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Synthesis and crystal structures of sterically tuned ether functionalized
NHC-silver(I) complexes; Antibacterial and nucleic acid interaction studies

ROSENANI A. HAQUE*, PATRICK O. ASEKUNOWO and MOHD. R. RAZALI

The School of Chemical Sciences, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia

A series of new imidazolium salts (1-4) as N-heterocyclic carbene (NHC) precursors have been
synthesized by successive N-alkylation method. Reactions of these saltswith"Ag,O by varying
the metal to salt ratio forms a series of new Ag(I)-NHC complexesy(S-8)¢ All compounds were
characterized by physico-chemical and spectroscopic technigues.®The molecular structures of 1
and 5 were characterized by single crystal X-ray diffraction analysis. A comparative
investigation of the bacterial growth inhibition gpotential of,the salts and respective complexes
indicates that 5-8 displayed good antibacterial ‘activities on Staphylococcus aureus (ATCC
12600) and Escherichia coli (ATCC 11303), compared with the salts. Furthermore, it was
observed that with increase in chain.length at N-positions the antibacterial activities also
increased. Nuclease activity of the reported salts and Ag(I)-NHC complexes with nucleic acids
(DNA and RNA) were als studied using agarose gel electrophoresis; the results show that the
compounds do not have any apparent interaction with nucleic acids in the absence of hydrogen
peroxide (H,O,). However, §and 8 were efficient in promoting the cleavage of nucleic acids in

the presence of H,0s.

Keywords: Ag(l)sNHC complexes; Antibacterial activity; DNA cleavage, N-Heterocyclic

carbene; X=ray diffraction

1. Introduction
Treatment of infectious diseases is becoming a global problem because of increasing numbers of
multi drug resistant pathogenic bacteria [1, 2]. This has underscored the need for new

antimicrobial compounds that will effectively treat resistant bacteria diseases [3, 4]. Silver has
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been known as a potent antimicrobial agent for centuries [5]. Silver salts are employed especially
in the treatment of extensive burns, chronic ulcers, and for prevention of conjunctivitis in
addition to bacterial infections [6]. Many NHC silver compounds have been synthesized; Youngs
and coworkers in 2004 reported the first Ag(1)-NHC complexes possessing antimicrobial
activity [7]. The search for more biologically active Ag(I)-NHC complexes led to synthesis of
modified caffeine silver acetate complex [8]. Ghosh and co-workers also synthesized Ag(I)-NHC
complexes of 1-benzyl-3-tert-butylimidazolium chloride and tested on analytically, important
microorganisms [9]. The Ag(I)-NHC complexes derived from 4,5-dichloroimidazole have been
synthesized with having water stability for up to three days and this gvas atteibuted to the
presence of electron-withdrawing substituents present on the 4- and 54positions’of the imidazole
ring [10]. Varieties of functionalized NHC complexes with bidentate chelating NHCs, tripodal
NHCs and pincer type NHCs have also been investigated [L1-15] especially in catalysis while
their antimicrobial properties are less explored. The effectivenessyof the antimicrobial properties
of Ag(I) complexes may be influenced by the type of ligands that bind to Ag(I) [16]. Type of
substituents and chain length of alkyl chain hayveja ‘significant effect on their antimicrobial
properties [17, 18]. Modification of NHCs"canmbe easily achieved by introducing functional
groups at the nitrogens of the imidazole ring [11-13], thereby fine-tuning features like
lipophilicity, charge, solubility of the spacers (bridging groups) and substituents. This has
stimulated the design of complexXesreaching a compromise between biological activity and toxic
effects [19]. A very interesting,characteristic of NHC chemistry is the ease with which a number
of complexes with similar structures and different lipophilicity can be prepared by changing the
substituents on thefimidazolium salts [20, 21]. The lipophilicity of a substance is an influential
parameter in biologicalfactivity [11-13]. Increased lipophilicity of some compounds have been
found to Mave positive correlation with their antibacterial activity [22, 23]. Also found low
viseosity of a compound showed a higher antimicrobial activity [24, 25] and ether group with a
lipophilic “property and electron donating ability into cations can help to reduce viscosities,
melting point and reducing degradation, thus retaining the antibacterial effect over a longer
period of time [26, 27]. In view of the above observations, the antibacterial and nuclease
activities of ether functionalized imidazolium salts and their respective Ag(I)-NHC complexes

are hereby investigated.



Downloaded by [Pennsylvania State University] at 20:34 05 June 2014

2. Experimental

2.1. Materials and measurements

All chemicals were reagent grade and used as received. NMR spectra were recorded on a Bruker
500 MHz spectrometer at RT in DMSO-dg, using TMS as an internal standard. FTIR spectra
were recorded on a Perkin Elmer-2000 spectrometer from 4000-400 cm™. Elemental analyses
were carried out on a Perkin-Elmer series II, 2400 microanalyzer. Melting points were measured
using a Stuart Scientific SMP-1 (UK) instrument. The instruments are available‘at The School of
Chemical Sciences, Universiti Sains Malaysia (USM). The X-ray single crystal,Structure analysis

was obtained using a Bruker Smart ApexII-2009 CCD area detector diffractometer:.

