/the site of reaction for compounds
5,9and12.
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Fig. 5. The proposed mechanism of inhibition of fhlactamase enzyme &y
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Table 5

Docking affinities obtained from covalent dockingcompounds, 9 and12into theE. coli f-lactamase active site.

Compound No. Docking Affinity
(kcal/mol)

5 -5.9
9a -4.4

9% -4.4

9c -4.5

aod -4.9
12a -4.4
12b -4.6
12c -4.2
12d -6.3

2.4. Biophysical studies
To confirm the results obtained from thevitro antimicrobial and docking studies, the interaction

between the benzazole-pyrimidinBsand 12d and thepg-lactamaseenzyme were investigated using UV-vis

absorption, fluorescence, circular dichroishiNMR, and SEM techniques.

2.4.1. UV-vis study

UV-vis absorption technique is a simple operatianathod to validate the structural change in aryraez
and to identify complex formation. In the bindingperiment, UV-vis absorption spectroscopy was aelbpo
evaluate the binding behavior between compobirahd theg-lactamaseenzyme. The band at 280 nm was
attributed to the r*, while the band at 330 nm appeared to be a caoatioim of na* and n-n* transitions. The

11



p-lactamaseenzyme band at 275 nm clearly interfered with theogption band of compouridat 280 nm. The
intensity of the banat 280 nm increased, probably because of overlgppith theg-lactamasenzyme band at
275 nm. In contrast, with the addition of compousndhe peak intensity of the band at 330 nm incrase
indicating that compoun8 interacted with thg-lactamasenzyme (see Appendix A, Fig. S2).

The UV-spectra of compouritd showed two absorption bandshat 287 and 336 nm (see Appendix A,
Fig. S3). The band at= 287 nm was attributed to thesh- while the band ak = 336 nm is a combination of n-
n* and n-t* transitions. Thes-lactamaseenzyme demonstrated one absorption band=a275 nm and clearly
interfered with the absorption bandXat 287 nm ofl2d. Therefore, the absorbanceAat 287 nm increased
upon the addition of thg-lactamaseenzyme. The intensity of the bandlat 336 nm also increased upon the

addition of the enzyme which might indicate anriattion between the enzyme and the ligand.

2.4.2. Fluorescence study

Fluorescence spectroscopy was the second methat taseonfirm the interaction between the active
benzazole-pyrimidine$ and 12d and theg-lactamasesnzyme in phosphate buffer, pH 7.4. The fluoreseenc
spectrum of compoun8, using excitatiorkmax 0of 280 nm, showed an emission band &t 443 nm attributed to
the na* singlet-singlet transition. Upon sequential adhis of thef-lactamaseenzyme, this band had a slight
red shift (~2 nm) with an increased intensity, aadiing that compoun8 interacted with thg-lactamasenzyme.
The same result was observed when compdi2advasused in titration withp-lactamasdésee Appendix A, Fig.
S4).

2.4.3. Circular dichroism (CD) study

Circular dichroism (CD) is a spectroscopic techmeigehere the absorption of molecules is measuredave
range of wavelengths. CD spectroscopy is used &xtdy to study chiral molecules of all types amzes. A
primary use is to analyze the secondary structack the conformation of macromolecules, such aseprot
secondary structures, which are found to be manmsitiee to the environment. Structures change ¢eraation
with other molecules and can be detected and studisng CD spectroscopy [29]. We conducted CDtiitra
experiments to get more information on the intéoast between compounds 9 and 12 with g-lactamaseand
conformation changes upon interaction. The CD spetbf thes-lactamasesnzyme in phosphate buffer at pH
7.4 showed a negative band centered at 220 nmrangasitive band at 270 nm. This finding is comsisivith
previously reported works [30] (see Appendix A,.F55).

Additions of compound to thepg-lactamasenzyme resulted in CD spectral changes. The iritensif
the band centered at 220 nm became more positiga tiee addition of compoun8, while after extensive
addition of5, the negative band at 220 nm blue-shifted slightigt gradually transformed into a positive band
centered at 215 nm. The transformation of the megadtnd at 220 nm into the positive one at 215ndicates a
change in thegg-lactamaseenzyme conformation upon interaction wBhThe same results were obtained when

12d was used, as can been seen in Appendix A, Fig. S6.
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2.4.4. NMR studies: Complexationflactamase with benzazole-pyrimidih2d

The docking studies demonstrated that the nitctesated double bond in compoud@d was able to
form a covalent bond with the Ser70 residue infa&ctamase pocket. NMR was used to confirm the &bion
of the covalent bond between the benzazole-pyrimeiti2d and thes-lactamase active site.

The complexation behavior of the synthesized besiegzyrimidine12d with S-lactamase enzyme was
investigated as induced chemical shifts of the aeole-pyrimidine protons. Upon addition gflactamase
enzyme, no significant changes occurred in the atarshifts of the benzazole-pyrimidine protonstekf60 min,
the chemical shifts of the benzazole-pyrimidinetgmns of 12d were observed in the upfield region. The
calculated suggested thatactamase enzyme preferentially encapsulates éheazole-pyrimidind2d moiety.
The inclusion of compound2d into the g-lactamase enzyme active site led to a significanift of the
pyrimidine H-4 and H-6 to a higher field of 0.95mppThe disappearance of the olefinic protod2ad atd = 7.78
ppm and the appearance of a new signal resonatce 28 ppm integrated to one proton and assigoethé
methine proton confirmed the formation of a newatemt bond in thg-lactamase pocket (see Appendix A, Fig.
S7).

2.4.5. Morphological changes of E. coli bacteriaaphe addition of compourid

The morphological effect observed using TEM prodiéidence for interactions with, and disruption of
the cell wall. For instance, PBP located in theoplasmic membrane, may bind to compo&nahd changes the
cell morphology which could result in PBP-compounidteraction. Additionally, untreated cells mustdtedied
by electron microscopy as controls (untreated Io@jteo confirm observed changes in the bactesli§@xposed
to compoundb.

