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Abstract

The reaction of pyrimidine based electron-rich tatgclic thiophene pyrazoles and
halide bridged arene®dnetal precursors yielded a series of mononucledr dinuclear half
sandwich 8 metal complexes. Mononuclear and dinuclear congsldarmed by the ratio-based
reaction between ligand and metal precursall. these cationic complexes have been
characterized by IR, UV-VisH NMR, *C NMR spectroscopic techniques. Compiexas been
established by single-crystal analysis. X-ray ditfron studies revealed the formation of
mononuclear and dinuclear complexes and suggesthbavicinity around the metal atom is
distorted octahedral. Am vitro study to screen the antibacterial potential o¢heomplexes
against pathogenic bacteri@ aureus, K. pneumoniae, and E. coli was addressed. All the
complexes display a better zone of inhibitions loth Gram-positive § aureus) and Gram-
negative strainsk( pneumoniae, andE. coli). The minimum inhibitory concentrations (MICs)
for the most active complex ranged from 0.125 ®250mg/ml for S aureus and Klebsiella

Pneumoniae and 0.25 to 0.5 mg/ml fdg. coli.

Keywords: Ruthenium, Rhodium, Iridium, Antibactéséudies.
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1. Introduction

Bacterial resistance to antimicrobial drugs isgmiicant threat to humans [1hfectious
diseases caused by drug-resistant bacteria arentyrrthe second main cause of death
worldwide and the third leading cause of death eneloped countries. Due to the increasing
resistance of bacteria to the current clinical druthhere has been increasing interest in the
development of novel classes of antimicrobials &gyé¢nat may not be as susceptible to the
bacterial mechanisms of resistance developed aghmsurrent range of drugs [2-6]. Based on
the comparative success of platinum group metalptexes as anticancer agents, there is a
rising attention in the use of metal complexes asimacrobial agents [7-9]. Ruthenium
complexes exhibit a wide range of properties aarge variety of ruthenium complexes have
found applications in biological and pharmaceutistldies such as antibacterial, antifungal,
antimalarial, anti-proliferative, anti-inflammatgorantiviral and antipyretic activities [10-15].
Cp*Rh and Cp*Ir complexes have also been considasealternatives to ruthenium-based drugs
because of their biological applications and theiter solubility. A well-defined series of metal
complexes with antibacterial activity is that obdium(lll) coordination compounds of formula
trans-[RhX,(Py)]Y [16-17]. Pharmaceuticals focusing on metal complexes olimdare still at
the early stages [18]. Medically, organometallianptexes of iridium(lll) proved to have
potentials for anticancer and antimicrobial aci@gt [19]. Cyclometallated iridium(lll)
complexes bearing dithiocarbamate derivatives hasen reported to possess antibacterial
activity [20]. The delocalization of threelectrons over the chelate ring was proposeddease
the lipophilicity of the complexes and facilitateetr penetration into bacterial cell membranes,

thereby resulting in inhibition of bacterial growth
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Since the development of coordination chemistryjous new chelating N heterocyclic
ligands have been synthesizBécause of wide range of applications, new ruthersomplexes
with different types of ligands are of particulatarest. A family of nitrogen-containing pyrazole
based ligands has been widely studied and offeréideasity of applications [21]. There have
been reports on pyrimidyl pyrazole derivatives geused as antitumor agents and show the
antiproliferative effect on human lung cancer tiek as well as inhibited the polymerization of
tubulin. The most probable way in which pyrazolsdzthcompounds exhibit bioactivity is by the
formation of a hydrogen bond with biomolecules 28- Organometallic complexes containing
such ligands are considered as potential DNA iatators with the capability to inhibit the
synthesis of nucleic acid. When the strasidonor ability of pyrazole group andaccepting
property of pyrimidine ring are joined togethennay give rise to properties different from those
of the isolated moieties.

In recent years, we have reported many organontetaimplexes including half-
sandwich platinum group metal complexes contaipinigzole ligands [25]. In continuation to
our previous work, herein we report the synthegisnono and binuclear arene ruthenium,
rhodium, and iridium complexes containing pyrazadeivatives. The ligand used in this study is

shown in (Chart 1).

