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Graphical abstract

A new series of benzimidazolium based nitrile—fior@lized Ag(l)-N-heterocyclic carbene

complexes was developed by the deprotonation obémzimidazolium salts and refluxing the
benzimidazolium salts in the presence of a slegtttess of AgO. The most promising lead of
this series, compourtb, were highly larvicidal and adversely affected thevelopment of

larvae into adults at the tested concentrations.
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ABSTRACT

A series of four benzimidazolium based nitrile—fimealized mononuclear—Ag(l)—
N-heterocyclic carbene and binuclear—Aglljketerocyclic carbene (Ag(l)-NHC)
hexafluorophosphate complexe&sb{8b) were synthesized by reacting the corresponding
hexafluorophosphate saltsb-4b) with Ag,O in acetonitrile, respectively. These compounds
were characterized byH NMR, ¥*C NMR, IR, UV-visible spectroscopic techniques,
elemental analyses and molar conductivity. Addaibyn 8b was structurally characterized by
single crystal X-ray diffraction technique. Prelimary in vitro antibacterial evaluation was
conducted for all the compounds against two stahdémacteria; gram-—positive
(Staphylococcus aureus) and gram—negativdegcherichia coli) bacterial strains. Most of the
Ag()-NHC complexes §b-8b) showed moderate to good antibacterial activitthwilC
values in the range of 12.5-10@/mL. Especially, compoun8b exhibited promising anti—
Saphylococcus aureus activity with a low MIC value (12.5ug/mL). However, all the

hexafluorophosphate saltsb-4b) were inactive against the bacteria strains. Trieérpinary
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interactive investigation revealed that the modivaccompound,8b, could effectively
intercalate into DNA to forrBb—DNA complex which shows a better binding ability f
DNA (Kp = 3.627 x 16) than the complexesb-7b (2.177 x 16, 8.672 x 1®and 6.665 x
10, respectively). Nuclease activity of the complegagplasmid DNA and\edes albopictus
genomic DNA was time-dependent, although minimale Tomplexes were larvicidal to the
mosquito, withbb, 6b and8b being highly active. Developmental progressiomfribe larval

to the adult stage was affected by the complexegyressively being toxic to the insect’s
development with increasing concentration. Thesdicate the potential use of these
complexes as control agents against bacteria andeihgue mosquitée. albopictus.

Keywords:
Aedes albopictus DNA; Ag—NHC complex; DNA bindingN-heterocyclic carbene;

nuclease activity; X—ray diffraction.

1. Introduction

Nitrogen-containing heterocycles have been usedeicinal compounds for centuries, and
form the basis for many common drugs such as Magpfanalgesic), Captopril (treatment of
hypertension) and Vincristine (cancer chemotheraBgnzimidazole and imidazole are
frequently classified by medicinal chemists as ifgged ‘sub-structures’ for drug dosing
owing to the affinity they exhibit towards some gmes and protein receptors. In the past
few years, imidazole and its derivatives have rambimuch attention as a result of their
chemotherapeutic values. Imidazole analogue syséeenpresent in a constituent of several
important natural products, such as histidine ginnéhe, purine and nucleic acids [1].
(Benz)imidazoles, their derivatives and transitionetal complexes have received
considerable attention in coordination chemistre da their well-documented biological
activities [2 - 5]. It has been found that such pteres show better biological activities than
the free ligands [6, 7]. However amongst thesestit@mm metals, Ag has shown low toxicity
to humans and is present in the human body in lesvyconcentrations (<2.@g/L), with its

2



absorption mostly through the lungs, skin, gastesitinal tract and mucus membranes [8]. It
is mainly found in the human body as silver proteamplexes but has no physiological or
biochemical role within the body [9]. It can bedxted at high concentrations within the
body, does not appear to be a cumulative poisorisaeliiminated from the body through the
urine and faeces [8]. Recently, a number of rebeaschave reported promising biological
activities of Ag(l)-NHC complexes as anticancer amdimicrobial agents [10-16]. However
research on Ag(l)-NHC complexes as anti-malarial anti-dengue agents remains scant. As
a result of the foregoing, our research group oo to focus on providing Ag by
incorporating Ag(l) to NHCs, and tuning both theattonic and steric properties to improve
its stability in the body.

Dengue is the most important arthropod-borne \vimé&ction of humans. Worldwide, an
estimated 2.5 billion people are at risk of infentiapproximately 975 million of whom live
in urban areas in tropical and sub-tropical coestin Southeast Asia, the Pacific and the
Americas [17]. Transmission also occurs in Africal dhe Eastern Mediterranean, and rural
communities are increasingly being affected. Itesdimated that more than 50 million
infections occur each year, including 500,000 hasipations for dengue haemorrhagic
fever, mainly among children, with the fatalityeaxceeding 5% in some areas [17-20].

The annual average number of dengue fever/dengemdrehagic fever (DF/DHF) cases
reported to the World Health Organization (WHO) hmaseased dramatically in recent years.
For the period 2000-2004, the annual average wa89@ cases, almost double the figure of
479,848 cases that was reported for the period1198®. In 2001, 69 countries reported
dengue activity to the WHO and in 2002, the Regbthe Americas alone reported more
than 1 million cases [17-20]. To reduce or prevdahgue virus transmission, there is
currently no alternative to vector control. Mostdemic countries have a vector control

component in their dengue control and preventiarg@mmes but its delivery by public



health practitioners is frequently insufficienteffective or both. An obvious method for the
control of mosquito-borne diseases is the uses#dticides, and many synthetic agents have
been used in the field with considerable successveder, they also manifest undesirable
effects, including toxicity to non-target organisngévzing rise to environmental and human
health concerns [18].

Therefore, in an approach to find new compoundsnagahis infective disease, this work
aims to test a first series of air and moisturdlstanononuclear and binuclear Agl)-
functionalized NHC complexes against the major dengector Aedes albopictus.

The interactive effects of the synthesized compeuwnd plasmid DNA andedes albopictus
DNA were investigated in this study. This papethar explores the preliminary antibacterial
activity of these complexes as well as their ladatand developmental inhibitory potentials
on the mosquito to have a comparative insight tinéobioactivity of these compounds.

2. Experimental

2.1.Materials, Methods and Instruments

All reactions were carried out under aerobic caadg unless otherwise specified. All A
reactions were carried out under the exclusiongbt.| The solvents were of analytical grade
and used without further purification or drying. lMspectra were recorded on a Bruker 500
MHz spectrometer at room temperature in DM&OChemical shifts §) were internally
referenced to the residual solvent signals reldovetramethylsilane. The values of chemical
shifts are given in ppm and values for couplingstants J) in Hz. Abbreviations for signal
multiplicities are as follows: singlet (s), doub(d), triplet (t), quartet (g), multiplet (m), and
broad (br). FTIR spectra were recorded on PerkmeEl system 2000 FTIR
spectrophotometer in the range 4000-400"c@lemental analysis was carried out on a
Perkin Elmer series II, 2400 microanalyzer. Allattenic absorption spectra were taken in a

quartz crystal cuvette with a PerkinElmer Lambdaspg&ctrometer. Melting points were



measured using a Stuart Scientific SMP-1 (UK) unsent. Conductivity measurement was
obtained from Jenway 470 Conductivity/TDS Meterthmaonductivity resolution of 0.Q5-
1mS* and accuracy of £0.5% 2 digits. Crystals were nted on fine glass fibre or metal
pin using viscous hydrocarbon oil. Data were codldoon a Bruker-Smart ApexIl-2009 CCD
diffractometer, equipped with graphite monochromaMo-Ko (A = 0.71073 A). Data
collection temperatures were maintained at 100 kohqusopen flow N cryostreams.
Integration was carried out by the program SAINThgshe APEX Il software [21]. The
solutions were obtained by direct methods using ISKE97, followed by successive
refinements using full-matrix least-squares metagainst=2 using SHELXL97 [22]. The X-
seed program was used as graphical SHELX inteft2®Je The crystal data and refinement
details for complex8b are provided in Table S1. The higher R value s ttuthe disordered
counter anions, PF6 (Table S1).