TEM analysis of unstained bacteria showed normegdraal morphological features of the bacterialistra

E. colicells diluted in phosphate buffer exhibited maitgnfients, such as flagella and fimbriae (see AppeAd
Fig. S&-0. The fimbriae measured approximately 7.00 nm waied up to 900 nm long. In contrast, after
treatment with compoun8 for 2 h the bacterial cells appeared to be sefalsmaged (see Appendix A, Fig.
S8d-i). The cells demonstrated unusual morphology ofidperacked and ruptured. Electron-dense partiales o
precipitates were also observed around damageckrizctells. Damaged cells showed either localined
complete separation of the cell membrane from tllewall. The cellular degradation was also acconigxh by
electron-translucent cytoplasm and cellular disampin the damaged cells. These findings supperptieviously
mentioned theory that compounBis9 and 12 could exert their antibacterial activity via intibg penicillin-

binding protein, which is essential for bacterigll gvall synthesis.

3. Conclusion

A new series of nine benzimidazole and benzothéapgtimidiness, 9 and12 were synthesized via an
environmentally friendly and efficient proceduredathe products were then screened for their aotohial
activities. Among the newly synthesized derivatjiveesmpounds exhibited the highest antibacterial activities,
which were comparable to those of the test conarabxicillin. The bactericidal activity of thesemapounds was

proposed, by docking, to result from the irrevdesibhibition of PBP, which is important for cellalt synthesis.
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In line with thein silico data, TEM studies showed that these compoundsaase bacterial cell wall rupture.
Furthermore, these compounds exhibited the potetdiaovercome bacterial resistance by demonstrating
significant synergism when combined with amoxinillDocking studies showed that these compounds thave
ability to covalently bind thg-lactamase enzyme via forming an irreversible adgon with the key amino acid
residue Ser62. The results obtained were confinmsninng-NMR, UV, fluorescence, and TEM techniques.

Therefore, these compounds open new avenues fatetelopment of anti-bacterial therapeutic agents
for the treatment of infectious diseases. In adujtithese results give an insight into structutesayg

relationships, which are tremendously importantliier design of further new antimicrobial compounds.

4. Experimental

4.1. Chemistry

All reagents and chemicals were purchased from &igtdrich and used without further purification.ifh
layer chromatography (TLC) was performed on sifieh glass plates (Silica gel, 6Qsk Fluka) and the spots
were visualized under a UV lamp. Column chromatplgyavas performed on a Kieselgel S (silica gel.868-
0.1 mm). The melting points were recorded on a&b&thmp apparatus and are uncorrected. Infraredrapec
were measured using KBr pellets on a Thermo Nicwietlel 470 FT-IR spectrophotomet&r-NMR spectra
were recorded on Varian, 400 MHz instruments bygi$dMSOds and CDC} solutionsand tetramethylsilane
(TMS) as an internal reference. The element arablysis performed on a Euro Vector EA 3000. Fluomsee
measurements were conducted inside quartz celtg) wsiCary Eclipse model-3 spectrofluorometer ecqdpp
with a high-intensity Xenon flash lamp and 1.0 cathplength (Varian, Austria). Absorption measuretsavere
carried out using an Agilent 8453 spectrophotometepported by 1.0 cm quartz cells (Austria). CD
measurements were made using a Jasco J-815 spettrofdasco, USA). A detailed description of the

morphology was obtained by transmission electrarascopy (TEM; CM10-Phillips Amsterdam, Netherlands

4.2. Amination

Compounds7a-d obtained by the reaction between 2-chloropyrimidén€l.0 mmol, 0.148g) with the
appropriate amines (1.0 mmol) in ethanol (2-3 ml)°€ in the presence df N-diisopropyl ethylamine (DIPEA,
1.1 mmol) under microwave irradiation for 10 mirhel progress of reaction was monitored by TLC. Ethyl
acetate (10.0 ml) was added to the reaction mixamek the pH was adjusted to 7-7.5 using HCI (6.0 e
mixture was washed with saturated aqueous solatiddaHCQ,. The organic layer was dried over anhydrous
MgSO,. The excess solvent was removed under reducesiypesand the obtained residue was further purified

column chromatography using ethyl acetate-hexarng (@ afford the final products in good yields.
4.2.1. N,N-dimethylpyrimidin-2-amir@@a). *"H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 3.18 (s, 6H, Ck), 6.85

(m,1H, H-pyrimidine), 8.70 (s, 2H, k-pyrimidine); *C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 37.6 (CH),
117.4 (C5-pyrimidine), 159.8 (C4,6-pyrimidine), 161C2-pyrimidine).
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4.2.2. N-benzylpyrimidin-2-amir@b). *"H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 4.56 (d, 2H, Ph-CH J = 4.0
Hz), 6.68 (m,1H, Bpyrimidine), 7.21-7.28 (m, 5H, aromatic), 8.69 28], H, c-pyrimidine), 8.82 (s, 1H, NH,
exchanges with ED); *C-NMR [DMSO<ds, 100 MHz]: ¢, ppm) 44.3 (CH, benzylamine), 119.4 (C5-
pyrimidine), 127.0, 127.3, 128.5, 138.7 (aromatl&9.2 (C4,6-pyrimidine), 160.3 (C2-pyrimidine).

4.2.3. 4-(pyrimidin-2-yl)morpholing7c). 'H-NMR [DMSO-ds, 400 MHz]: ¢, ppm 3.62-3.64 (m, 4H,
morpholine), 3.84-3.85 (m, 4H, morpholine), 6.70, 1k, H:-pyrimidine), 8.72 (s, 2H, H-pyrimidine); **C-
NMR [DMSO-ds, 100 MHZz]: ¢, ppm) 45.1 (morpholine), 66.6 (morpholine), 119.0 (Gaimidine), 159.2
(C4,6-pyrimidine), 160.1 (C2-pyrimidine).