2.2. Synthesis of 1,4-bis(3-methoxyethylimidazol-1-ylmethyl)benzene hexafluorophosphate (1)

A mixture of imidazole (2.00 g, 29.38 mmol) and KOH (2.47 g, 44.03 mmol) in DMSO (30 mL)
was stirred for 1 h at RT. 1-Bromo-2-methoxyethane (408 g,%29.38 mmol) was then added
dropwise to the reaction mixture. After 2 h the mixtire;was poured into 200-300 mL of water
and extracted with chloroform (3x30 mL). The extract'was filtered twice through four plies of
Whatman filter papers in order to dry the extractaThe process of filtration was repeated thrice to
collect a clear solution of the desired ‘¢compound; and the solvent was removed under reduced
pressure to obtain thick colorless oil.{'The cempound formed, N-methoxyethyl imidazole (0.5 g,
3.97 mmol) was added dropwis¢ insa stirring solution of 1,4-bis(bromomethyl)benzene (0.52 g,
1.98 mmol) in acetonitrile (30ymE)*and then refluxed for 24 h. The solvent was removed under
reduced pressure to give 1,4-bis(N-methoxyethylimidazol-1-ylmethyl)benzene dibromide which
was then reacted with a’solution of KPF¢ (0.73 g, 3.97 mmol) in methanol (20 mL). The mixture
was stirred at RT fom3sh and allowed to stand overnight. Then the solvent was removed under
reduced pressure and the resultant white powder was washed with distilled water (3x10 mL) to
remove umreacted KPFg, and air dried. The powder was recrystallized in a solution of
acetonitrile/methanol to obtain colorless crystals. Yield: 0.8 g (63%). Melting point: 168-170 °C;
'H NMR (500 MHz, DMSO-ds, 298 K, & ppm): 3.28 (s, 6H, OCH3); 3.70 (t, J = 5.0 Hz, 4H,
CH,-OCHs); 4.37 (t, J = 5.0 Hz, 4H, 2 x N-CH,); 5.46 (s, 4H, 2 x N-CH;, —Benzylic); 7.48 (s,
4H, Ar-H); 7.75 (s, 4H, 2 x imidazolium H4’, H5"); 9.27 (s, 2H, 2 x imidazolium H2");
BC {'"H} NMR (125 MHz, DMSO-ds, 298 K, & ppm): 49.0 (N-CH,), 51.5 (CH,), 58.0 (CH3),
69.4 (CO), 122.3 (imidazolium C57), 123.2 (imidazolium C4"), 128.8, 135.4 (Ar-C), 136.5
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(imidazolium C2°). FTIR (KBr disc) cm™: 3405 (Catiph—Nimidazole)s 3128 (C—Harom), 2960
(C—Haipn), 1127  (Carom—Nimidazole), 1357, 1165 cm! (C-O-C, C-O) Anal. Calc. for
CooH2sN4F1,0,P2: C, 37.2; H, 4.3; N, 8.1. Found: C, 37.3; H, 4.5; N, 8.3.

2.3. Synthesis of 1-methoxylethyl-3-propylimidazolium hexafluorophosphate (2)

A mixture of imidazole (1.70 g, 25.00 mmol) and KOH (1.96 g, 35.00 mmol) in DMSQO.(30unL.)
was stirred for 1 h at room temperature. 1-Bromo-2-methoxyethane (3.48 g, 25.00‘mmol) was
added dropwise to the reaction mixture. After 2 h, the mixture was poured into 200:300,mL of
water and extracted with chloroform (3x30 mL). The extract was filteréd thricesthrough four
plies of Whatman filter papers in order to dry the extract. The process of filtration was repeated
thrice to collect clear solution of the desired filtrate, and the solventiwas,.removed under reduced
pressure to obtain thick colorless oil. The compound formed, N-methoxyethyl imidazole (0.90 g,
7.14 mmol) was added dropwise in a stirring solution of 1=bromopropane (0.88 g, 7.14 mmol) in
acetonitrile (30 mL) and refluxed for 20 h. The solveént was, removed under reduced pressure to
give 1-methoxylethyl-3-propylimidazolium dibromide which was then reacted with a solution of
KPFs (0.60 g, 3.26 mmol) in methanol (20 mL). The mixture was stirred at room temperature for
3 h and allowed to stand overnight. Then the solvent was removed under reduced pressure and
the resultant white powder was washed withidistilled water (3x5 mL) to remove unreacted KPFg,
and air dried. The powder waspurified by acetonitrile/dichloromethane and obtained as white
solid. Yield: 1.7 g (78%). Melting"point: 115-117 °C; '"H NMR (500 MHz, DMSO-ds, 298 K,
o ppm): 0.80 (t, J = 7.5 Hz, 3H, CH3), 1.78 (m, 2H, -CH,-CH3), 3.22 (s, 3H, OCH3), 3.68 (t, J =
5.0 Hz, 2H, CH;-OCHs), 4.15 (t, J = 7.0 Hz, 2H, N-CH,-CH,-CH3), 4.36 (t, J = 5.0 Hz, 2H,
N-CH,-CH,-QCH;), %71 (s, H, imidazolium H5"), 7.74 (s, H, imidazolium H4"), 9.17 (s, H,
imidazoliwfi H29¢ °C {'H} NMR (125 MHz, DMSO-ds, 298 K, & ppm): 10.2 (CH;); 22.8
(CH2-CH3»);,.46.3 (OCHs); 48.6 (CH,-OCHs3); 50.4 (N-CH,-CH,-CHs); 57.9 (N-CH»-CH,-
OCHy); 70.8 (CO); 122.2 (imidazolium C57); 122.6 (imidazolium C4"); 135.9 (imidazolium
C2").0FTIR (KBr disc): 3416 (Caiph—Nimidazole)s 3148 (C—Harom), 2965 (C—Haiipn), 1130
(Carom—Nimidazole), 1355, 1160 cm’! (C-0O-C, C-0O) Anal. Calc. for CoH{7N,OF¢P: C, 34.4; H, 5.4,
N, 8.9. Found: C, 34.6; H, 5.6; N, 9.2.
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2.4. Synthesis of 1-methoxylethyl-3-butylimidazolium hexafluorophosphate (3)