2.2. Synthesis of benzimidazolium salts

2.2.1. Synthesis of 1-cyanopropyl-3-pentyl-benzimidazolium hexafluorophosphate (1b)

N-cyanopropylbenzimidazole (0.70 g, 3.78 mmol) wddeal dropwise to a stirring solution
of 1-bromopentane (0.57 g, 3.78 mmol) in dioxar@r®.) and refluxed at 16Q for 2 days.
The solvent was removed under reduced pressure ltaino 1-cyanopropyl-3-
pentylbenzimidazoliunbromide (@). The bromide salt was filtered and washed widslr
1,4-dioxane and diethyl ether. The bromide salt tieen reacted with a solution of KPF
(2.04 g, 5.67 mmol) in methanol (20 mL) and stirfed3 h to precipitate a white solidk).
The precipitate formed was filtered, washed withktitled water (3 x 5 mL) to remove
unreacted KP§& washed with diethyl ether and then dried at reemperature. Yield: 77.5%;
m.p. 134-136C. *H NMR (500 MHz, DMSOds, 298K, § ppm): 0.89 (tJ = 7.0 Hz, 3H,
CHa); 1.32 (m, 2H,CH2>-CHa); 1.95 (m, 2H,CH>-CHp-CHs); 2.27 (m, 2H, N-CH-CH>);
2.73 (t,J=7.0 Hz, 2HCH,-CH,-CN); 4.49 (tJ = 7.0 Hz, 2H, CHHCN); 4.63 (t,J = 7.0 Hz,
2H, N-CHxR); 470 (t, J = 7.0 Hz, 2H, N-CH»CH,-CH-CN). 7.72 (m, 2H,
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benzimidazolium-CH); 8.12 (m, 2H, benzimidazoli@ht); 9.99 (s, 1H, NEN). **c{*H}
NMR (125 MHz, DMSO€ds, 298K, 5 ppm): 10.2 (CH); 23.8 CH2-CHjs); 30.9 CH2-CN);
40.0 (N-CH); 48.7 (NCH.-CH); 116.5 (&N); 118.3, 121.5, 127.1, 1325
(benzimidazolium-C); 137.5 (benzimidazolium4CETIR (KBr disc) in cni, ~ 3143 (C-
Ha); 2947 (C-Hipn); 2249 (GN) 1432 (C=N). Anal. Calc. for H2NsFsP (%): C, 47.88;
H, 5.49; N, 10.47%. Found (%): C, 48.14; H, 5.62;18.59. Molar conductance in DMF:
25.16 S crimol™

2.2.2. Synthesis of 1-cyanopropyl-3-(3-cyanobenzyl)benzmidazolium
hexafluor ophosphate (2b)

A mixture of 3-bromomethyl benzonitrile (0.20 giriimol) andN-cyanopropylbenzimidazole
(0.185 g, 1 mmol) were stirred in dioxane (20 mL)180°C for 2 days. The solvent was
removed under reduced pressure, and the productheaswashed with 1,4 dioxane and
diethyl ether. The bromide s&@# thus obtained was recrystallized from acetonitmigthanol
(1:5 v/v). Salt2a was directly converted into its hexafluorophosphabunterpartab) by
metathesis reaction using KPF0.28 g, 1.5 mmol) in methanol (20 mL). The remsuoit
mixture was stirred for 3 h and was allowed to dtamernight. The pale yellow precipitate
was filtered under reduced pressure, washed wahlldd water (3 x 5 mL) to remove
unreacted KP§ and air dried. Yield 67.7 %; m.p. 144—1@6'H NMR (500 MHz, DMSO-
de): § 2.36 (M, 2HCH,-CH,-CN); 2.79 (tJ = 7.0 Hz, 2H, CHCN); 4.68 (tJ = 7.0 Hz, 2H,
N-CH,-CH,-CH,-CN). 5.93 (s,2H, N-CH5); 7.66 (m, 3H, benzimidazolium-CH), 7.85 ,
= 8.0 Hz, 1H, benzimidazolium-CH); 7.96 (b5 8.0 Hz, 2H, benzonitrile-CH); 8.07 (s, 1H,
Benzonitrile-CH), 8.20 (dJ = 8.0 Hz, 1H, Benzonitrile-CH), 10.15 (s, 1H, NR).
BC{*HINMR (125 MHz, DMSO4g): § 13.8 (CH-CH»-CN), 32.3 (CH-CN), 48.9 (N-CH-

R) 66.3 (CH-benzonitrile), 110.9 (€N-nitrile), 113.8, 116.9, (benzimidazole-C), 133.0,
134.0, 135.9, (Benzonitrile-C), 143.1 (benzimidazwl C2). FT-IR (KBr disc) cni: ~ 3033

(C-Hay); 2926 (C-Hiipn); 2230 (GN) 1568 (C=N). Anal. Calc. for {gH17N4FsP(%0): C, 51.12;



H, 3.81; N, 12.56. Found(%): C, 51.34; H, 3.97;18,79. Molar conductance in DMF: 24.76
S cnfmol*

2.2.3. Synthesis of 1,3-bis(3-cyanobenzyl)benzimidazolium

hexafl uor ophosphate (3b)

A mixture of 3-bromomethyl benzonitrile (0.50 g, 52. mmol) and N-
cyanobenzylbenzimidazole (0.60 g, 2.55 mmol) wéreesl in dioxane (20 mL) at 100 for

2 days. The solvent was removed under reducedyreesand the product was then washed
with 1,4 dioxane and diethyl ether. SaBa was directly converted into its
hexafluorophosphate counterpadb) by metathesis reaction using KF©.28 g, 1.5 mmol)

in methanol (20 mL). The resultant mixture wasrstrfor 3 h and was allowed to stand
overnight. The pale yellow precipitate was filteredder reduced pressure, washed with
distilled water (3 x 5 mL) to remove unreacted KR#hd air dried. Yield 67.7 %; m.p. 154—
156C. '"H NMR (500 MHz, DMSOdg): 5.93 (s, 4H, N-CH,); 7.66 (m, 4H,
benzimidazolium-CH), 7.91 (d,= 8.0 Hz, 2H, benzonitrile-CH); 8.01 (m, 4H, benitole-
CH); 8.12 (s, 2H, benzonitrile-CH), 10.21 (s, INCHN). *C{*HINMR (125 MHz,
DMSO-0g): 6 13.8 (CH-CH,-CN), 32.3 (CH-CN), 46.9 (N-CH-R) 62.3 (CH-benzonitrile),
110.9 (GN-nitrile), 113.8, 116.9, (benzimidazole-C), 133134.0, 135.9, (Benzonitrile-C),
143.5 (benzimidazolium CR FT-IR (KBr disc) cnt: ~ 3130 (C-H); 2960 (C-Hiipn); 2229
(C=N); 1562 (C=N). Anal. Calc. for GHi1/N4sFeP(%): C, 55.87; H, 3.44; N, 11.34.
Found(%): C, 56.14; H, 3.67; N, 11.51. Molar coctdnce in DMF: 26.76 S dmol ™.

2.2.4. Synthesis of 1,4-bis(3-cyanobenzyl benzimidazol-1-ylmethyl)benzene
hexafluor ophosphate (4b)

A mixture of benzimidazole (1.00 g, 8.46 mmol) a@H (1.43 g, 12.69 mmol) in DMSO
(20 mL) was stirred for 1 h at room temperaturebr@nomethyl benzonitrilél.66 g, 8.46
mmol) was added portionwise and the mixture wasestiat room temperature for 2 h. After
2 h, the mixture was poured into 200-300 mL of wated extracted with chloroform (3 x 30
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mL). The extract was filtered twice through foureglof Whatman filter paper in order to dry
the extract. The desired compound was finally evated under reduced pressure and a thick
yellow oil was obtained. The compound forméd¢cyanobenzylbenzimidazole (1.0 g, 4.30
mmol) was added dropwise to a stirring solutionlgf-bis(bromomethyl)benzene (0.57 g,
2.15 mmol) in dioxane (20 mL) and refluxed for 3yslaThe solvent was removed under
reduced pressure to give 1,4-bis(3-cyanobenzyhiethyl)benzenalibromide and washed
in dioxane and diethyl ether which was then reagtéd a solution of KPE (0.80 g, 4.35
mmol) in methanol (20 mL). The mixture was stirrad room temperature for 3 h and
allowed to stand overnight. The solvent was remoueder reduced pressure and the
resultant brown powder was washed with distilledevd3 x 5 mL) to remove unreacted
KPFs, and air dried. The powder was recrystallized somtion of acetonitrile/methanol to
obtain a crystalline solid. Yield: 69%; mp: 187-289'H NMR (500 MHz, DMSOsdg): 5.80

(s, 4H, N-CH>); 5.95 (s,4H, N-CHj-benzonitrile); 7.48 (s, 4H, 4 x Ar-CH), 7.66 (m, 8H
benzimidazolium-CH), 7.91 (d,= 8.0 Hz, 2H, benzonitrile-CH); 8.01 (m, 4H, benttrile-
CH); 8.12 (s, 2H, benzonitrile-CH), 10.15 (s, INCHN). “*C{*H}NMR (125 MHz,
DMSO-0g): 6 13.8 (CH-CH,-CN), 32.3 (CH-CN), 46.9 (N-CH-R) 62.3 (CH-benzonitrile),
110.9 (GN-nitrile), 113.8, 116.9, (benzimidazole-C), 133134.0, 135.9, (Benzonitrile-C),
143.1 (benzimidazolium CR FT-IR (KBr disc) cni: ~ 3015 (C-H); 2920 (C-Hiipn); 2232
(C=N); 1556 (C=N). Anal. Calc. for £gH3oNgF12P2(%): C, 47.12; H, 3.93; N, 10.99.

Found(%) : C, 47.34; H, 4.17; N, 11.21. Molar coct@nce in DMF: 52.67 S dhmol™.