4.2.4. N-(4-chlorophenyl)pyrimidin-2-amin@&d). *"H-NMR [DMSO-ds, 400 MHz]: ¢, ppn) 6.71 (m,1H, H

pyrimidine), 7.53-7.55 (d, 2Hy-chlorophenyl,J = 8.0 Hz), 8.34 (s, 1H, NH, exchanges with@), 8.40-8.41 (d,
2H, p-chlorophenylJ = 8.0H2, 9.23 (s, 2H, Hepyrimidine); *C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 125.2
(C5-pyrimidine),129.4, 129.9, 134.8, 137.5 (aronjatl58.1 (C4,6-pyrimidine), 162.3 (C2-pyrimidine).

4.3.General synthetic procedure for formulation of pyidines2 and 8

Vilsmeier reagent was prepared by mixing ice-calg AMF (50 ml) and POGI(30.0 mmol, 2.8 ml). The
mixture was stirred for 15 min at 25C. To thevpyas mixture, aminopyrimidines (10.0 mmol) in dMF
(5.0 ml) were added over a period of 15 min at 825The reaction mixture was stirred for 24 h at C2%he
mixture was then added to cold, saturated afE(s and extracted with diethyl ether. The organic layes
washed with water, dried over anhydrous,®@, and evaporated under reduced pressure to affiercdrude
product, which was purified in a silica gel coluclromatography using hexane/ethyl acetate (9: Bnasuent

to give the title compoundsand8

4.3.1. 2,4-Diaminopyrimidine-5-carbaldehy@®. Brown powder, yield 59 %‘H-NMR [DMSO-ds, 400 MHz]:
(6, ppm) 7.10 (d, 2H, NKH exchange with ED), 7.52 (d, 2H, NK exchange with ED), 8.32 (s, 1H, &
pyrimidine), 9.45 (CHO);**C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 106.2 (C5-pyrimidine), 162.7 (C4-
pyrimidine), 164.4 (C6-pyrimidine), 167.0 (C2-pyidine), 189.5 (CHO).

4.3.2. 2-(N,N-Dimethylamino)pyrimidine-5-carbalddby(8a). Pale yellow crystals, yield 62 %H-NMR
[DMSO-ds, 400 MHz]: ¢, ppm) 3.19 (s, 6H, Ch, 8.73 (s, 2H, Hepyrimidine), 9.71 (s, 1H, CHO)?C-NMR
[DMSO-ds, 100 MHz]: ¢, ppm) 37.4 (CH), 119.4 (C5-pyrimidine), 160.7 (C4,6-pyrimidine})62.8 (C2-
pyrimidine), 189.2 (CHO).

4.3.3. 2-(N-Benzylamino)pyrimidine-5-carbaldehy8b). Yellow powder, yield 70 %:H-NMR [DMSO-ds, 400

MHz]: (6, ppm) 4.57 (d, 2H, Ph-CHJ = 4.0 H2, 7.20-7.28 (m, 5H, aromatic), 8.71 (s, 2H,sgdyrimidine),
8.84 (s, 1H, NH, exchanges with,@®), 9.68 (CHO);"*C-NMR [DMSO-ds;, 100 MHz]: ¢, ppm) 44.5 (CH,
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benzylamine), 120.7 (C5-pyrimidine), 127.3, 1271.23.8, 139.5 (aromatic), 160.8 (C4,6-pyrimidiné3 B (C2-
pyrimidine), 189.1 (CHO).

4.3.4. 2-(N-Morpholino)pyrimidine-5-carbaldehy@@c). Pale yellow powder, yiel60 %; 'H-NMR [DMSO-ds,
400 MHz]: @, ppm) 3.62-3.64 (m, 4H, morpholine), 3.84-3.85 (rhl, 4norpholine), 8.77 (s, 2H, 43
pyrimidine), 9.73 (s, 1H, CHOJ’C-NMR [DMSO-ds, 100 MHZz]: ¢, ppm) 44.5 (morpholine), 66.3 (morpholine),
120.1 (C5-pyrimidine), 160.9 (C4,6-pyrimidine), 162C2-pyrimidine), 189.2 (CHO).

4.3.5. 2-(4Chlorobenzylamino)pyrimidine-5-carbaldehyd@d). Pale yellow powder, yield 61 %H-NMR
[DMSO-ds, 400 MHZz]: ¢, ppm) 7.58-7.60 (d, 2Hx-chlorophenylJ = 8.0 H2, 8.35 (s, 1H, NH, exchanges with
D,0), 8.41-8.43 (d, 2Hp-chlorophenyl,J = 8.0H2, 9.28 (s, 2H, kspyrimidine), 10.10 (CHO)*C-NMR
[DMSO-ds, 100 MHZz]: ¢, ppm) 127.3 (C5-pyrimidine), 129.6, 130.8, 135.47.83(aromatic), 159.3 (C4,6-
pyrimidine), 165.6 (C2-pyrimidine), 191.3 (CHO).

4.4. Synthesis of benzothiazole-pyrimidines

4.4.1. 2-(Benzo[d]thiazol-2yl)acetonitrile (4). A mixture of 2-aminothiopheno8 (0.01 mol, 1.1 ml) and
malononitrile (0.01 mol, 0.64 ml) in ethanol (10)mlas stirred at 25C for 5 h. The yellow solidsveallected
by filtration and recrystallized from ethanol toveilight brown crystals; yield 86 %; mp 162; 'H-NMR
[DMSO-ds, 400 MHz]: ¢, ppm) 4.72 (s, 2H, C§), 7.45-7.52 (m, 2H, &-benzothiazole), 8.00-8.10 (m, 2H,
H.,-benzothiazole);**C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 22.8 (CH), 117.5 (CN), 122.8 (C7-
benzothiazole), 123.1 (C4-benzothiazole), 126.1-§@3zothiazole), 127.0 (C6-benzothiazole), 135.83'4C
benzothiazole), 152.7 (G8benzothiazole), 161.0 (C2-benzothiazole).