Salt 3 was prepared in an analogous fashion to 2 but instead of 1-bromopropane, 1-bromobutane
(0.88 g, 7.14 mmol) was added. Salt 3 was isolated as a white solid. Yield: 0.8 g (63%). Melting
point: 120-122 °C. "H NMR (500 MHz, DMSO-ds, 298 K, & ppm): 0.80 (t, J = 7.5 Hz, 3H, CHs);
1.30 (m, 2H, -CH,-CH3); 1.78 (m, 2H, N-CH,-CH); 3.22 (s, 3H, OCHj3); 3.68 (t, 2H, J =
5.0 Hz, CH,-OCH3); 4.15 (t, 2H, J = 7.0 Hz, N-CH,-CH»,-CH3); 4.36 (t, J = 5.0 Hz, 2H, N-CH,-
CH,-OCHs3); 7.71 (s, H, imidazolium HS5"); 7.74 (s, H, imidazolium H4"); “9.17 (s, H,
imidazolium H2"). *C {'H} NMR (125 MHz, DMSO-djs, 298 K, & ppm): 10.2 (CH3)322.8,(CH,-
CHs), 46.3 (OCH3), 48.6 (CH2-OCH3), 50.4 (N-CH,-CH,-CH3), 57.9 (N-€CH,-CH3-OCH3), 70.8
(CO), 122.2 (imidazolium C57), 122.6 (imidazolium C4"), 135.5 (imidazolitm*C2"). FTIR (KBr
disc): 3406 (Cuiph—Nimidazole), 3188 (C—Hurom), 2995 (C—Huiipn), 25 ((Cirom—Nimidazote), 1307,
1170 cm’! (C-0-C, C-O) cm’’. Anal. Calc. for C10H19N,OF(P: C,;386.6; H, 5.8; N, 8.5. Found: C,
36.9; H, 6.0; N, 8.8.

2.5. Synthesis of 1-methoxylethyl-3-pentylimidazolium hexafluorophosphate (4)

Salt 4 was prepared in an analogous ‘fashien, to 2 but instead of 1-bromopropane,
I-bromopentane (0.97 g, 6.40 mmol) was added. Salt 4 was isolated as a white solid. Yield:
0.85 g (65%). Melting point: 125-127.°C. 'H NMR (500 MHz, DMSO-ds, 298 K, & ppm): 0.90
(t, J = 7.5 Hz, 3H, CHj3); 1,25 (m,2Hg -CH,-CH3); 1.35 (m, 2H, -CH,-CH,-CHj3); 1.85 (m, 2H,
N-CH,-CHy); 3.30 (s, 3H, OCHs), 3.80 (t, J = 5.0 Hz, 2H, CH»-OCH3), 4.25 (t, J = 7.0 Hz, 2H,
N-CH,), 4.45 (t, J = 5.0 Hz, 2H, N-CH,-CH,-OCHj3), 7.85 (s, H, imidazolium H5"), 7.90 (s, H,
imidazolium H4"),/9.37 (s, H, imidazolium H2"), Bc {lH} NMR (125 MHz, DMSO-ds, 298 K,
o ppm): 10.2 (CH3), 228 (CH,-CH3), 46.3 (OCH3), 48.6 (CH2-OCH3), 50.4 (N-CH;-CH,-CH3),
57.9 (N-CH3-CHp=OCH3), 70.8 (CO), 122.2 (imidazolium C57), 122.6 (imidazolium C4"), 135.9
(imidazoltam £2"), FTIR (KBr disc): 3416 (Caliph—Nimidazole), 3178 (C—Harom), 2999 (C—Haiipn),
1129 C .rom—Nimidgazole), 1327, 1170 cm™ (C-O-C, C-0). Anal. Calc. for C;;H,N,OF4P: C, 40.5;
H, 6.4; N, 8.6. Found: C, 40.8; H, 6.7; N, 8.9.
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2.6. Synthesis of 1,4-bis(3-methoxyethylimidazol-1-ylmethyl)benzenesilver(I)
bis(hexafluorophosphate) (5)

Ag>O (0.35 g, 1.5 mmol) was added to a solution of 1 (0.48 g, 0.75 mmol) in acetonitrile
(35 mL) and the mixture was kept stirring at 50-60 °C for 18 h, covered from light. The mixture
was then filtered through a pad of celite and the resulting colorless solution was evaperated to
give a white solid which was redissolved in acetonitrile, followed by reduction of solvent to
about 3 mL. Addition of diethyl ether reprecipitated 5 as a white solid. Yield: 0.5 g (56%).
Single crystals of S suitable for X-ray were obtained by slow diffusion of diethyl ether into
acetonitrile solution containing the complex. Melting point: 216-218 °C; 'H NMR (500 MHz,
DMSO-ds, 298 K, 6 ppm): 3.17 (s, 12H, 4 x OCHj3); 3.69 (t, J = 5.5/Hz,.8H74 x CH,-OCH,);
4.35 (t, J =5.0 Hz, 8H, 4 x N-CH,); 5.31 (s, 8H, 4 xXN-CH;, —Benzylic);d5 (s, 8H, Ar-H); 7.49
(s, 4H, 2 x imidazolium H5"); 7.55 (s, 4H, 2 x imidazolium,H4%); *C {'H} NMR (125 MHz,
DMSO-ds, 298 K, & ppm): 50.8 (N-CH,), 53.6 (CHjy); 581 (CHs); 71.4 (CO); 122.1
(imidazolium C57); 122.8 (imidazolium C4"); 127.6, 137417 ¢Ar-C); 179.9 (imidazolium C2'-Ag).
FTIR (KBr disc) cm™: 3440 (Catiph—Nimidazota), 3198 (C—Harom), 2985 (C—Huiipn), 1327
(Carom—Nimidazole), 1357, 1165 cm’! (C-0-C, C=0),"Anal. Calc. for C4Hs5:N3Ag,04F,P>: C, 39.5;
H, 4.3; N, 9.2. Found: C, 39.7; H, 4.4; N)»9.3.