2.3. Synthesis of Ag(l)-NHC complexes

2.3.1 Synthesis of 1-cyanopropyl-3-pentyl-benzimidazolium-silver (1)
hexafluor ophosphate (5b)

Ag.O (0.80 g, 3.45 mmol) was added to a solution otydnopropyl-3-pentyl-
benzimidazolium hexafluorophosphaté) (1.38 g, 3.45 mmol) with molecular sieves (3 A
beads) in acetonitrile (40 mL), protected from tigimd stirred for 24 h under nitrogen at
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50°C. A clear solution with some black suspension waisined. The solution was filtered
through Celit&, evaporated under reduced pressure and the satidpaured into water (50
mL). The resulting white powder was collected Hirdtion and the solid was washed three
times with distilled water. Recrystallization ofethpowder from acetonitrile yielded a
crystalline solid (53%); m.p: 224-2%6. 'H NMR (500 MHz, DMSO#ds, 298K, ppm): 0.87
(t, J=7.0 Hz, 6H, Ch); 1.33 (m, 8HCH>CH»>-CHs); 1.92 (m, 4H, N-CHCH,); 2.27 (t,J

= 7.0 Hz, 4H,CH»-CH,-CN); 2.68 (t,J = 7.0 Hz, 4H, CR-CN); 4.58 (t,J = 7.0 Hz, 4H, N-
CH2-R); 4.68 (t,J = 7.0 Hz, 2HN-CH,-CH,-CH,-CN). 7.50 (m, 2H, benzimidazolium-CH);
7.91 (m, 2H, benzimidazolium-CH}*C{*H} NMR (125 MHz, DMSOsds, 298K, 8 ppm):
10.2 (CH); 23.8 CH»-CHs); 30.9 CH2-CN); 40.0 (N-CH); 48.7 (NCH»-CH); 116.5
(C=N); 118.3, 121.5, 127.1, 132.5 (benzimidazolium-C); 188.3 (benzimidazoliurg-B3g).
FTIR (KBr disc) in cnt, ~ 3069 (C-H); 2925 (C-Hiipr); 2249 (GN) 1406 (C=N). Anal.
Calc. for GoHaNsAgFeP (%): C, 50.33; H, 5.50; N, 11.01. Found (%): G,68; H, 5.72; N,
11.29. Molar conductance in DMF: 27.76 S?anpl™

2.3.2. Synthesis of 1-cyanopropyl-3-(3-cyanobenzyl)benz midazolium-silver (1)
hexafluor ophosphate (6b)

Complex 6b was prepared by adopting a procedure similar & tised for compledb
except thatlb was replaced bgb (1.00 g, 2.24 mmol) and A@ (0.52 g, 2.24 mmol).
Complex 6b was isolated as a white powder. Yielt67 mp: 230-23%. 'H NMR (500
MHz, DMSO-dg): § 2.23 (m, 4HCH,-CH,-CN); 2.62 (t,J = 7.0 Hz, 4H, CHCN); 4.66 (t,
J=7.0 Hz, 4HN-CH,-CH,-CH,-CN). 5.82 (s4H, N-CH>); 7.50 (m, 3H, benzimidazolium-
CH), 7.64 (dJ = 8.0 Hz, 1H, benzimidazolium-CH); 7.71 (M= 8.0 Hz, 2H, benzonitrile-
CH); 7.81 (s, 1H, Benzonitrile-CH), 7.93 (d, = 8.0 Hz, 1H, Benzonitrile-CH).
BC{*HINMR (125 MHz, DMSO4g): § 13.8 (CH-CH»-CN), 32.3 (CH-CN), 48.9 (N-CH-

R) 66.3 (CH-benzonitrile), 110.9 (€N-nitrile), 113.8, 116.9, (benzimidazole-C), 133.0,

134.0, 135.9, (Benzonitrile-C), 189.2, 190.4 (bendazolium C2Ag). FT-IR (KBr disc)



cm: ~ 3060 (C-H); 2926 (C-Hiipr); 2230 (&GN) 1479 (C=N). Anal. Calc. for
CagH3zNgAgFsP(%0): C, 53.46; H, 3.75; N, 13.13. Found(%): C,883.H, 3.87; N, 13.49.
Molar conductance in DMF: 25.44 S tmol™.

2.3.3. Synthesis of 1,3-bis(3-cyanobenzyl)benzimidazolium-silver (1)
hexafluor ophosphate (7b)

Complex 7b was prepared by adopting a procedure similar & tised for compleXb
except thatlb was replaced byb (1.00 g, 2.24 mmol) and AQ (0.52 g, 2.24 mmol).
Complex7b was isolated as a white powder. Yield: 62%; mpd-2381°C. *H NMR (500
MHz, DMSOg): 5.88 (s8H, N-CHy); 7.44(m, 8H, benzimidazolium-CH), 7.61 = 8.0
Hz, 4H, benzonitrile-CH); 7.72 (m, 8H, benzonitrldd); 7.82 (s, 2H, benzonitrile-CH).
BC{*HINMR (125 MHz, DMSO4g): § 12.8 (CH-CH,-CN), 31.3 (CH-CN), 44.9 (N-CH-

R) 61.3 (CH-benzonitrile), 110.9 (€N-nitrile), 113.8, 116.9, (benzimidazole-C), 133.0,
134.0, 135.9, (Benzonitrile-C), 190.8 (benzimidamol C2-Ag). FT-IR (KBr disc) cnt: ~
3069 (C-Hy); 2956 (C-Hiipn); 2229 (GN); 1459 (C=N). Anal. Calc. for fgH3,NgAg FsP(%):

C, 58.17; H, 3.37; N, 11.80. Found(%): C, 58.29;3t67; N, 11.91. Molar conductance in
DMF: 27.76 S crhmol™.

2.3.4. Synthesis of 1,4-his(3-cyanobenzyl benzimidazol-1-ylmethyl)benzene silver (1)
hexafl uor ophosphate (8b)

A mixture of the salttb (267 mg, 0.46 mmol) and A@ (105 mg, 0.46 mmol) in acetonitrile
(40 mL) was heated at 50 °C for 2 days with molecsleves (3 A beads) in acetonitrile (40
mL) and the mixture was protected from light. Aaslesolution with black suspension was
obtained. The mixture was filtered and concentratadder reduced pressure.
Recrystallization of the residue from acetonitnielded a grey powder (63%). Crystals
suitable for X-ray diffraction studies were grown layering a concentrated solution of the
complex in acetonitrile with neat diethyl ether.:r868-276C.*H NMR (500 MHz, DMSO-

ds): 5.71 (s,8H, N-CH)); 5.87 (s,8H, N-CH,-benzonitrile); 7.28 (s, 8H, 4 x Ar-CH), 7.45
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(m, 16H, benzimidazolium-CH), 7.74 (d,= 8.0 Hz, 4H, benzonitrile-CH); 7.88 (m, 8H,
benzonitrile-CH); 8.01 (s, 4H, benzonitrile-CHYC{*H}NMR (125 MHz, DMSO4dg): §
13.2 (CH-CH»-CN), 31.7 (CH-CN), 46.1 (N-CH-R) 61.5 (CH-benzonitrile), 110.9 (EN-
nitrile), 112.2, 116.3, (benzimidazole-C), 131.0325, 134.2, (Benzonitrile-C), 188.9
(benzimidazolium C2Ag). FT-IR (KBr disc) cnt: ~ 3005 (C-H,); 2920 (C-Hiipn); 2232
(C=N); 1455 (C=N). Anal. Calc. for fgHseN12AgoF1:Po(%): C, 55.54; H, 3.41; N, 10.23.
Found(%): C, 55.87; H, 3.64: N, 10.51. Molar cortdnce in DMF: 59.25 S c¢hmol™.

2.4. Biological Evaluation

2.4.1. Antibacterial studies

The antibacterial activities of the compounds wakestigated againgscherichia coli and
Staphylococcus aureus. Stock solutions of all the compounds were preparsing DMSO.
Antibacterial tests were performed using the KiBauer disc diffusion method [24]. Single
colonies ofE. coli andS aureus from fresh culture agar plates were respectivalyuced in

5 mL of Luria-Bertani (LB) broth solution (Tryptoh@ g, yeast extract 5 g, NaCl 10 g/L),
and incubated overnight at 87, The turbidity of each culture was adjusted bgparing it

to 0.5 McFarland standards, which is equal to X58° CFU/mL or 0.5 (0. reading).
Single colonies were suspended in the Nutrienthowath incubation over a period of 2-5 h
until an appropriate optical density (OD = 0.6-0a8)600 nm was achievetsing sterile
cotton buds, each bacterial lawn culture was spoe#drmly on different agar plates before
placing the sterile antimicrobial assay discs (5)nom the plate. Four discs were placed on
the agar plate and 20 pL of the compounds and asntvere loaded on the discs with
concentrations at 200, 100, 50 and 25 pg/mL. Theeplwere incubated at %&7for 24 h,
after which the zones of clearance were measuré¢keadifference between the diameter of
the ring (inhibition zone and disc) and diametertteé# disc. Diameters of the zones were

measured with a Hi Antibiotic Zone Scale (PW 297BNiMedia Laboratories). The test
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was performed three times for each sample andiimatier of inhibition zone was expressed
as mean inhibition zone (mm) + S.D of the threelicafes. The effectiveness of these
compounds in relation to their inhibition zones waspared to two positive controls; silver
nitrate based on its established antimicrobial ertgs [25] and ciprofloxacin. Silver nitrate
was also used to compare the activities of thé fagm the complexes and the free "Aat
may be present, so as to eliminate the possilbiay the observed activities of the complexes
are not due to the free Agn solution. The minimum inhibitory concentrati@vIC) of each
compound was determined based on the lowest caatientof the compounds that inhibited
the growth of bacteria using the broth dilution hogt [26]. Single colonies @& aureus, and