Chart 1: Ligand used in the present study.
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2. Experimental Section
2.1. Physical methods and materials

All reagents used in this work were purchased coroi@éy and used without further
purification; Tetra-n-butylammonium bromide, 2 adethiophene, 4, 6- dichloro pyrimidine
were purchased from Sigma Aldrich. N, N- dimethgif@amide dimethyl acetal was obtained
from Spectrochem Pvt. limited, potassium carbomats obtained from SD Fine-Chem limited,
and hydrazine hydrate was purchased from Qualigedne  Chemicals.
Pentamethylcyclopentadiene aad erpinene were obtained from Sigma Aldrich. Thivesats
were purified and dried according to standard praces [26]. The starting precursor metal
complexes [§-cymene)RuCl,, [(benzene)RuG],, and [Cp*MCL], (M = Rh/Ir) were prepared
according to the literature methods [27-29]. Thetlsgses of all the metal complexes were
performed at room temperature. Infrared (IR) speegtere recorded on Bruker ALPHA I
FTIR spectrometer as KBr pellets in the range 4600400 cm*. 'H NMR spectra were
recorded on a Bruker Avance Il 400 MHz spectromateéng CDC} and DMSO-d as solvents,
with TMS as internal referencedV—-Vis absorption spectra were obtained on a Pdtkmner
Lambda 25 UV/Vis spectrophotometer in acetonitsi@lution. Elemental analyses of the
complexes were carried out on a Perkin-Elmer 2400l @nalyzer.
2.2 Single-crystal X-ray structures analyses

Suitable single crystals of compléxwere obtained by slow diffusion of hexane into
acetone solution. Single crystal X-ray diffractidata for the complexes were collected on an
Oxford Diffraction Xcalibur Eos Gemini diffractormestat 293 K using graphite monochromated
Mo-Ko radiation £ = 0.71073 A). The strategy for the data collectioas evaluated using the

CrysAlisPro CCD software. Crystal data were co#dctby standard “phi—omega scan”
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techniques and were scaled and reduced using GsfBAIRED software. The structures were
solved with the SHELXT-2016 [30] solution programsing the direct method and refined full-
matrix least-squares with SHELXL-2016 refining dn[#L]. The positions of all the atoms were
obtained by direct methods. Metal atoms in the derpere located from the E-maps and non-
hydrogen atoms were refined anisotropically. Ciisgsaphic and structure refinement
parameters for the complexes are summarized ineThband selected bond lengths and bond
angles are presented in Table 2. The moleculactstel of comple)5 is presented as thermal
ellipsoid plot in Figure 1 [32].
2.3 Antimicrobial activity

All the Gram-negative and Gram-positive bacteriedias used for the present study were
obtained from the Department of Microbiology, Osimaeneral Hospital, Hyderabad. All
strains were tested for purity by standard micrlagical methods. The bacterial stock cultures
were maintained on Mueller-Hinton agar slants aoced at 4°C. An agar-well diffusion method
was employed for the evaluation of antibacteridivéaes of test compounds [33]. DMSO was
used as a negative control. The bacterial straiese weactivated from stock cultures by
transferring into Mueller-Hinton broth and inculpagiat 37 °C for 18 h. A final inoculum
containing 18 colonies forming units (1 x 2CFU/mI) was added aseptically to MHA medium
and poured into sterile Petri dishes. Different tssnpounds at a concentration of 100 pug per
well were added to wells (8 mm in diameter) punchedhe agar surface. Plates were incubated
overnight at 37 °C and the diameter of inhibiti@me (D1Z) around each well was measured in
mm. Experiments were performed in triplicates (Erbmars with percentage and standard
deviation)