2.7. Synthesis of 1-methoxylethyl-3-propylimidazoliumsilver(I) hexafluorophosphate (6)

Ag>O (0.37 g, 1.60 mmol) was added to a solution of 2 (0.5 g, 1.60 mmol) in acetonitrile
(35 mL) and the mixture was jstirred at 50-60 °C for 12 h, covered from light. The mixture was
then filtered through ¢elite ‘and the resulting colorless solution was evaporated to give a white
solid which was redissolved in acetonitrile, followed by reduction of solvent to about 3 mlL.
Additionof diethyl ether re-precipitated the product as white solid. Single crystals of 6 suitable
for Xsray were obtained by ether diffusion. Yield: 0.85 g (88%). Melting point: 172-174 °C;
'H NMR (500 MHz, DMSO-ds, 298 K, & ppm): 0.88 (t, J = 7.5 Hz, 6H, 2 x CH3); 1.82 (m, 4H,
2 x -CH,-CHs); 3.25 (s, 6H, 2 x OCH3); 3.69 (t, J = 5.0 Hz, 4H, 2 x CH,-OCH3); 4.11 (t, J =
7.0 Hz, 4H, 2 x N-CH,-CH,-CH3); 4.32 (t, J = 5.0 Hz, 4H, 2 x N-CH,-CH,-OCH3); 7.48 (s, H,
imidazolium H5); 7.50 (s, H, imidazolium H4"). °C {'H} NMR (125 MHz, DMSO-ds, 298 K,
o ppm): 10.8 (CHj3), 24.5 (CH,-CH3), 46.3 (OCH3), 50.7 (CH2-OCH3), 52.5 (N-CH,-CH,-CH3),
58.1 (N-CH,-CH,-OCH3); 71.4 (CO), 121.7 (imidazolium C5"); 122.2 (imidazolium C4"); 179.3
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(imidazolium Ag-C2"). FT-IR (KBr disc) cm™: 3458 (Catiph—Nimidazote)s 3187 (C—Harom), 2995
(C—Haiipn), 1336  (Carom—Nimidazotle)s 1355, 1160 ecm! (C-O-C, C-O). Anal. Calc. for
CigH3:N4AgOLFeP: C, 36.7; H, 5.4; N, 9.5. Found: C, 36.8; H, 5.5; N, 9.7.

2.8. Synthesis of 1-methoxylethyl-3-butylimidazoliumsilver(I) hexafluorophosphate (7)
Complex 7 was prepared in an analogous fashion to 6 except that 2 was replaced with 3 (1700 g,
3.20 mmol) and Ag,O (0.72 g, 3.20 mmol). Yield: 0.95 g (53%). Single crystals suitable for
X-ray were obtained by slow diffusion of diethyl ether into acetonitrile solution containing the
complex. Melting point: 178-180 °C; 'H NMR (500 MHz, DMSO-d;, 298 K, 5 ppm): 0.88 (t, J =
7.5 Hz, 6H, 2 x CH3); 1.30 (m, 4H, 2 x -CH2-CH3); 1.82 (m, 4H, 2 XN-CH>*CH,); 3.25 (s, 6H,
2 x OCH3); 3.69 (t, J = 5.0 Hz, 4H, 2 x CH,-OCH3); 4.11 (t, J = %0 Hzg4H, 2 x N-CH,-CH,-
CH3); 4.32 (t, J = 5.0 Hz, 4H, 2 x N-CH,-CH,-OCH3); 7.48 (s, Hyjimidazolium H5"); 7.50 (s, H,
imidazolium H4"); Bc {1H} NMR (125 MHz, DMSO-ds, 298 'K, 6 ppm): 6 10.8 (CHj3); 24.5
(CH,-CH3); 46.3 (OCHs); 50.7 (CH2-OCHj3);052.5 (N-€H»-CH,-CH3); 58.1 (N-CH,-CH,-
OCHj3); 71.4 (CO); 121.7 (imidazolium C5'); 122.2,(imidazolium C4°); 177.97 & 179.56 [(d,
'J(C-"®Ag) = 198.5 Hz and d, 'J(C-'"Ag) =085 Hz]. 3406 (Caiph—Nimidazoie); 3188 (C—Harom):
2995 (C—Huipn); 1275 (Carom-Nimigazads 1307,71170 cm™ (C-O-C, C-O). Anal. Calc. for
CaoH36N4AgO,FeP: C, 38.8; H, 5.8; N,,9.1. Found: C, 39.0; H, 6.0; N, 9.2.

2.9. Synthesis of 1-methoxylethyl-3-pentylimidazoliumsilver(I) hexafluorophosphate (8)

Complex 8 was prepared according to the same procedure for 7 except that 2 was replaced with 4
(0.80 g, 2.90 mmol) and,AgO, (0.67 g, 2.90 mmol). White solid. Yield: 0.55 g (51%). Melting
point: 184-186 °C._"H*NMR (500 MHz, DMSO-ds, 298 K, & ppm): 0.90 (t, J = 7.5 Hz, 6H,
2 x CH3)# 1.25%m, 4H, 2 x -CH,-CHs3); 1.35 (m, 4H, 2 x -CH,-CH3) 1.85 (m, 4H, 2 x
CH5=CH;)»3.30 (s, 6H, 2 x OCH3), 4.15 (t, J/ = 5.0 Hz, 4H, 2 x CH,-OCH3); 4.30 (t, J = 7.0 Hz,
4H, 2" x N-CH,-CH,-CH3); 4.72 (t, J = 5.0 Hz, 4H, 2 x N-CH,-CH,-OCHs); 7.90 (s, H,
imidazolium HS5"); 7.95 (s, H, imidazolium H4"). Be {IH} NMR (125 MHz, DMSO-dg, 298 K,
0 ppm): 10.2 (CHj3); 22.8 (CH2-CH3); 46.3 (OCH3); 48.6 (CH,-OCH3); 50.4 (N-CH,-CH,-CH3);
57.9 (N-CH,-CH,-OCH3) 70.8 (CO), 122.2 (imidazolium C57), 122.6 (imidazolium C4"), 180.0
(imidazolium Ag-C2"). FTIR (KBr disc): 3456 (Caiiph—Nimidazole), 3198 (C—Harom), 2999
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(C—Haipn), 1349 (Carom—Nimidazole), 1327, 1170 cm’! (C-O-C, C-O) Anal. Calc. for
CaoH36N4AgO,FeP: C, 38.9; H, 5.8; N, 9.1. Found: C, 40.3; H, 6.1; N, 9.3.