E. coli were isolated from agar plates and grown in 5.0ahLB broth. The solutions were
incubated at 37°C and shaken at 180 rpm overnighyie¢ld bacteria solutions. Stock
solutions (50 mg/mL) of the compounds were prepénedissolving each in DMSO. From
each stock solution, the compounds, AgNQd ciprofloxacin were dissolved in the broth
culture and used to prepare serial dilutions of, 200, 50, 25, 12.5 and 6.A5/mL. Bacteria
growth was noted by turbidity of the solution irettubes and MIC was determined by the
lowest concentration of the compounds that prevknisible growth. For the viable cell
count method, the concentrations of the tested comgs were also 200, 100, 50, 25, 12.5
and 6.25ug/mL. The bacterial strain was inoculated intortinérient broth and was incubated
for 16 h at 37°C. The stock was serially dilutedotatain 16 CFU/mL. About 60 pL of
bacterial suspension was transferred into 3 mLutfient broth followed by 30 pL of sample
suspension. The incubation was carried out for &t t87°C and 50 pL of culture was
uniformly spread on the nutrient agar which wasibated at 37°C for 24. hThe MIC was
determined based on the lowest concentration o$itlier samples that inhibited the growth

of bacterial strain. For growth inhibitory concetions, the presence of viable
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microorganisms was tested and the lowest concemtratausing bactericidal effect was
reported as minimum bactericidal concentration (MIBC

2.4.2. Larval culture

Insecticide susceptibl&e. albopictus larvae from the Vector Control Research Unit (VQRU
of the School of Biological Sciences, Universitirg&aMalaysia were used for the study. The
larvae were reared on a 2:1:1:1 powdered mixtureabbiscuits (Friskies), beef liver, yeast
and powdered milk [27]. Larval breeding and expenital conditions were maintained at 26
12 °C, 7515 % relative humidity and 12 h : 12 lgifli: dark) photoperiod. .

2.4.3. Larvicidal activity

Stock solutions (100 mg/mL) of the test compound=ewprepared in DMSO and test
concentrations of 400, 200, 100, 50, 25, 5 andrh pjere prepared from the stock solutions
in distilled water to a final total volume of 10Q_rfor the bioactivity tests.

Fourth instar larvae (25) @fe. albopictus were introduced into paper cups containing the tes
concentrations according to the WHO protocol [28fval mortality was recorded after 24 h.

Four replicates were performed for each conceptrati

2.4.4. Bioactivity of test compounds on developmental progression of Ae. albopictus

Biological activity of the test chemicals on thevelpmental progression of larvae into
pupae and adults were determined by introducingtstof fourth instar larvae (25) into

paper cups containing 25, 5 and 1 ppm of the t@sipounds [28] and monitored for 6 days.
DMSO was used as the control.

2.4.5. Satigtical analysis

The lethal concentrations for 50 % (fCand 90 % (LGg) of the larvae and their respective
95 % confidence intervals (Cl) in the larvicidabag were computed using Qcal [29]. LCs
with overlapping 95% CL were considered not siguaifitly different [30, 31]. Bioactivity

data from the developmental stages were arc samsformed and analyzed using the one-
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way analysis of variance followed by mean sepanatith Tukey HSD using IBM SPSS ver.
20. The formula of Abbott [32] was used to corneatural mortality prior to analysis.

2.5. DNA experiments

2.5.1.DNA binding analysis using Absor ption spectral method

Aedes albopictus-DNA (Aa-DNA) extraction:
Aedes albopictus DNA (Aa-DNA) was extracted from virgin individual adultnfales (3 days

old) for DNA binding activity using DNeaSyBlood and Tissue Kit (Qiag&h according to
the manufacturer’s instruction. DNA extracted frandividual female mosquitoes were
pooled and used for the binding study.

The Aa-DNA was dissolved in buffer solution (10 mM phoaph buffer, 50 mM NaCl, pH
7.4) as a stock solution, which was stored & 4or 24 h to reach homogeneous phase and
used within three days. TH&-DNA concentrations were determined by spectrosacjiyg
the following extinction coefficients at 260 nm:NB: 6,600 M'cm™(per nucleotide), 13,100
M Ycm™(per base pair) [33].

In order to check its purity, the UV absorbancefafDNA in the buffer medium was
measured at 260 and 280 nm and was found to beofrgeotein. The DNA binding
properties of the test compounds wAt&DNA were investigated by UV-visible spectra. The
complex was dissolved in DMSO to obtain the destedcentration. Absorption titration
experiments were done by varying the concentratibthe Aa-DNA, while the complex
concentration was kept constant {(IM). An increasing amount @fa-DNA (10 uL per time)
was gradually added to the complex in the buffegrat has been incubated for about 2 h at
25°C. The UV-visible spectra were recorded after dopaition for about 5 min. The intrinsic
equilibrium DNA binding constants ¢X of the complexes tda-DNA were determined by
monitoring the change of the absorption intensitytree spectral bands with increasing
concentration of thda-DNA. The data were then fitted to the followinguations to obtain

the value of K [34, 35].
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[DNA] /e, & = [DNA] /e~ & + 1/ Kp(€p &) (1)

Where [DNA] is the total concentration of added DA M base pairg;, is the apparent
absorption in the presence of DN4,is the extinction coefficient of free Ag(l) comglén
the buffer anc, is the extinction coefficient of the DNA-bound AgNHC complex. The
value ofg; was obtained from a Beer’s plot of the Ag(l)-NHG@mplex while the value oy,
was obtained from the absorbance of a saturateddMg- sample divided by the
concentration (JAg-NHC]). Plots of [DNA] /ef - €;) versus [DNA] were obtained as, Ky
the ratio of the slope to the intercept i.e. a plofDNA]/(eb —&f) versus [DNA] gave a slope
of 1/(eb —&f) and ay intercept equal to I/K(eb —&f), where K is the ratio of the slope to the
y intercept. Values with a magnitude order of M)* for K, were considered to be indicative
of a relatively strong interaction between DNA andtal complexes [36-38]. The non-linear
analysis was done using OriginLab version.

2.5.2. DNA binding analysis using viscometric method

Spectroscopic experiments provide many vital infation in elucidating the type and
strength of the metal complex-DNA interaction witliscometry measurements often
considered as the least ambiguous and the mosiagiwa test of a DNA binding model in
solution, clarifying the mode of interaction of @aepound with the DNA [39, 40].

DNA viscosity experiments were carried out in Osiveilscometer and the temperature was
controlled with a thermostatic water bath set at+20.1°C. DNA concentration was kept
constant in all samples, while the complex conegiain was increased each time, prepared
from a stock solution of 2.5 mM. Mixing of the sbban was performed by bubbling nitrogen
gas through the viscometer in order to aid mixiAgdigital stopwatch was used for the
measurement of the downward flow of the solutidns twas done in triplicate for each
sample in order to obtain the mean flow time. Dratge presented ag/fo)*versusthe ratio

of the compound to DNA concentration, wheres the viscosity of DNA in the presence of
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the metal complex angy is the viscosity of the DNA solutiorn, s the experimental flow

time per second ang is the flow time of buffer per second [37, 38].eMollowing equation

(2) was employed in the calculation of the ratjmg)™>.