4.4.2. General synthetic procedure of (E)-2-(Beditbjazol-2-yl)-3-arylacrylonitriles5 and 9a—d

A mixture of 2-(benzd]] thiazol-2-yl)acetonitrile4 (1.0 mmol, 0.17 g) and pyrimidine aldehy?er 8
(2.0 mmol) was stirred at 25C for 10-15 min imagiol (10 ml) which contained piperidine (2.0 mntk ml).
The reaction was monitored by TLC. The formed swlas filtrated and washed with hexane (2 x 10 mive

the corresponding compoungand9a-d

4.4.2.1. (E)-2-(Benzo[d]thiazeR ~yl)-3-(2”,4"-diaminopyrimidin-3-yl)acrylonitrile (5). Yellow powder; vyield
77 %; mp 280C:; IR (KBr, cm®): 3395, 3307 (br, NbJ, 2101 (CN), 2733 (C-H aliphatic), 1565 (C=&J:NMR

[DMSO-ds, 400 MHz]: ¢, ppm) 6.86-6.88 (bs, 2H, NHexchangeable with @), 7.47 (t, 1H, B-benzothiazole,
J =8.0 H2, 7.55 (t, 1H, B-benzothiazole) = 8.0 H2, 8.05 (d, 1H, #benzothiazole) = 8.0 H2, 8.11 (d, 1H,
H--benzothiazole) = 8.0 H3, 8.30 (brs, 2H, NKHexchangeable with @), 8.52 (s, 1H, Epyrimidine), 8.87
(olefinic H); **C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 106.4 (C5-pyrimidine), 110.1 (§2112.2 (CN), 122.3
(C7-benzothiazole), 133.3 (C4-benzothiazole), 138®benzothiazole), 139.9 (C6-benzothiazole), 1583a-
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benzothiazole), 160.0 (C6-pyrimidine), 161.5 (¢Benzothiazole), 162.9 (olefinic C), 164.5 (C4ipydine),
164.8 (C2-benzothiazole), 167.1 (C2-pyrimidine);aRrCalcd for GHioNgS: C, 57.13; H, 3.42; N, 28.55; S,
10.89; Found: C, 57.18; H, 3.33; N, 28.63; S, 10M6al. Calcd for GH;10NeS.2HBr: C, 36.86; H, 2.65; N,
18.42; S, 7.03; Found: C, 37.05; H, 2.45; N, 183,47.05.

4.4.2.2.(E)-2-(Benzo[d]thiazol-2yl)-3-(2"-(dimethylamino)pyrimidin-3yl)acrylonitrile (9a). Yellow powder;
yield 86 %; mp 252C; IR (KBr, cni'): 3408 (Ar-Hstre), 2926 (aliphatic C-Hstret), 2209 (CN), 1607 (C=C);
'H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 3.25 (s, 6H, 2CH), 7.47—7.56 (m, 2HHs ¢ benzothiazole), 8.01 (d, 1H,
H4 benzothiazole] = 8.0 H2, 8.10 (d, 1H, Hbenzothiazole] = 8.0 H2, 8.17 (s, 1H, olefinic H), 9.02 (s, 2H,
H, ¢ pyrimidine); **C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 37.4 (CH), 100.5 (C2, 115.3 (CN), 117.4 (C5-
pyrimidine), 122.7 (C7-benzothiazole), 123.2 (Céatmhiazole), 126.3 (C5-benzothiazole), 127.4 (C6-
benzothiazole), 134.7 (C3 a-benzothiazole), 143 l§-benzothiazole), 153.5 (olefinic C), 160.1 &4,
pyrimidine), 161.7 (C2-benzothiazole), 163.7 (C2imydine); Anal. Calcd for GH13NsS: C, 62.52; H, 4.26; N,
22.78; S, 10.43; Found: C, 62.57; H, 4.17; N, 2288610.50; Anal. Calcd forgH:5NsS.HBr: C, 49.49; H, 3.63;
N, 18.04; S, 8.26; Found: C, 49.68; H, 3.43; NO38S, 8.27.

4.4.2.3.(E)-2-(Benzofl]thiazol-2-yl)-3-(2"-benzylaminopyrimidin-5yl)acrylonitrile (9b). Yellow powder; yield
78 %; mp 238C; IR (KBr, cm®): 3458 (NH), 3228 (aromatic C-Htr.), 2985 (C-H aliphatic), 2211 (CN), 1614
(C=C); 'H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 4.62-4.64 (d, 2H, GHJ = 8.0 H2, 7.24-7.28 (m, 1H,
benzylamine), 7.34-7.35 (m, 4H, benzylamine), A#48H, H-benzothiazole]J = 8.0 H2, 7.58 (t, 1H, K-
benzothiazole]) = 8.0 H3, 8.02 (d, 1H, #benzothiazoleJ = 8.0 H2, 8.13 (d, 1H, Hbenzothiazole), 8.17 (s,
1H, olefinic H), 8.92 (t, 1H, NH, exchangeable withO), 9.47 (s, 2H, Hl-pyrimidine); >C-NMR [DMSO-d;,
100 MHz]: ¢, ppm) 44.6 (CH), 100.5 (C2, 116.4 (CN), 117.4 (C5-pyrimidine), 122.8 (C7-bethiazole),
123.2 (C4-benzothiazole), 126.4 (C5-benzothiazolép7.3 (C6-benzothiazole), 127.6, 128.8, 134.5
(benzylamine), 139.6 (C&benzothiazole), 143.8 (benzylamine), 153.4'l§d#nzothiazole), 160.6 (olefinic C),
160.9 (C4,6-pyrimidine),162.4 (C2-benzothiazolé3.D (C2-pyrimidine); Anal. Calcd for,gH:5NsS: C, 68.27;
H, 4.09; N, 18.96; S, 8.68; Found: C, 68.32; H14MN, 19.01; S, 8.75; Anal. Calcd fop8:sNsS.HBr: C, 56.01;
H, 3.58; N, 15.55; S, 7.12; Found: C, 56.20; H83I8, 15.56; S, 7.14.