2.10. Antibacterial studies

Stock solutions of all compounds were prepared by using DMSO. Antibacterial tests were
performed using the Kirby Beur disc diffusion method [28]. Single colonies of Escherichiaycoli
(ATCC 11303) and Staphylococcus aureus (ATCC 12600) from fresh culture ‘agar plates were
respectively cultured in two bottles containing 5 mL nutrient broth solution and, ineubated
overnight at 37 °C. The turbidity of each culture was adjusted by comparing it to O:5 McFarland
standard, which is equal to 1.58 x 10® CFU/mL or 0.5 (O.Dgoo reading). Using sterile cotton
buds, each bacterial lawn culture was spread uniformly on different agar‘plates before placing
the antimicrobial assay discs on the plate. Four discs were placed on each agar plate and 5 uL
volumes of the test compounds were loaded on the dises with concentrations at 100 and
50 pg/mL. The plates were incubated at 37 °Cdor 24 h and the diameters of inhibition zones
were measured in mm. The antibacterial test was ‘ecaleulated as the mean of three replicates. The
effectiveness of these compounds in relation to, inhibition zone was compared with silver nitrate,
based on its established antimicrobial properties [29] and streptomycin was used as positive
control. The minimum inhibitory cong¢entration (MIC) of each compound was determined based
on the lowest concentrationyof the gompound that inhibited the growth of bacteria using the broth
dilution method [30]. Single colonies of S. aureus and E. coli were isolated from agar plates and
were grown in 5.0 mL LB broth. The solutions were incubated at 37 °C and shaken at 180 rpm
overnight to yield bacteriajsolutions. Stock solutions of the compounds were prepared by
dissolving each in DMSO to give stock concentrations of 50 mg/mL. Respectively from each
stock solution, 2epl. of the compounds (salts and complexes), AgNO;3 and streptomycin were
disselved m,24nL of the broth culture and used to prepare four serial dilutions of 100, 50, 25 and
12.5 gg/mL. Serial dilutions were done for each compound by transferring 1 mL (100 pg/mL) of
the compound solution from the first tube to the second tube already containing 1 mL of nutrient
broth. Next, 1 mL from tube 2 was again transferred into tube 3 and another 1 mL from tube 4 to
give the concentration of 50, 25 and 12.5 pg/ml, respectively. Prepared bacteria solution (5 pL)

was added to each tube, and the tubes were incubated at 37 °C for 16 h in a shaking incubator at
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180 rpm. Bacteria growth was noted by turbidity of the solution in the tubes and MIC was

determined by the lowest concentration lacking turbidity.

2.11. Gel electrophoresis

The electrophoresis method was employed to study the interaction of the test compounds with
nucleic acids [31]. The extracted plasmid DNA and RNA, pTS414 (10 ng/mL), and 1_pl."of the
test sample (50 pg/mL) were mixed in 50 mM Tris-HCI buffer (pH 8.00). The contents were
incubated for 8 h at 37 °C. Plasmid extraction was done using a plasmid purification kity(Intron
Biotechnology, Korea) without the addition of RNase in order to extract/both RNA and DNA.
The electrophoresis was performed using 0.8 % Agarose gel. Forg€ach sample 5 pulL of the
mixture was loaded into the well. The voltage used was 90 V running.on 0.5 x Tris-Acetate
EDTA (TAE) buffer and the gel was stained with ethidium, bremide solution (10 pg/mL) for
15 min. The gel was subsequently exposed to uv light and captured by a gel documentation
system (FluorChem HD?2; Cell Bioscience). 4JThe( nucleating abilities of the synthesized
imidazolium salts/Ag-NHC complexes (1-8)\ weres determined by its efficiency in
cleaving/degrading the plasmid DNA and RNA. The same procedure was used in the presence of
H,0, oxidant.

3. Results and discussion

3.1. Synthesis and characterization

The NHC precursors (1-4) were synthesized from reactions between bis(bromomethyl)benzene,
I-bromopropane, I-bromobutane, 1-bromopentane and N-methoxyethylimidazole in refluxing
acetonitrile for" 20-24sh"to yield the desired products 1-4, respectively. The obtained bromide
salts weres€onverted to hexafluorophosphate salts (in order to enhance their solubility, stability
andyeasieryhandling) by metathesis with KPFg in methanol to obtain 1-4 as a white solid in
moderate yield. Elemental analyses of the salts agree with the proposed composition and their
"H NMR spectra showed the expected signals for the imidazolium salts. Complex 5 was prepared
in 1:2 molar ratio of 1 to Ag,0O, while 6-8 were prepared in equimolar reactions of 2-4 with
Ag>0 in acetonitrile at 50-60 °C for 12-18 h, covered from light. All the NHC complexes (5-8)
were purified by repeated precipitation in acetonitrile by the addition of diethyl ether. The

complexes are soluble in acetonitrile, acetone and DMSO but are insoluble in water, ethyl
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acetate, hexane, diethyl ether and toluene. The synthetic route to the formation of NHC
precursors (1-4) and their respective Ag(I)-NHC complexes (5-8) are outlined in schemes 1

and 2.