_tf _to
1= 2)

(0]

2.5.3. Nuclease activity assay

The degradation/cleavage ability of the test commpisuon DNA was assayed using plasmid
(pDs-Red Express) and genom#a( albopictus larvae) DNA. The plasmid DNA (pDNA)
and genomic DNA (gDNA) were isolated using High &pePlasmid Mini Kit (Geneaft
and DNeasY Blood & Tissue Kit (Qiage) according to the manufacturers’ instructions.
The constituents of the assay were 1 uL of 50 pgdithe test compound (salt/complex), 5
pL of 50 mM Tris-HCI (pH 8.0) and 4 puL of DNA (egh pDNA or gDNA). The setup was
incubated at 37 °C for 8 and 24 h. Electrophoress L of the product was conducted on a
0.8 % agarose gel stained with 2.5 pL of HealthawwiMucleic Acid Stain (Genomics BioSci
& Tech) in 0.5X TAE buffer at 70 V for 1 h. The gehs observed under ultra-violet (UV)
light and the image was captured in the UVP Gel-Rdmaging System (Kinematit

3. Results and discussion

3.1. Synthesis

The reaction oN-cyanobenzyl oN-cyanopropyl benzimidazole with 1-bromopentane &nd
bromomethyl benzonitrile in dioxane under refluxaessfully gave the corresponding salts
la, 2aand3ain good yield. This was followed by the treatmeasth KPF; salts in methanol
to obtain the respective hexafluorophosphate $atkis3b) in good yield. On the other hand
bis-benzimidazolium bromide salla was prepared in good yield by reacting 1,4-
bis(bromomethyl)benzene with two equivalentdNetyanobenzylbenzimidazole under reflux

in dioxane for 3 days. The pure form of the bronmsdé was obtained after recrystallization
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from methanol-diethyl ether. The bromide sala was directly converted to the
hexafluorophosphate counterpatb) with KPFs; in methanol (Scheme 1). The bromide salts
weremoisture sensitive and hence, were converted o ith@re stable hexafluorophosphate
counterparts by simple anion exchange reactiongh Baono and bis-benzimidazolium
bromide and hexafluorophosphate salts were readllyble in polar organic solvents such as
methanol, ethanol, acetonitrile, DMSO and DMF, lugre insoluble in hexane, benzene,
toluene and diethyl ether.

The corresponding Ag-NHC complexesh{8b) were preparedia the deprotonation of the
benzimidazolium salts (Scheme 2) and refluxing leezimidazolium saltdb-4b for 1-2
days in the presence of a slight excess ofCAgrhe mixture was filtered through a pad of
Celite® and the filtrate was slowly evaporated to preaigita white solid. The resulting solid
was redissolved in acetonitrile and diethyl etheswadded to reprecipitate the solid in good
yield and high purity. In general the reactionussnarized in equation 4:

CH5CN
2 NHCPR, — 27", 2(NHC)AgPF; + H,0 4

Agzo
The Ag(l)-NHC complexes5p-8b) were thermally stable up to their melting poiatsd

were non-hygroscopic. The complexes were readllyos® in DMSO, DMF and acetonitrile.
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Scheme 2 Synthesis of Ag(I)-NHC complex&®-8b.

3.2. Spectroscopy studies

Solution studies was done in order to determinesthbilities of the Ag(l)-NHC complexes.
This was performed in f»-10% of DMSOds and 100% DMSQk and monitored by NMR
over a period of seven days. All the investigated(IANHC complexes showed no
significant changes since théit NMR and**C NMR spectra remained similar. THd- and

13C NMR spectra of complexdsb and6b after 7 days in 10% aqueous DMSO are shown in
Figs. S1 and S2, and were identical to the sp@titained after 15 min (see supplementary
data).

In order to further assess the stability of the plaxes in the mixture, 10g/mL of 5b-8b in
DMSO was prepared and added in a 1:1 ratio totthek solution of the biological medium

prepared in DMSO. This was done to imitate the dams of theAe.. albopictus evaluation
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experiments. The complexes used for the testing wliessolved in the minimal amount of
DMSO possible and diluted with the medium’s stoclugon of 10° M and less than 0.8%
DMSO. UV-visible spectra were measured after 0,484and 72 h to determine the stability
of the complexes. The complexes were stable iiblegical medium over the period of the
testing time as the UV-visible spectra remainedhanged in 72 h (see supplementary data,
Fig. S3).

All the compounds were characterized by elementalyais, FT-IR, NMR spectrometry,
UV-visible spectroscopy, Molar conductivity and Xyr crystallography. FTIR spectra for
salts1b-4b showed a band of medium intensity in the range)29960 and 3015-3143 ¢in
which is assigned to the pure modes of C-H stratchibrations. This is due to the presence
of aliphatic and aromatic C-H modules respectialy they were present in all the Ag-NHC
complexes §b-8b) with some negligible changes [41]. A sharp ban@229-2249 cit is
assigned to (C=N) of the nitrile functionality [41] and remainechaltered in the complex
spectra. This is an indication of their presenceside the coordination sphere as a result of
the coordinative saturated metal centers. A shadponaedium intensity band appeared in the
range 1432-1568 crh which is due to the benzimidazole ring C=N stugtg vibrations.
Interestingly, in the spectra of the Ag-NHC compgxbands corresponding to the stretching
vibrations of the benzimidazole ring C=N module#tst towards the lower energy side
compared with their salts (Figs. S4-S7, supplenmgntiata). Further evidence for the
formation and structures of these complexese provided by elemental analysis, NMR
spectroscopy, Molar conductance and X-ray crysiediphy.

In theH NMR spectra ofla-4a, resonances for the benzimidazole, the benzanititd the
alkyl protons were observed. The presence of detilag) 9.99, 10.15, 10.21 and 10.15 ppm
corresponding to the NN benzimidazolium protons confirmed the formatidrig, 2a, 3a

and4a respectively. This is quite consistent with tha$eother benzimidazole based NHC
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precursors [41, 42]. In addition, the resonanceslghatic protons of alkyl chain were
consistent in the ranged ca. 0.89-5.95 ppm, wlscim iagreement with similar structures
found in the literature [41]. The salts also showeadilar spectra in the aromatic area in the
range of 7.48 - 8.20 ppm. Furthermore, tH&C NMR spectroscopy displayed
Benzimidazolium-C2 carbon resonances in the ramge 187.5-143.5 ppm. Metathesis
reactions of these salts with KR methanol affordedb-4b in good yield. In théH NMR
spectra, no changes were observed in relatida tda.

Upon Ag-NHC complex formation, thiéd NMR spectra of complexesb—8b supported the
formation of the envisioned NHC complexes by theemte of any signals aroudd= 10
ppm attributable to the acidic protons at the C&itpm of the benzimidazolium moieties.
Apart from this, the spectra of all the complexesravmore or less similar to their
corresponding salts. On the other hatif; NMR spectra of complexesb, 7b and 8b
evidenced the presence of a non-ligand signal ennlost downfield region at ca. 188.3—
190.8 ppm ascribed to the carbene carbon resondneet® the formation of Ag-C bond. In
contrast,6b displayed resonances for the C2-carbon nuclei @&sdeublets centred &t
(189.2 and 190.4) as a result’d€-'""Ag and*C-'**Ag coupling constants of 185 and 205
Hz, respectively. Also, signals in the rang&.32-8.01 ppm in all spectra were assigned to
the aromatic protons.

The intensive absorption peaks at 277-281 and 335q2h can be assignedster* and n-*
orbital transition of the salts and the complexaspectively, originating from the=€C and
C=N modules [43]. These transitions were also obskiwvehe spectra of the complexes but
were shifted to a higher wavelength as a resultamhplexation with Ag(l). However, no
bands at the lower energy level for d—d transiti@ne detected in the UV-visible region. An
overlay of the electronic spectra for the salts #n@lcorresponding complexes are shown in

figl.

21



35 o
Salt 1b 3.0 - n
Complex 5b ] N
; 25 - '“lll\‘f ' — Saitp
8 J J \ | Complex 6b
5 g 20
a " £ 2.0 - J|' i
2 z 1 | |
Q £ 15 | 1
J - ] [ |
1.0 - \ |
05 _wJ |
W
— T —r = 0.0 T - 1
350 400 300 350 400
Wavelength/nm Wavelength/nm
2.5
4.0 -
Salt 3b
——— Complex b Salt 4b
Complex 8b

Absorbance
Abszorbance

1 L i
300 350 300 350
Wavelength/nm Wavelength/nm

Fig 1. Overlays of absorption spectra of the four qdlbs4b) and their corresponding Ag—
NHC complexesgb-8b) studied in this work

3.3. Molar conductivity measurements

The molar conductance values of the benzimidazoBaits and complexes were obtained at
room temperature in DMF solution at"$® concentration. The compounds were dissolved
in DMF and the molar conductivities of their sotuts at 25 + 2 °C were measured. The
molar conductivity values of the benzimidazoliumltsalb-3b and their Ag(l)-NHC
complexessb-7b were found to be close, at around 24.76—27.78 Sneah %, indicating the
ionic nature of these compounds, which were founde 1:1 electrolytes [44]. On the other
hand, saldb and its Ag(l)-NHC complegb values were almost doublél( at 52.67 an@b

at 59.25 S cfmol™), indicating that they were 2:2 electrolytes. Bhse the foregoing, we
could also deduce the structure of the compoundb@masis of their molar conductance. It

is obvious from this study that each mononuclear()A§lHC complex has one
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hexafluorophosphate counterion to balance thé Agd as a consequence reflects the
formation of a mononuclear Ag—-NHC complex. Howevéb and 8b have two
hexafluorophosphate counterions to balance theAgloand as a consequence indicates the
formation of a tetracarbene complex. The molar cetidity data, elemental analysis and
spectroscopy data show an agreement with the pedpstsucture of the compounds, which
was further confirmed by means of the data obtainesingle crystal X-ray diffraction.