4.4.2.4.(E)-2-(Benzo[d]thiazeR ~yl)-3-(2"-morpholinopyrimidin-3-yl)acrylonitrile (9¢). Yellow powder; yield
80 %; mp 248C; IR (KBr, cm): 3053 (aromatic C-Hstr.), 2968 (CH-aliphatic), 2210 (CN), 1582 (C=€H:
NMR [DMSO-ds, 400 MHZz]: ¢,ppm) 3.67-3.68 (m, 4H, morpholine), 3.83-3.84 (i, orpholine), 6.54 (t,
1H, Hs-benzothiazole) = 8.0 HJ, 6.69 (d, 1H, B#benzothiazole]) = 8.0 H3, 6.94 (t, 1H, B-benzothiazole) =
8.0 HJ, 7.06 (d, 1H, Hbenzothiazole) = 8.0 H2, 8.51 (s, 1H, olefinic H), 8.94 (s, 2H, Hpyrimidine); **C-
NMR [DMSO-ds, 100 MHz]: ¢, ppm) 44.4, 66.4 (morpholine), 102.6 (£2117.4 (CN), 119.5 (C5-pyrimidine),
124.8 (C7-benzothiazole), 125.4 (C4-benzothiazdle®.4 (C5-benzothiazole), 129.5 (C6-benzothiazd@p.8
(C3a -benzothiazole), 145.9 (@3-benzothiazole), 155.7 (olefinic C), 162.3 (Cgydinidine), 163.8 (C2-
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benzothiazole), 165.9 (C2-pyrimidine); Anal. Cafod C;gH;sNsOS: C, 61.87; H, 4.33; N, 20.04; S, 9.18; Found:
C, 61.92; H, 4.24; N, 20.12; S, 9.25; Anal. Calod €,sH,sNsOS.HBr: C, 50.24; H, 3.75; N, 16.27; S, 7.45;
Found: C, 50.43; H, 3.55; N, 16.28; S, 7.46.

4.4.25. (E)-2-Benzo[d]thiazol-2yl)-3-[2 (p-chlorophenylamino)pyrimidin-5yl] acrylonitrile (9d).
Crystallized from ethanol, orange powder; yield%83 mp 188°C; IR (KBr, cmi'): 3445 (br, NH), 3269
(aromatic C-H-str.), 3050 (C-H aliphatic), 2232 (CN), 1572 (C=:NMR [DMSO-ds, 400 MHz]: ¢, ppm)
7.25 (d, 2H,p-chlorophenyl,J = 8.0 H), 7.40 (t, 1H, H-benzothiazoled = 8.0 HJ, 7.57 (d, 1H, &
benzothiazole) = 8.0 H3, 7.84 (t, 1H, B benzothiazole) = 8.0 HJ), 8.03 (d, 1H, K benzothiazole) = 8.0
Hz), 8.26 (s, 1H, NH, exchangeable with@), 8.44 (d, 2Hp-chlorophenylJ = 7.8 H2, 8.73 (s, 1H, olefinic H),
9.39 (s, 2H, Hepyrimidine); *C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 113.2 (C3, 117.4 (CN), 118.3 (C5-
pyrimidine), 119.2 (C7-benzothiazole), 126.9 (Ar{chlorophenyl), 127.8 (C4-benzothiazole), 130.6 -(C5
benzothiazole), 131.0 (C6-benzothiazole), 131.3GAp-chlorophenyl), 132.1 (Ar-Cp-chlorophenyl), 136.3
(C3d-benzothiazole), 137.9 (Ar-@;chlorophenyl), 138.6 (C3ibenzothiazole), 147.1 (olefinic-C), 152.8 (C4,6-
pyrimidine), 159.6 (C2-benzothiazole), 165.1 (C2xmydine); Anal. Calcd for gH1,.CINsS: C, 61.62; H, 3.10;
N, 17.96; S, 8.22; Found: C, 61.67; H, 3.01; NO38S, 8.29; Anal. Calcd for,g4:2CINsS.HBr: C, 51.03; H,
2.78; N, 14.88; S, 6.81; Found: C, 51.22; H, 21$815.01; S, 6.91.

4.5. Synthesis of benzimidazole-pyrimidines

4.5.1. 2-(1H-Benzo[d]imidazol¥l)acetonitrile (11). A mixture of o-phenylenediamind.0 (0.01mol, 1.08 Qg)
and ethyl cyanoacetate (0.01 mol, 1.7g) were reflur ethanol (30 mL) for 20 min. After coolinggetsolution
was extracted with ether (3 x 25 ml). The solvemisvevaporated and the resultant solid prodictvas
recrystallized from ethanol as a brown crystalgld/i75 %; mp 212C; ‘H-NMR [DMSO-ds, 400 MHz]: ¢,
ppm) 4.36 (s, 2H, C}), 5.17 (s, 1H, NH exchangeable with@), 6.35 (m, 2H, Esbenzimidazole), 6.47 (m, 2H,
H, 7benzimidazole); *C-NMR [DMSO<s, 100 MHz]: ¢, ppm) 22.8 (CH), 117.5 (CN), 122.8 (C4-
benzimidazole), 123.1 (C7-benzimidazole), 126.1-kf€bzimidazole), 127.0 (C6-benzimidazole), 135.8'{C

benzimidazole), 152.7 (C2-benzimidazole).