N N \ N KPFg N N
D JR g [y S I T
N N CH4CN, reflux, N 2Br N Methanol,  2PFs N

24 h 8 S stir, 3h 8
OCHs  H5CO OChg  HsCO
1
OCH3 OCH3 OCH3
H a) DMSO, KOH
N STIR, RT N Br-R New. N\ KPFs N
[/> > [/> —_— |-1-,>Br —_— [T’>PF6
N b) Br/\/OCH3 N CH3CN, reflux, N Methanol, K
20 h h stir, 3h i:{

2-4
2:R= CH20H20H3

3:R= CH20H20H20H3

4: R = CH20H20H2CH2CH3

Scheme 1. Synthesi$ of bis,and mono-imidazolium salts (1-4).

3.2. Hydrolysis test
Solution studies of these complexes were essential in order to identify the bioactive species
resulting from disselution of the solid complex, and so understand the underlying biochemical
mechanism inyelved.inthe antibacterial activity. This study is also relevant to the antibacterial
studies since,the complexes have to be maintained in culture medium for at least 24 h. Therefore,
we_have 'determined the stabilities of the Ag-NHC complexes 3 and 4 in both 10% and 100%
DMSO-dgraqueous solution. Both complexes are stable in aqueous solution for 24 h, since their
'H NMR spectra remained unchanged after 48 h. The representative 'H and '*C NMR spectra of
6 after 48 h in 10% aqueous DMSO is shown in figure 1 and is identical to the spectra obtained
after 15 min (see supplementary data figure S8).

In order to further assess the stability of the complexes in the broth mixture, 10 mg/mL

stock solutions of the complexes in DMSO were prepared and added in a 1:1 ratio to LB broth

10
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prepared in DMSO. This was done to imitate the conditions of the MIC evaluation experiments.
The 'H NMR and “C NMR spectra were taken after 15 min and 48 h. The complexes
demonstrated stability in the LB/DMSO broth mixture at 37 °C, as shown by the unchanged
'H and ">C NMR spectra after 48 h. However the circumstances under physiological conditions

may vary, but these preliminary results are noteworthy.

N 2+
/_\
CH4CN, 50°C Hsco/\/N N_4 N« ~QCH,
[N> <N] 18 h T T
+ ~ <+ ~
& 2PFe Ag,0 JA\ ig 2PFg

H3CO\/\N

N N/\/OCH
8 S \_©_/ \—/ 8
OCH;  H5CO

OCHs OCHs cho

CH4CN, 50°C % 8

N - 12h N ~
[;\? PFe - [N>———A9—<N] PFq

\ Agzo \
R
R R/
2-4 6-8
2)6:R =/ CHICH,CH;
3, 7: R = CH20H20H20H3
4, 8: R= CH20H2CH20H2CH3

Scheme 2. Synthetic¢  pathway to Ag(I)-mono/bis-NHC complexes (5-8) from NHC
precursors (1-4),

3.3. FTIR spectra

FTIRudata“can be used as a preliminary confirmation for synthesis of Ag(I)-NHC complexes
because they usually show some characteristic peaks comparable to the respective ligands [32].
For all analyzed salts, sharp stretching vibrations were observed at 1170-1357 cm™ ascribed to
the C-O and C-O-C modules and remained unchanged in the spectra of Ag(I)-NHC complex.
This suggests the presence of ether functionality outside the coordination sphere (oxygen
functionalities are not coordinated), which is further confirmed by X-ray diffraction analysis.

The NHC carbon, upon complexation with silver, alters the vibration bands. This is evident at

11
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1125-1130 cm™ for the salts and 1275-1349 cm™ for the Ag(I)-NHC complexes, assignable to
imidazole ring v(Carom-Nimidazole) Vibrations [33] and this pattern appears for all the complexes.
However metal-to-carbene carbon vibrations are normally observed in far-IR region and,

therefore, could not be assigned in the available IR spectral data.

3.4. NMR spectra

The '"H NMR spectra of imidazolium salts 1-4 in DMSO-ds exhibit a chardctefistic NCHN
proton resonance at ca. 9.17-9.37 ppm, suggesting formation of the desired salts. Twe,doublets at
ca. 7.8 ppm were observed for imidazolium C4H and C5H resonances, frespectively. Further,
methoxy protons and ethylene protons of ether-functionality resonated aswafsinglet and two
triplets in the range ca. 3.22-3.28 and 3.68-4.37 ppm, respectively. Finally, alkyl proton
resonances were found in the range ca. 0.8-4.4 ppm, which ishin agreement with the similar
structures [34]. The >C NMR spectra of the salts displayied prominent peaks in the downfield
region at ca. 135.94-136.51 ppm, attributed to, imadazole ring carbene carbon [35-37]. The
signals for benzylic (N-CH,-benzylic) and alkyl chain (<€H,-) were observed at ca. 51.22-52.27
and 10.00-49.87 ppm, respectively. As expected®in the 'H NMR spectra, the peak corresponding
to the NCHN proton resonance completely disappeared, suggesting complex formation which is
further confirmed by the downfield shift of carbene carbon nuclei to ca. 179-180 ppm in the
BC NMR spectra. Surprisingly, for7, BC NMR spectrum displayed a downfield resonance for
the C2-carbon nuclei as two‘doublets’centered at 178 and 180 ppm. This is due to the presence of
Bc'%Ag and 13C—107Ag with the coupling constants of 'J(C—'"Ag) 198.5 and 'J(C-'""Ag)
185.0 Hz, respectivelyr This observation is in accord with the similar reported compounds
[34, 38]. Apaut”fromathese major changes, there are no observable changes observed in both

spectra.