3.4. Sngle crystal X-ray diffraction studies

Complex 8b crystallized in triclinicP-1 space group with half of the molecule in the
asymmetric unit (Figure 2). The presence of twodflewrophosphate anions in the lattice
then balances the entire charge. Both Ag(l) werngar geometry, with the angle of C15-
Ag1-C30i being 176.84(18)The distances of Ag1l-C15 and Agl-E8@re 2.092(5) A and
2.091(5) A, respectively (Table 2). The packinggdéen of the molecule is dominated by the

presence of-n interaction between the aromatic rings.

Fig 2: Structure oBb with ellipsoids shown at 50% probability. Hydrogaoms and Rf
anions in the lattice omitted for clarity. Symmegtgment used= 1-x, 2-y, 1-z.
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Table 1

Selected bonds lengths (A) and ang®of 8b

Ag1-C15 2.092(5)
Ag1-C30 2.091(5)
C15-Ag1-C30 176.84(6)
N2-C15-N3 105.8(4)
N4-C30-N5 105.7(4)

3.5. Antibacterial Activities

The antibacterial activities of the complexes wagscribed by the disc diffusion, MIC, MBC
and colony formation method$he antibacterial activity showed good to modegattvity.
The results obtained by the Kirby-Bauer’'s discuifbn method were comparable with that
of the MIC values (Tables 2a, 2b and 3). In a suiw®ontrol test, the role of DMSO was
studied and it was observed that 10 % DMSO didhaate any inhibitory activity on the
growth of microorganisms [45]. The antibacteriakihates of compoundslb-8b were
screened against 2 isolated pathog@hscoli andS. aureus). The MICs of the compounds
were compared to the MICs of AgN@nd Ciprofloxacin.

All complexes in this study were effective at inhifg the growth ofE. coli andS aureus
while their corresponding salts were inactive aglaboth strains of bacteria [46]. The MIC
values of the complexes against b&hcoli and S. aureus were in the range of 25-100
ug/mL. These Ag(l)-NHC complexe5l§-8b) had better antibacterial qualities in comparison
with silver nitrate. The bis—NHC-Ag(l) complex8l) exhibited promising antibacterial
activity. This complex&b) displayed impressive antibacterial potential agefh. aureus at a
concentration of 12.5ug/mL. The complexes showed bacteriostatic effedirsy both
bacteria strains in the range of 12.500 ug/mL but the bactericidal activity was only in the

range of 50 - 20Qg/mL (Table 4; Figs. S9 and S10).
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In general, most of the complexes displayed lowéihitory activities than ciprofloxacin,
and the susceptibility levels of the gram-nega#ind gram-positive bacteria to the complexes
were the same except compl@lx which showed a higher activity against the grarsipee
bacteria. Furthermore, the sensitivity of the baatstrains increases as the concentration of
the complex suspensions increases (Table 2a and 2b)

The colony formation studies were evaluated usiiffgrédnt concentrations of the tested
Ag(l)-NHC complexes. FoE. coli, the colony forming unit per mL (CFU/mL) decreasss a
the concentration of the complexes increases. Gan§td showed no viable colony of both
E. coli andS aureus at a concentration of 1Q@/mL (Table 4), which is only comparable to
that of the ciprofloxacin. All the other complexglsowed different values at concentrations
of 100 and 20Qug/mL and no viable colony was observed at concentrawdr200 and 400

ug/mLexcept forrbwhich had activity at 40Qg/mLonly (Table 4).

Table 2a
Antibacterial activities of the compouridsgainsE. coli obtained by the disc diffusion
method (zone of inhibition + SD/mm)

Test Compound Inhibition Zone (mm)
25 pg/mL 50 pg/mL 100 pg/mL 200 pg/mL

5b 12.5+0.0 12.8+0.5 15.1+0.5 19.0+1.0
6b 11.0+0.7 11.8+1.0 13.2+0.0 15.8+1.5
7b 10.2+0.3 10.8+0.0 12.0+0.0 14.8+0.0
8b 22.6x1.0 24.0£1.0 2715 28.6x£0.5
AgNO3 10.8+0.0 11.8+0.0 14.8+0.0 16.8+0.0
Ciprofloxacin 26.3+0.0 26.3+0.0 28.7+0.0 31.0+0.0

&: Compounddb- 4b showed no activity.
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Table 2b
Antibacterial activities of the compouridagainstS. aureus obtained by the disc diffusion
method (zone of inhibition + SD/mm)

Test Compound Inhibition Zone (mm)
25 pug/mL 50 pg/mL 100 pg/mL 200 pg/mL

5b 13.5+0.0 13.5+1.0 15.6+0.0 20.9+1.5

6b 11.0+0.0 11.8+1.5 14.2+0.5 17.8+1.0

7b 10.6+0.8 10.8+0.4 12.5+0.0 14.0+1.0

8b 22.6+x1.0 23.0+1.0 27.8+0.5 29.6+0.5
AgNO3 10.8+0.0 11.8+0.0 14.8+0.0 16.8+0.0
Ciprofloxacin 26.3+0.0 26.3+0.0 29.7+0.0 32.0+1.0

&: Compounddb- 4b showed no activity.

Table 3

Minimum inhibitory concentration (MIC) of the comyiods againgE.coli andS.aureus.

Test Compound E. coli (ug/mL) S aureus (ug/mL)

MIC MBC MIC MBC
5b 50 100 50 100
6b 100 200 100 200
7b 100 200 100 200
8b 25 50 12.5 50
AgNO3 100 200 100 200
Ciprofloxacin 6.25 9.38 6.25 12.5

Compounddb- 4b showed no activity.
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Table 4
Colony forming unit per ml (CFU/mL) of different ooentrations of the

complexes againg. coli/S. aureus

CFU/mL (10)
Test Compound Concentrationy(g/mL)
50 100 200 400

5b 17+18/16+£1.0] 7+1.0/65+1.5 0 0

6b 19+0.7/17+£0.0] 8+05/7+1.0 0 0

7b 20+£1.0/18+1.5|11+1.8/95+1.0 3+£1.8/16 +1.0 0
8b 7+15/5+05 0 0 0

AgNO; 18 +0.5/17+2.0| 8+0.8/6.8+0.0 0 0
Ciprofloxacin 3+£0.0/3x0.0 0 0 0

3.6. DNA binding

UV-Vis absorption spectroscopy can be used to ekspossible intercalation interactions
betweenAa-DNA and the Ag(l)-NHC complexes. In addition, \as¢ty measurements were
also performed in order to further evaluate theirgadbf DNA interaction with the complexes.
An intercalative mode involves a strong stackinderaction between the aromatic
chromophore and the base pair of DNA, thus a compdanding to DNA through
intercalation usually results in hypochromism amathbchromism [47, 48]. Compoun8lb—

8b were allowed to interact witha-DNA and the interactions were investigated by UV-
visible spectra in phosphate buffer (10 mM, pH 4) tontaining 50 mM NaCl at 25 °C. As
illustrated in Fig. 3 and Table 5, with increasic@ncentration oAa-DNA, the absorption
intensities of these compounds were reduced byge laypochromicity of 28 and 32% and
smaller hypochromicity of 18 and 21%. Bathochroshdt was not observed in the spectra

and the maximum absorption showed obvious hypsaalradsorption (7.0-11.5 nm). As a
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result of the reduced absorbance and the hypsoahsinit, an intercalative binding mode is
assigned to these complexes. The values pfakd site sizes were obtained from the
spectroscopy emission data and these data wezé fidtthe equation previously derived [49]
and were calculated to be 2.177 ¥,18672 x 18, 6.665 x 18and 3.627 x 10(5a, 6b, 7b,
8b) respectively. The absorbance titration showedbihding site size (s) between 0.71 and
1.16, which correspond to a binding stoichiometnalmout one Ag—NHC complex per base
pair site. The K values showed that compouBd with a bimetallic center has the highest
binding constant and consequently manifests tlengést binding properties wia-DNA
compared to the mononuclear counterparts. In getieranode of action is linked to a strong
stacking interaction between the planar aromatiormlophore and the intercalating agents
[50].

Values of K, obtained from the absorption titrations in thesprdg work are in reasonable
agreement with those obtained from DNA titratiorissionilar complexes in the literature
[51-54]. In addition, the results of the interang8oof benzimidazolium salts with DNA in
literature showed that theyKvalues are quite less than those of the correspgnélg
complexes [51-55].
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Fig. 3. Absorption titrations of complex&b-8b with increasing amounts é@- DNA under
conditions listed in Table 5. For each Ag-NHC cdempthe spectral series show a
progression of decreasing intensity with increa$iblgA]/[Ag]. The inset shows the plot of

AgalAeb vs [DNA],

obtained from absorption spectral titration of toenplexes.
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Table 5
DNA Binding Constants for Ag-NHC Complex&b-8b®

Complex  Hypsochromic Ko® S %H
Shift (nm)

5b 11.5(277) 2.177 X°10 0.90 28%

6b 7.0(273) 8.672 x°10 0.71 21%

7b 11.0(284) 6.665. X’10 0.64 18%

8b 10.0(285) 3.627 X10 1.16 32%

@ Conditions: 10 mM phosphate pH 7.4, 50 mM N&bk8b.
® Error in K, and s values from Absorption titrations are +0BF and +

0.05. Where k=DNA binding constants and s = binding site sizes.
¢ Percent hypochromicity at specified wavelengtthimmabsorption spectrum, The percentage

hypochromicity was calculated using equation[$%).