4.5.2.General synthetiprocedure of (E)-2-(Benzo[ufhidazol-2-yl)-3-arylacrylonitriles12a—d

A mixture of 2-(H-benzofllimidazol-2-yl)acetonitrile11 (1.0 mmol, 0.16g) and pyrimidine aldehydes
(1.0 mmol) was stirred at 25Cfor 10—15 min inagtbl (10.0 ml) that contained piperidine (2.0 mnfo ml).
The reactions were monitored by TLC, in order tafyghe consumption of the precursors. The soliddpcts
were isolated by filtration and washed with a migtwf hexane/ethanol (7:3) to give the correspandin

compoundd 2a—d
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45.2.1. (E)-2-(1H-Benzo[d]imidazol-gl)-3-[2 "-(dimethylamino)pyrimidin-3yl) acrylonitrile (12a) Orange
crystals; yield 89 %; mp 154; IR (KBr, cm?): 3439 (NH), 3307 (aromatic C-bkr), 2860 (CH-aliphatic),
2395 (CN), 1616 (C=C)‘H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 3.21 (s, 6H, C§, 5.17 (s, 1H, NH
exchangeable with @), 6.54 (t, 1H, EBbenzimidazole) = 8.0 H3, 6.68 (d, 1H, Bbenzimidazole) = 8.0 H2,
6.93 (t, 1H, H- benzimidazole) = 8.0 H3, 7.05 (d, 1H, Hbenzimidazole) = 8.0 H2, 8.49 (s, 1H, olefinic H),
8.89 (s, 2H, Hepyrimidine); **C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 37.26 (Ch), 114.9 (C9), 116.5 (C4,7-
benzimidazole), 117.1 (CN), 119.0 (C5-pyrimidingé®7.5 (C5,6-benzimidazole), 135.9 (&&nzimidazole),
144.1 (C2-benzimidazole), 152.5 (olefinic C), 158CA4,6-pyrimidine), 162.3 (C2-pyrimidine); Anal. ICd for
CieH1aNg: C, 66.19; H, 4.86; N, 28.95; Found: C, 66.24;47; N, 29.03; Anal. Calcd for6H,4Ng.HBr: C,
51.77; H, 4.07; N, 22.64; Found: C, 51.96; H, 318722.66.

4.5.2.2. (E)-2-(1H-Benzo[d]imidazol-21)-3-[2 ~(benzylamino)pyrimidin-3yl]acrylonitrile (12b). Light brown
powder; yield 81 %; mp 15%; IR (KBr, cm'): 3471 (br, NH), 3367 (aromatic C-str.), 3226 (C-H aliphatic),
2207 (CN), 1614 (C=C}H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 4.59 (d, 2H, CKJ = 8H2), 5.16 (s, 1H, NH
exchangeable with @), 6.53 (t, 1H, EBbenzimidazole) = 8.0 H3, 6.67 (d, 1H, Bbenzimidazole) = 8.0 H2,
6.93 (t, 1H, H-benzimidazoleJ = 8.0 H2, 7.03 (d, 1H, H benzothiazole) = 8.0 H2, 7.22-7.25 (m, 1H,
benzylamine), 7.29-7.33 (m, 4H, benzylamine), &§38H, NH, exchangeable with,D), 8.46 (s, 1H, olefinic
H), 8.88 (s, 2H, Hepyrimidine); *C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 44.5 (CH), 114.9 (C2), 116.5
(C4,7-benzimidazole), 117.2 (CN), 120.3 (C5-pyrime), 127.1 (C5,6-benzimidazole), 127.5-135.9 (Ar-C
benzylamine), 140.2 (Cb®enzimidazole), 144.1 (C2- benzimidazole), 152definic C), 159.1 (C4,6-
pyrimidine), 163.1 ( C2-pyrimidine); Anal. Calcdrf@,1H:6Ne: C, 71.58; H, 4.58; N, 23.85; Found: C, 71.63; H,
4.49; N, 23.93; Anal. Calcd for.@H:6Ns.HBr: C, 58.21; H, 3.95; N, 19.40; Found: C, 58.413.75; N, 19.39.

4.5.2.3. (E)-2-(1H-Benzo[d]imidazol-gl)-3-(2"-morpholinopyrimidin-3-yl)acrylonitrile (12c). Yellow powder;
yield 84 %; mp 176C; IR (KBr, cm?): 3464 (br, NH), 3365 (aromatic C-str.)), 2967 (C-H aliphatic), 2331
(CN), 1604 (C=N);'H-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 3.67 (m, 4H, morpholine), 3.83 (m, 4H,
morpholine), 5.20 (s, 1H, NH exchangeable wit®©D 6.54 (t, 1H, Bbenzimidazole]) = 8.0 H2, 6.69 (d, 1H,
Hs-benzimidazole) = 8.0 H2, 6.94 (t, 1H, KH-benzimidazole,) = 8.0 H3, 7.06 (d, 1H, Hbenzimidazole) =

8.0 H2, 8.51 (s, 1H, olefinic H), 8.93 (s, 2H, Hpyrimidine); *C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 44.4,
66.4 (morpholine), 114.9 (C2"), 116.5 (C4,7-bendazole), 117.1 (CN), 120.1 (C5-pyrimidine), 127C5(6-
benzimidazole), 135.7 (GBenzimidazole), 144.2 (C2-benzimidazole), 152.%effoic C), 158.9 (C4,6-
pyrimidine), 161.7 (C2-pyrimidine); Anal. Calcd f@igH1sNsO: C, 65.05; H, 4.85; N, 25.29; Found: C, 65.10; H,
4.76; N, 25.37; Anal. Calcd for;H:sNsO.HBr: C, 52.31; H, 4.15; N, 20.34; Found: C, 52H13.95; N, 20.36.

45.2.4. (E)-2-(1H-Benzo[d]imidazol-gl)-3-(2"(p-chlorophenyl)amino)pyrimidin-Byl) acrylonitrile (12d).