3.5. Single-crystal X-ray diffraction studies

The crystal data of 1 and S are shown in table 1, while the selected bond lengths and angles are
given in tables 2 and 3. Compound 1 crystallizes in the triclinic, space group P-1, containing one
paraxylyl bridged bis-carbene cation and two hexafluorophosphate anions in the asymmetric unit
(figure 2). The internal ring angles of imidazole (N-C-N) are 108.66(15) for N3-C14-N4 and
108.56(15) for N1-C1-N2, respectively. The central benzene ring (C1-C6) makes dihedral angles

12
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of 112.1(1)° and 111.42(2)° with the imidazole rings, (N3-C11-C8) and (N2-C4-C5),
respectively, almost perpendicular to the plane of the xylyl group.

Complex S crystallizes in the triclinic space group P-1 with half of the molecule
contained in the asymmetric unit. The structure consists of ligands 1, each of them displays the
-k (C)Ag:k'(C)Ag’ bridging mode, facilitating the formation of dinuclear complex (figure 3a).
In this dinuclear complex, each silver ion displays a linear coordination geometry with, the
Agl-Cl and Agli—CIS distances 2.105(3) A and 2.101(3) A, respectively, while the angle of
C1-Agl-C15' (and its symmetry equivalent) is 177.59(10)°. The Ag-C bond distances for both
sets of imidazolium rings at Agl and Agli are in accord with comparableyimidazolium
complexes of Ag(I) [39]. The internal ring angles between the planes of theéstwo imidazolin-2-
ylidene rings for Agl and Agl' are 123.7(3)-131.1(3)° and are oriénted atthe dihedral angles of
12.6(6)°. Each dinuclear complex interdigitates with each other in, which the methoxy group is
directed into the cavities of the adjacent molecule, facilitating the formation of a 1D network

(figure 3b).

3.6. Antibacterial activity

Stock solutions of all the compounds_were prepared in DMSO. All dilutions were carried out
with distilled water. The concentrations "of the test compounds were 12.5, 25, 50 and
100 ug mL™" using silver nitrate for positive control and streptomycin as the standard drug.
Compounds were screened foritheir antibacterial activity against E. coli and S. aureus using the
disc diffusion method. The MIC was determined based on the lowest concentration that inhibited
growth of the bacteria. A'he) antibacterial activities of all complexes showed good inhibition
against both the Grami"negative (E. coli) and Gram positive (S. aureus) bacteria. However, no
inhibitionf'was ‘observed for all salt samples (table 4 and figure 4). From these results, the
anffibacterial, activity of 5 (MIC, 12.5 pug mL™') was the highest. The MIC values for the
complexes against both Gram positive and Gram negative bacteria are 12.5-100 pg mL!
(table’5). These values are comparable to the MIC for silver nitrate (50 pg/mL) and some other
related results in the literature [Sb, 41-43], showing that these new Ag-NHC complexes are
potent. Salts (1-4) do not show any activity. The complexes (5-8) showed bactericidal activities
against both Gram positive and Gram negative bacteria, which is in agreement with the literature

[44]. Complexes 5 and 8 showed significant bactericidal effect against Gram positive bacteria at
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12.5 pg mL™" and 25 pug mL™, respectively, while for 6 the activity was 100 pg mL™" (table 5).
The present results showed that 5§ (dinuclear silver complex) and mononuclear 8, which is
bearing the N-pentyl substituent, are the most sensitive against both Gram negative and Gram
positive bacteria compared to mononuclear 6 and 7. This further underscores the existing
literature that, the number of silver centers within the complex molecule determines their
biological activities [45]. It is quite obvious that 8 showed better antibacterial activity
(MIC 25 png mL'l) for the Gram positive bacteria than 6 and 7 (MIC, 100 and 50 pg mL™),
respectively. Although 6, 7 and 8 are mononuclear, they possess different N-alkyl‘substitution;
complex 8 bearing N-pentyl substituent has better antibacterial activity in comparison with
others bearing N-propyl and butyl substituents. The order of activity ifi this‘werk as it relates to
chain length seems to be in agreement with previous work carried Out by otir research group and
other researchers, where it was found that the biological activity increased with increase in chain
length for complexes [46-49]. Therefore, the antibacterial &ctivityicould be due to lipophilicity of
the complexes which may enhance the transport of NHCs intothe cell and subsequently into the
cell organs where silver may inhibit cellular respitation‘and metabolism of biomolecules. All the
complexes exhibited moderate to good bacteriostatic effect against Gram negative and Gram
positive bacteria, when compared withystreptomycin, while 5 and 8 show better activity than
AgNO; (table 5). However, the NHC precutsors showed poor reaction against Gram positive and
Gram negative bacteria. Such/inereased activity of the metal complexes relative to their

corresponding NHC precursors,can'be explained on the basis of chelation theory [50].

3.7. Nuclease activity

Gel electrophetesis ‘was used to evaluate the nuclease properties of the reported compounds.
Plasmid extractionswas done using a plasmid purification kit (Intron Biotechnology, Korea)
without the addition of RNase in order to extract both RNA and DNA. This method is intended
to further ivestigate the interaction of these synthesized compounds with DNA and/or RNA as a
preliminary study for predicting likely mode of action(s) of the reported compounds; DNA and
also RNA are part of the possible targets of most current bactericidal antimicrobials [51].
Agarose gel image showing the effects of compounds on nucleic acids is shown in figure 5.
Compounds 1-8 were studied for their interactions with nucleic acids by agarose gel

electrophoresis against plasmid, pTS414 DNA/RNA in the presence and absence of H,O, as an
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oxidizing agent. The electrophoresis analysis showed that the imidazolium salts 1-4 displayed no
visible activity towards nucleic acids (DNA and RNA) in the presence and absence of H,0O,
(lanes 1, 2, 3 and 4). Also there was no observed activity for the complexes in the absence of
H,0,; however, § and 8 displayed activity in the presence of the oxidant; in lane 8 for 8 there
was no observed interaction with DNA but the RNA is degraded. There is disappearance of
supercoiled DNA strand (absence of the marker band), indicating that 5 displayed complete
DNA cleavage and also RNA degradation appearing (lane 5). Possible reaction®me€hanisms for
DNA cleavage in the presence of H,O, have been reported [52, 53]. This study hasyshown that
the control DNA/RNA alone (lane 2) does not show any apparent cleavage both“in the absence
and presence of H,O,, whereas S and 8 do show activity (lanes 5 and8); respectively. Perhaps 5§
and 8 have different pathway of action, as they have shown variation, in the‘activity against DNA

and RNA. However, further studies need to be carried out in this tespect.