% H = (As— Ay/A,) % 100 (4)

Where A is the absorbance (free metal complex) andisAthe absorbance at 260 nm
(mixture of metal complex bound to DNA).

3.7. DNA Binding Activity Using Viscometry

The change in length as a result of an interadbemveen DNA'’s double helix and a small
molecule is an unambiguous method to study DNAosgg&g. An intercalative metal complex
induces a detachment of the base pairs, so thahibe fitted to the DNA structure, therefore
generating the lengthening of the nucleic acidxhefid an increase in its viscosity [40]. On
the other hand the metal complex can bend or KiekQNA double helix due to a partial
and/or non-classical intercalation. This reducesftective length and consequently reduces
the DNA viscosity [56].

The result of the viscosity titration plots is shown Fig. 4. The viscosity oRAa-DNA
increased with an increase in the concentratiothefadded complexes. This indicates the
lengthening of the DNA duplex following the intelad@ve DNA binding of the complex.
Positive slopes were observed for all the compleaktsough with values less than that for
proven intercalating agent [57]. As a result of fbeegoing, the result also showed an

appreciable intercalating mode of the interactiointhese complexes [58].
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Fig 4. Viscosity titration ofAedes albopictus-DNA and each of the four Ag-NHC
complexes at10 mM phosphate buffer pH 7, 50 mM NB&Y] 25 puM.

3.8. Deoxyribonuclease (DNase) activity of test compounds

DNA nuclease activity of the compounds was assess@ty pDNA andAe. albopictus
gDNA. An 8 h incubation of the compounds with pDNKd not exhibit any noticeable
nuclease activity of either the complexes or q#lig. 5). After a prolonged incubation of 24
h, no cleavage or degradation activity of pDNA bg salts was observed (Fig. 6). However,

a little degradation (smear) was observed in thetien using the complexes (Fig. 6).

Fig 5. Agarose gel analysis of pDNA after 8 h incubatr87 °C with the test compounds.
(A) pDNA incubated with Complexes. Lane 1: pDNA yinLane 2: pDNA +5b; Lane 3:
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pDNA + 6b; Lane 4: pDNA +7b; Lane 5: pDNA +8b. (B) pDNA incubated with Salts. Lane
1: pDNA only; Lane 2: pDNA +lb; Lane 3: pDNA +2b; Lane 4: pDNA +3b; Lane 5:
pDNA + 4b.

Fig 6. Agarose gel analysis of pDNA after 24 h incubaigd 37 °C with the test compounds.
(A) pDNA incubated with Complexes. Lane 1: pDNA yinLane 2: pDNA +5b; Lane 3:
pDNA + 6b; Lane 4: pDNA +7b; Lane 5: pDNA +8b. (B) pDNA incubated with Salts. Lane
1: pDNA only; Lane 2: pDNA +lb; Lane 3: pDNA +2b; Lane 4: pDNA +3b; Lane 5:
pDNA + 4b.

The compounds (complexes/salts) did not exhibit degradation effect oAe. albopictus
gDNA after an 8 h incubation period (Fig. 7). Nwade activity of the compounds after an
incubation time of 24 h showed some degradatioecefn the mosquito’s gDNA (Fig. 8).
Results of the nuclease activity indicate an intiobatime-dependent activity in complex-
pDNA and complex-gDNA reactions. This is consisterth the time-dependent nucleasing
activity of DNA by metal complexes reported by Asekwo et al. [38]. Since the complexes
have better binding abilities f@xe. albopictus gDNA, it is likely they bind to the gDNA and
induce it to degrade. Degradation of the nucleid &y these complexes may contribute
towards the observed mortality induced in the mideqit is also possible that by binding to
the gDNA, the complexes interfere with normal fuoes of the DNA to disrupt biological
processes of the mosquito which can have detrirheatesequences on the development and

survival of the mosquito.
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Fig 7. Agarose gel analysis ékdes albopictus gDNA after 8 h incubation at 37 °C with the
test compounds. (A) gDNA incubated with Complexeme 1: gDNA only; Lane 2: gDNA
+ 5b; Lane 3: gDNA +6b; Lane 4: gDNA +7b; Lane 5: gDNA +8b. (B) gDNA incubated
with Salts. Lane 1: gDNA only; Lane 2: gDNALb; Lane 3: gDNA +2b; Lane 4: gDNA +
3b; Lane 5: gDNA +b.

A B
Fig 8. Agarose gel analysis ékdes albopictus gDNA after 24 h incubation at 37 °C with the
test compounds. (A) gDNA incubated with Complexeme 1: gDNA only; Lane 2: gDNA
+ 5b; Lane 3: gDNA +6b; Lane 4: gDNA +7b; Lane 5: gDNA +8b. (B) gDNA incubated
with Salts. Lane 1: gDNA only; Lane 2: gDNALb; Lane 3: gDNA +2b; Lane 4: gDNA +
3b; Lane 5: gDNA +b.

3.9. Larvicidal effect of test compounds on Aedes albopictus larvae
Many conventional insecticides and other inseatidddsed products for mosquito control are

failing to achieve the desired level of efficacyedto the development of insecticide
resistance [59, 60]. The resistance to conventiomscticides and factors like the global
spread ofAe. albopictus and the prevalence diedes-transmitted diseases underpin the need

for effective mosquitocidal compounds to impede #pmead ofAe. albopictus-borne
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diseases. Toxicity of the test compounds againgtHanstar larvae oRe. albopictus (Fig.
S11) shows that L& of the salts were significantly different (p<0.08)m the complexes
(Fig. S12, Table 6). However, the §lralues were not significantly different among sadts
(Fig. S11, Table 6). In contrast, kLvalues of the complexes were significantly différe
from each other (p<0.05), except complegbsand7b (Fig. S12, Table 6). The Lgof the
complexes were about 40 to 95-fold lower than tfathe salts (Table 6). Based on the
classification of Cheng et al. [61], complexsds 6b and8b were considered highly active
against the larvae while compl&b was considered active (Table 6). However, allghks
were inactive against the larvae.

Similar to their LGy values, the Lgy values of the salts were not significantly diffgre
(p>0.05) from each other but were significantlyfeliént (p<0.05) from that of the complexes
(Figs. S11 and S12, Table 6). The toxicity ressittsw thatAe. albopictus larvae treated with
the synthesized compounds were more tolerant tgahe compared to the complexess4.C
and LGy of complex8b was the lowest among the complexes and approxiynaitie 5-fold
and 4 to 6-fold lower respectively than that of tleer complexes (Table 6). This shows that
complex8b was more toxic to the fourth instar larvae of thesquito compared to the other
test compounds. The positive reference, temephpgiti), induced 100% larval mortality in
this study. However, resistance to temephos haslae®d in someé\edes populations [59,
62, 63] and this adversely affects temephos-basetbw control. Although the complexes
were less toxic than the positive reference, thepgldayed high larvicidal activity against the
mosquito, especially comple8b. The observed toxicity of the complexes in thist teas
high compared to organotin(lV) and tetra-coordidatia(ll) complexes evaluated on larvae
of Ae. aegypti [64]. The complexes also exhibited high larvicidadtivity compared to
thiadiazolo derivatives (L& of 21.7 to 102.8 ppm) assayed Amopheles stephensi [65] and

thiosemicarbazones derivatives @@f 5.8 to >200 ppm) assayed Aa. aegypti [66]. The
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emergence of temephos resistancéades mosquitoes [59, 62] and the demand for newer,
effective and environmentally friendly anti-mosguitompounds make these complexes
worthy candidates as potential larvicidals.

However, the toxic effects of the complexesAm albopictus larvae were lesser compared
to triganothin dithiocarbamates é®. aegypti andAn. stephensi [67]. Although most of the
compounds in that study [67] outperformed the caxgd in this study, comple8b
performed better compared to NH(n-Bu) @€13.74) and NH(n-Pr) (L§=11.94).
Mosquito species respond differently to chemicahpounds [67], so the relatively low LC
values of complex8b on the Ae. albopictus mosquito shows its potential as a larvicide

compared to the other complexes.

Table 6
Toxicity of compounds on fourth instar larvae ofAedes albopictus
Compound | LCsp 95% ClI LC g0 (ppm) | 95% CI Slope %] Larvicidi
(ppm) SE ty*
5b 33.37 28.89- 113.44 92.33- 1.79  +| Highly
38.43 139.37 0.15 active
6b 45.35% 40.51- 115.6F¢ 96.81- 2.35 +| Highly
50.77 138.06 0.20 active
7b 56.44 50.07- 165.17 135.76- 2.05 +| Active
63.62 200.80 0.17
8b 11.68 9.92-13.75| 27.73 22.82-33.70| 2.54  *Highly
0.22 active
1b 2485.34 | 438.87- 9974.15 620.24- 1.58  +| Inactive
14075.63 160411.87 | 0.62
2b 1820.59 | 368.96- 5406.39 428.38- 2.02  +|Inactive
8983.10 68234.12 |0.91
3b 3036.60 | 345.09- 12271.97 | 413.27- 1.57  +| Inactive
26720.87 364397.29 |0.71
4b 1110.4f | 370.63- 2396.79 397.66- 2.86 +| Inactive
3326.91 14446.39 |1.35

Values with different alphabets in the same colare significantly different based on non-
overlapping 95% CI.