Orange powder; yield 87 %; mp 258; IR (KBr, cmi): 3446 (br, NH), 3350 (aromatic C-$tr.), 3023 (C-H
aliphatic), 2260 (CN), 1606 (C=N}4-NMR [DMSO-ds, 400 MHz]: ¢, ppm) 5.47 (s, 1H, NH exchangeable with

19



D,0), 6.58 (t, 1H, Bbenzimidazole) = 8.0 H2, 6.74 (d, 1H, Bbenzimidazole) = 8.0 H2, 7.02 (t, 1H, &
benzimidazole) = 8.0 H3, 7.21(d, 1H, Hbenzimidazole) = 8.0 H2, 7.62 (d, 2Hp-ChlorophenylJ = 7.8H2,
7.98 (s,1H, NH, exchangeable with@), 8.46 (d, 2Hp-ChlorophenylJ = 7.8H32, 8.78 (s, 1H, olefinic H), 9.44
(s, 2H, H gpyrimidine); ®C-NMR [DMSO-ds, 100 MHz]: ¢, ppm) 115.4 (C3, 116.3 (C4,7-benzimidazole),
117.3 (CN), 123.4 (C5-pyrimidine), 129.1(C5,6-beniziazole) 129.4-135.9 (Ar-Qp-chlorophenyl), 136.7
(C3’" -benzimidazole), 145.2 (C2-benzimidazole), 150.%f{oic C), 157.7 (C4,6-pyrimidine), 163.1 (C2-
pyrimidine); Anal. Calcd for gH1sCINg: C, 64.43; H, 3.51; N, 22.54; Found: C, 64.483H2; N, 22.62; Anal.
Calcd for GoH15CINg.HBr: C, 52.94; H, 3.11; N, 18.52; Found: C, 53.432.91; N, 18.51.

4.6. Salt formation
Compound®, 9a—d and 12a—dwere dissolved in a minimal amount of methanol edted with excess

hydrobromic acid to form the hydrobromide salt. Blaét was collected, washed with diethyl ether, cmed.

4.7. Antibacterial activity
4.7.1. Medium

The antibacterial assay was performed using thé diflision method for all compounds, 9a-d and
12a-d. Mueller Hinton agar (38.0 g of Mueller Hinton Ager 1000 mL of distilled water) was prepared and
autoclaved. It was poured into the petri dishes soliflified at 25C. The bacterial strains {be@lls/ml) were
introduced in the plates using pipettes and hoclteks to spread on the agar. For well diffusioe|lwere
made, and all the compounds were poured indivigualb the well (50ul/well). It was then incubated at 37 °C
for 24—-48 hours. The bacterial inhibition was detieed by measuring the diameter of the inhibitionez (mm)

using a transparent scale. Antibiotic (amoxici8i® mg/ml) was then used as a positive controDatl&vell.

4.7.2. Test microorganisms

Two Gram-positive bacteria, namelgtaphylococcus aureufATCC-25923) andBacillus subtilis
(ATCC 6633) and two Gram-negative bacteria, namesgcherichia coli(ATCC-25922) andPseudomonas
aeruginosg ATCC-27853) were used to determine antibactedtVidy.

4.7.3. Minimum inhibitory concentration (MIC)

Compoundsb, 9a-d and 12a-d were serially diluted with autoclaved sterile disd water and examined
from lower to higher dilution to find the MIC. Sally diluted compounds (10@) were added to sterile nutrient
broth (900ul). A Control test-tube containing only medium (nemt broth medium) was used to confirm the
sterility of the medium bacterial cultures. Bactbguspension (10 ul) containing®i@lls/ml was inoculated into
all tubes. All of the test tubes were incubate@7#1°C and observed for bacterial growth for 24redor MIC
determination. After incubation, for 24 hours, tiest tube with no visible growth of the microorgami was
taken to represent the MIC value of the samplegfimlt Triplicates of each tested compound wereqoeréd,

and the average of the results was taken.
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4.7.4. Minimum inhibitory concentration (MIC) foombination of amoxicillin (MIC) witth and12d

The minimal inhibitory concentration (MIC) of antanicrobial compound is the lowest (i.e. minimum)
concentration of the antimicrobial compound thatibits a given bacterial strain. Compounds (amdiici
amoxicillin with 5 and12d) were serially diluted with autoclaved steriletillisd water and examined from lower
to higher dilutions to find the MIC. Serially died compounds (10@) were added to sterile nutrient broth (900
ul). A Control test-tube containing only medium (memt broth medium) was used to confirm the stgribf the
medium bacterial cultures. Bacterial suspensionufl@ontaining 19 cells/ml was inoculated into all tubes. Al
of the test tubes were incubated at 37+1°C andreéddor bacterial growth for 24 hours for MIC deténation.
After incubation, for 24 hours, the test tube with visible growth of the microorganism was takemepresent

the MIC value of the sample in pg/ml.

4.7.5. Transmission electron microscopy analysis

Transmission electron microscopy (TEM) was use@ualuate the morphological changesincoli
after treatment with compourtd Treated bacterial and control cells were proakbyethe same procedure for all
techniques. Upon incubation, the pellets obtairfeet aentrifugation were fixed in Carnovsky's fikat at 25C
for 3—4 hours with a mixture containing 2 % parafatdehyde and 2.5% glutaraldehyde. The bacteria tien
washed three times with 0.1 M phosphate buffer,7pMfor 5 minutes. The bacteria were then centeifligt
10,000 rpm in an Eppendorf tube for 15 minutes. bheterial pellet was resuspended in 1.0 ml of phate
buffer and then adsorbed on formvar carbon coatpgasts, Agar 200-mesh copper grids by floatingghds
on a drop of bacterial isolate. The bacteria odggwere stained by submerging the grids for 5 reminn 12 %
(w/v) aqueous uranyl acetate, and were then ringégdMilli-Q water three times. The grids were exasd and
photographed under a Philips CM10 transmissiontreleamicroscope using an accelerating voltage ok\80