4. Conclusion

We report the synthesis, crystal structures, nucleichacidsinteraction study and investigation of
antibacterial properties of a new series Ofy, NHC\ precursors (1-4) and respective Ag-NHC
complexes (5-8) in anticipation of diseevering new compounds that will serve as antibacterial
and nucleic acids cleaving agents. From the,antibacterial results we can conclude that the NHC
precursors showed no antibactetialsactivity when compared with the silver complexes, which
have promising results, with'geod aetivity against Escherichia coli (Gram negative bacteria) and
Staphylococcus aureusq(Gram positive bacteria). The nuclease studies revealed that § and 8

possess nuclease agtivity,

Supplementary,material

Cuystallographic data for the structure in this work has been deposited at the Cambridge
Crystallographic Data Centre, CCDC 941464, 939882 and 941102. Copies of these materials can
be obtained from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-
1223-336033; E-mail: deposit@ccdc.cam.ac.uk/deposit).
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Figure 1. Representative \/IR and (b) C NMR spectra of 6 after 48 h in 10% aqueous
DMSO.
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Figure 2. Structure of 1 with the ellipsoids shown at 50% probabilit
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hexafluorophospha \
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between dinuclear complex in 5.
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Figure 5!.(a) Nuclease activity in the absence of H,O, and (b) in the presence of H,O, at
50 ug/mL. M: Marker; C: DNA/RNA alone; Lane 1: DNA/RNA + 1; Lane 2: DNA/RNA + 2;
Lane3: DNA/RNA + 3; Lane 4: DNA/RNA + 4; Lane 5: DNA/RNA + 5; Lane 6: DNA/RNA +
6; Lane 7: DNA/RNA+ 7; Lane 8: DNA/RNA + 8.
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Table 1. Crystal data and structure refinement details for 1 and 5.

Formula
Formula wt
Crystal system
Space group

a (A)

b(A)

¢ (A)

o (°)

B

v ()

V (A%

Z

pcal/g cm”
Temperature
A (MoKa)

u (mm’)
Crystal size (mm)
Rint

F000)

R, wR,

Co0H2sN4F120,P,
646.40
Triclinic

P-1

9.0505(2)
10.1646(2)
15.8288(3)
81.4000(10)
74.6060(10)
69.3910(10)
1311.54(5)

2

1.637

100 K

0.71073

0.279
0.50x0.38%0.22
0.0230

660

0.0443, 0.1147

C40Hs5oN3Ago04F1,P>
1214.58
Triclinic

P-1

11.1859(2)
11.5922(2)
11.8396(2)
61.428(1)
63.427(1)
87.524(1)
1177.61(4)

1

1.713

100 K

0.71073

0.997
0.37x0.30x0.22
0.027

612

0.0431, 0.1305
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Table 2. Selected bond lengths (A) and angles (°) for 1.

NI-C1
N2-C1
N3-C15
N4-C15

NI1-CI-N2
N3-C15-N4

1.331(2)
1.385(2)
1.329(2)

1.333(2) \
108.56(15) ¢
108.66(15) \
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Table 3. Selected bond lengths (A) and angles (°) of S.

Agl-Cl 2.105(3)
NI1-Cl 1.329(4)

N2-C1 1.368(4)

Agl-Cl5 2.101(3)

N3-C15 1.370(4) \
N4-C15 1.321(4) * Q
N1-C1-N2 105.4(3) K\
N3-C15-N4 105.0(3) O

Cl-Agl-C15' 177.590

Symmetry element used: ' 1-x, 2-y, -z

o

\@
oQ’Q
O
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Table 4(a). Antibacterial activities of the compounds® against E.coli and S.aureus obtained by
the disc diffusion method® (zone of inhibition).

Inhibition zone (mm)

Strain Test compound (100 pg/mL)

6 7 8 AgNO; Streptomycin
E.coli 27+1 10.0+0.7 20+1 24+] 2343 32.0+0.5
S.aureus 28+1 14.0£04 | 22.0+0.5 28+2 23.7+0.5 32(5+0:5

* Compounds 1-4 showed no activity.

® Test compound volume = 5 pL; Test compound concentrations = 100 pg/mL.

Table 4(b). Antibacterial activities of the compounds® against E.coli andsS.aureus obtained by
the disc diffusion method® (zone of inhibition).

Inhibition zoné(mm)

Strain Test compound (50,ug/mL)

5 7 8 AgNO; Streptomycin
E.coli 20+1 15.0+0.8 182 17.0+0.5 23.0+£0.5
S.aureus 20.2+0.5 16+3 21.0+0.7 18.5+0.7 23.5+0.5

* Compounds 1-4 and 6 showed no agtivity.

® Test compound volume = 5 uLyFesteompound concentrations = 50 pg/mL.
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Table 5. Minimum inhibition concentration (MIC) against E.coli (Gram
negative bacteria) and S.aureus (Gram positive bacteria).

E.coli (ng/mL) S.aureus (ug/mL)
Test compound
MIC MIC
5 25 12.5
6 100 100 \
7 50 50
L 4
8 25 25 \
AgNO; 50 50 K
Streptomycin 12.5 12.

1-4 did not show activity

>
o
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O
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