LC: Lethal Concentration; Cl: Confidence Interve®&: Standard Error

*Based on the classification of Cheng et al [61]ickhconsiders Lg<50 ppm as highly
active, LGy<100 ppm as active and k&100 ppm as inactive.
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3.9.1. Developmental consequences of test compounds on Aedes al bopictus

Effect of the compounds on developmental progressiblarvae to the adult stage was
observed after treatment with three different cotregions of the test compounds.
Developmental outcomes such as larval survival modality, pupal survival and emerged
adults of the treated larvae were significantlyed#nt (p<0.05) (Tables 7-9).

Treatment with the highest test concentration ofp@bn induced various developmental
consequences on the mosquito, affecting the denedatal progression of larvae to the adult
stage. Complegb (25 ppm) was lethal to the treated larvae, indutatal mortality and thus
terminating developmental progression to the pafade (Table 7). This effect is a reflection
of the observed toxicity (L& and LGg) of complex 8b in the larvicidal study and
corroborates the high larvicidal potential of to@mplex. About 8% of larvae treated with 25
ppm of complex7b successfully emerged as adults. Although 20% lamvartality was
observed in compleXb-treated larvae, about 72% survived but were istithe larval stage.
The proportion of emerged adults from larvae teatéth the salts were higher (16-28%)

than those treated with the complexes (0-12%; Taple

g)zk\)/leelgpmental consequences of test compounds (25rpmn Aedes albopictus larvae
Compound | Larvae Pupae Emerged
Alive = SE | Dead + SE| Alive + SE | Dead + SE| Adults + SE
(%) (%) (%) (%) (%)
5b 52.0+4.6° [ 4.0£2.3 [32.0¢8.3 [0.0+0.0 12.0+2.3™
6b 40.0+10.1° | 0.0+0.0 | 48.0+10.6° | 0.0+0.0 12.0+6.1"
7b 72.0+14.0 | 20.0+10.f | 0.0+0.0° 0.0+0.0 8.0+4.0°
8b 0.0+0.0 100.0+0.6 | 0.0£0.0 0.0£0.0 0.0x0.0
1b 36.0£16.2° | 0.0+0.0 | 48.0+14.4° | 0.0+0.0 16.0+6. 1™
2b 36.0+13.9° | 0.0+0.0 | 44.0+6.17° | 0.0+0.0 20.0+8.3¢
3b 20.0+9.3° [0.0+0.0 |64.0+14.4 |0.0+0.0 16.0+6. 2™
4b 24.0+11.5° | 0.0+0.0 | 48.0+6.7 |0.0+0.0 28.0+6.7
DMSO 20.0+2.8 |0.0+0.0 |52.0+6.7° |0.0+0.0 28.08.3
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Values with different alphabets in the same colaresignificantly different at p<0.05.
SE: Standard Error

In larvae treated with 5 ppm of the test compoufi@dble 8), about 4-32% emerged as adults
(4-24% for complexes and 24-32% for salts). Larwabrtality was only observed in
complexesb and8b-treated larvae. The highest proportion of survilasiae was observed

in those treated with complex@b and8b (Table 8).

Table 8
Developmental consequences of test compounds (5 ppon Aedes albopictus larvae
Compound | Larvae Pupae Emerged
Alive + SE|Dead +|Alive + SE|Dead + SE| Adults + SE
(%) SE (%) (%) (%) (%)
5b 44.0+6.f |4.0£2.3 [32.0x4.6° |0.0+0.0 20.0+8.38
6b 24.0#4.0 | 0.0+0.0 |52.0+14.6™ | 0.0+0.0 24.0+103“
7b 56.0+10.6 | 0.0+0.0 | 32.0+10.68" | 0.0+0.0 12.0+4.9
8b 56.0+8.3 | 16.0+2.3 | 24.0+10.6 | 0.0+0.0 4.0+49
1b 8.0+4.0° 0.00.0 |68.0+10.6 |0.0+0.0 24.0+108%
2b 16.0£2.3° | 0.020.6 |60.0+6.2° | 0.0+0.0 24.0+4 F
3b 12.0+#2.3° | 0.0#0.6 |60.0+10.6° | 0.0+0.0 28.0+8.3"
4b 0.0£0.6 0.0:0.0 |68.0+8.3 0.0£0.0 32.0+8.%"
DMSO 16.0+¢8.8° | 0.0+0.0 | 48.0+6.f™ |0.0+0.0 36.0+10%

Values with different alphabets in the same colarensignificantly different at p<0.05.
SE: Standard error

At a concentration of 1ppm, 12-36% and 24-36% diltadmergence were observed in
complexes and salts-treated larvae respectivelpl€T8). Mortality was not observed in
larvae treated with complexes and salts. Howev@d%d mortality was observed in larvae
treated with 1ppm of the insecticide temephos (@&)! Similar to the observed pattern in 25
and 5 ppm compleXb-treated larvae (Tables 7 and 8), 48% of them g&lein the larval
stage; the highest proportion among all the lpmatéd mosquitoes (Table 9). The complex

appears to delay development of the larvae at @hews concentrations tested. Delaying the
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mosquito’s development at the larval stage is athggous for vector control since this is the

most vulnerable stage of its development.

Table 9

Developmental consequences of test compounds () @pAedes albopictus larvae
Compound | Larvae Pupae Emerged
Alive (%) Dead (%) | Alive (%) Dead (%) | Adults (%)
5b 36.0+10.f" | 0.0+0.0 |[28.0¢6.f |0.0+0.0 36.0£9.2"

6b 20.0+6.7 |0.0+0.6 |48.0+8.3" |0.0£0.0 32.0+6.9"

7b 48.0¢8.0 |[0.0£0.0 |[40.0+2.3° [0.020.0 12.0+6.£°

8b 40.0+2.3 [ 0.0£0.0 |40.0+8.0" |0.020.0 20.0+6.1°
1b 16.0+2.3° |0.020.0 |60.0+10.6° | 0.0+0.0 24.0+8.3%

2b 12.0+6.£° [0.020.0 |52.046.° |0.0+0.0 36.0+4.0"

3b 12.0#4.6° [0.020.0 [52.048.3° |0.0+0.0 36.0+4.6"

4b 20.0+4.0° | 0.0+0.6 | 44.0+12.2°| 0.0£0.0 36.0+8.3"

DMSO 16.0+4.60 | 0.0+0.0 | 40.046.7* | 0.0+0.0 44.0+6.1

Temephos | 0.0+0°0 | 100.0+0.8 | 0.0£0.6 0.0£0.0 0.0£0.6

Values with different alphabets in the same colarsignificantly different at p<0.05.
SE: Standard error

4. Conclusion:

A series of mononuclear-Ag(l)-NHC and binucleardM{HC hexafluorophosphate
complexes were synthesized by the reaction of spomding nitrile functionalized
benzimidazolium salts and characterized using uarigpectral and analytical techniques.
According to X-ray spectra, the compl@ consists of an ionic structure which is of [2NHC-
AQ,-2NHC]2PF, (NHC: benzimidazol-2-ylidene) general formula.ngadex 8b exhibited
high antibacterial activity toward® aureus andE. coli, while complexe®&b, 6b and’b were
moderately effective against both bacteria strddi$A binding properties were investigated
by using UV absorption spectra and viscosity measents. All these results indicate that
the complexes bind tha-DNA in an intercalative mode, by a large hypochigiy of 32 and

28% and smaller hypochromicity of 18 and 21%. Toenglexes displayed some degradation
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effect on plasmid DNA ande. albopictus genomic DNA. The complexes, especiadly,
were highly larvicidal and adversely affected trevelopment of larvae into adults at the
tested concentrations.

Supplementary Material

Crystallographic data for the structure in this kvtvas been deposited at the Cambridge
crystallographic data Centre, CC@84717.Copies of this material can be obtained from the
director, CCDC, 12 Union Road, Cambridge CB2 1EK, (fax: +44-1223-336033; e-mail:

deposit@ccdc.cam.ac.uk.
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HIGHLIGHTS

New mononuclear-Ag(I)N-heterocyclic carbene and binuclear—Aglketerocyclic
carbene hexafluorophosphate complexes with goadilangue potency were developed.
Compoundbb, 6b and8b were highly active, affecting the developmentalgoession
from the larval to the adult stage

The most active compoun@) could effectively intercalate into DNA to for8io—DNA

The primary in vitro assay of tested complexesrajairam—positive and gram—negative

bacterial strains demonstrated MICs in the rangs-1D0ug/mL.