Images were taken at different magnifications [3]--3

4.8. Docking studies using penicillin-binding prioteeceptor angs-lactamase enzyme

The E. coli penicillin-binding protein 4 (PBP4) crystal struet used in this docking study was
downloaded from the protein data bank [34] (PDB HEXS8 [35]). The crystal structure of tHe coli -
lactamase enzyme used in this docking study wasib@aded from the protein data bank [34] (PDB IDQUF
[36]). The crystal structure was checked by MOEngsthe protein preparation module [37], with a few
corrections to the structure. All water and ligandlecules were removed. It was then processecheidtotein
Preparation Wizard [38, 39] in the Maestro softw@@®, mainly to establish partial charges on eaitim using
OPLS force field and to assign a protonation stateach ionizable group. The whole structure wkeé via
conducting restrained minimization with an RMSDitimp to 0.3 A. The binding pocket was identifiedhaco-
crystallized ligand (penicillin G).

All ligands were created using MOE [28] which wédsoaused to generate the dominant ionization state
for each ionizable functional group. Ligands wdrent prepared using the LigPrep module [41] in theestro
program [40] in order to give partial charges tqalid atoms and to generate a single low-energyoooiation

for each ligand using the OPLS force field. NeXtligands were covalently docked into the previgysrepared
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binding site using the Covalent Docking module [#2Maestro, with the thorough pose predicatioroatgm
employed for conformational sampling. Two main teac types were seff-lactam addition and conjugate
addition to nitrile-activated alkene, both of whiskre set to react with the Ser62 side chain. Refsgement and
scoring were kept as default. Docked poses wenedduy taking the average of two GlideScore [43,&dues,
Glide docking score “pre-reacted” and a score-acpl“post-reacted” calculation, for the final doglgose [42].
GlideScore is an empirical scoring function thgpragimates the ligand-binding free energy. It hasynterms,
including force field (electrostatic, van der Waatsntributions and terms rewarding or penalizinggiactions

known to influence ligand binding [44].

4.9. Spectroscopic studies

4.9.1. Standard solutions

4.9.1.1 Phosphate buffer solution
A 0.01 M phosphate buffer solution (pH = 7.4) waspared by dissolving appropriate amounts ¢P®}
and KOH in 1.0 L of deionized water. The pH wasuatgd on glass electrode using the standard proeddu

buffer preparation.

4.9.1.2 p-Lactamase enzyme solution
S-lactamase enzyme solution (1 x®1d) was prepared by dissolving an appropriate amouttieoénzyme
in the phosphate buffer (pH 7.4). The stock soluti@s stored at 4 °C for 24 hours.

4.9.1.3 Pyrimidine acrylonitrile derivatives solutions
Stock solutions of compounds and 12d were prepared by dissolving appropriate amountseaifh
compound in the phosphate buffer (pH 7.4) to fawicentrations of 6 x TOM.

4.9.2. UV-Vis measurements

UV-vis absorption spectra were recorded using 60% W of compounds5 and 12d and incremental
addition of enzyme solution (1 x £0M, 10ul) in phosphate buffer, pH 7.4. The measuremengadrbetween
200 and 700 nm at the different enzyme-compouridsra@nd were recorded three minutes after incubato
permit equilibrium between the species. Titratitwpped at saturation, when no change in absorbareesity

was observed.

4.9.3. Fluorescence measurements

Interactions of pyrimidine acrylonitrile derivatiwéd and 12d with g-lactamaseenzymewere followed
fluorimetrically at 443 and 456 nm amax of emission using excitatidimax of 280and290 nm, respectively.
A fixed concentration of each compound was titratéith the incremental addition of enzyme () in
phosphate buffer, pH 7.4 and the fluorescence meants were performed keeping the excitation amdston

band slit width of 5-10 nm, after allowing threenoties’ equilibration for each enzyme addition, anadnned for
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fluorescence spectra in the range 300-600 nm. tibisa were stopped at saturation when no change in

fluorescence intensity was observed. A fluorescéremquartz cell of 1 cm path length was used.

4.9.4. Circular dichroism measurements

Circular dichroism spectroscopy was used to conftra results obtained by UV and fluorescence
spectroscopies. Interactions between pyrimiding/lawitrile derivatives5 and 12d with g-lactamaseenzyme
were followed by adding successive amounts (6 XMpto 1.0 mL ofg-lactamasenzymein phosphate buffer,
pH 7.4. The CD spectra were recorded at 25Camtivelength range of 200—700 nm, at a speed ofrBthin
and bandwidth of 1 nm. Each spectrum was averaged three successive accumulations. All CD spegéae
auto baseline-corrected against blank solutiongorBeuse, the optical chamber of the CD spectrometes
deoxygenated with dry nitrogen and was held undeogen atmosphere during the measurements. UV-vis,

fluorescence and CD signals were corrected fotidilleffects.

4.9.5. NMR studies of the interaction betwgdactamase and2d

CompoundL2d (10 mg) was dissolved in 0.3 ml of deuterium oxXideO, Merck) in an NMR tube, and the
'H-NMR spectrum was immediately recorded as a zeme-teference. Tha-lactamase solution in 0.3 ml of 0.1
M phosphate buffer was added to the NMR tube, hadH-NMR spectrum was recorded at 37 °C after 60 min.
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Highlights

* Novel benzazole-pyrimidines with antimicrobial peofies are synthesized.

e Compound$ and12d are highly active in botm vitro and molecular docking studies.

» Physical studies of compoun8is12d with f—lactamase enzyme is described.

* In-vitro study showed that a combination of the new anasgund Amoxicillin indicates
a synergistic effect.

» Docking study and TEM suggest the membrane disrngction ofb.