24 MIC and MBC
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The minimum inhibitory concentration (MIGnd minimum bactericidal concentration
(MBC) was determined by the micro-broth dilutionthre done in 96 well plates according to
the standard protocol [34p 2-fold serial dilution of the compounds, with tlapropriate
antibiotic, was prepared. Initially, 100 pl of MHadth was added to each well plate. Then 100 pl
of compound or antibiotic was taken from the steclution and dissolved in the first well plate.
Serial dilution was done to obtain different cortcations. The stock concentrations of 2.0
mg/ml. 24 hr culture turbidity was adjusted to nmafic5 McFarland standards which correspond
to 1x1F CFU/mI. The standardized suspension (100 pl) ofds@ was added to all the wells
except the antibiotic control well and the 96 waltes were incubated at 37 °C for 24 h. After
24 h of incubation 40 ul of MTT (3-(4,5-dimethlth@-2-yl)-2,5-diphenyltetrazolium bromide)
reagent (0.1 mg/ml in 1x PBS) was added to all wedls. MIC was taken as the lowest
concentration which did not show any growth whichswisually noted from the blue color
developed by MTT. Subcultures were made from cleglts and the lowest concentration that
yielded no growth after subculturing was takenhesNIBC.

2.5. Synthesis of ligand (L1)

The ligand (L1) was synthesized following the répdrmethod [25(a)]. 4,6-dichloro
pyrimidine (2 mmol), thienyl pyrazole (4 mmol), pssium carbonate (4.5 mmol) and
tetrabutylammonium bromide (4 mmol) were dissolwed0 ml of acetone (Scheme-1). The
reaction mixture was heated to reflux for 48h aftez reaction completed the solvent was
reduced, poured into distilled water and then exéch with DCM. The combined organic layer
was dried over sodium sulfate (}#,). The solvent was removed under vacuum and the
resulting residue was purified by column chromatpdry using ethyl acetate and hexane (2:8

ratio) as eluent.
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'H NMR (400 MHz, CDC}, ppm): 10.85 (s, 1H), 10.20(s, 1H), 8.19 (d, 2H; 4 Hz), 8.00 (s,

2H), 7.31 (d, 2H,) = 4 Hz), 7.11 (d, 2H] = 4 Hz), 6.41(s, 2H).
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~
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cn, DMF-DMA
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4,6- Dichloro pyrimidine

(i) K,CO;
(i) TBAB

Acetone
reflux 48 h

H,N—NH, . H,0_
methanol
reflux 4h

L1

Scheme 1: Synthesis of ligand 1

2.6. General procedure for the synthesis of mononuclear complexes 1-4

A mixture of starting metal precursor (0.1 mmolddigand pyrimidine based thienyl

pyrazoles (1) (0.2 mmol) and 2.5 equivalents of WMs were dissolved in dry methanol (15

ml) and stirred at room temperature for 8 hoursh€aee-2). The solvent was evaporated to

dryness. The residue was then dissolved in dichiletbane and filtered through a bed of celite

to remove excess NBI. The filtrate was concentrated to 1 ml and o& dddition of excess

hexane yellow solid precipitates out. The precipitaas further washed with diethyl ether and

air-dried.

NH,PF,

Methanol
Stirring 8h

] PFs
N - 7
| N _N N7 |
N\/N\:\l
(.‘l/ \ﬁ
Q= -0 © jéf
M = Ru Ru Rh Ir
a 2) 3 @
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Scheme 2: Synthesis of complexds4
26.1. [(p-cymene)RUL1Cl]PFs[1]
Yield: 80%; IR (KBr, cm'): 2967v(c.) 1587v(c=n), 1116vcny, 957 vin-n), 844v(p-r) 789v(c.sy H
NMR (400 MHz, CDC4, ppm) : 9.73 (s, 1H), 9.23 (s, 1H), 8.70 (t, @4+ 4 Hz), 8.21 (s, 1H),
7.86 (s, 1H), 7.67 (s, 1H), 7.57 (d, 2Hs 4Hz), 6.92 (s,1H), 6.06 (d, 2H= 4 Hz), 6.03 (d, 2H,
J = 4 Hz), 2.21 (sept, 1H), 1.79 (s, 3H), 1.12 (H, 6 = 4Hz); "*C NMR (100 MHz,CDGj,
ppm): 161.92,157.45, 153.97, 146.18, 143.72, 141129.25, 128.25, 127.90, 126.74, 104.84,
102.15, 101.08, 100.59, 86.92, 85.83, 85.52, 8887, 22.00, 17.94; UV-Vis {Acetonitrile,
Amax NM €/10-4 M* cm)}: 275.98 (6.48). Anal. Calc for £H26CINsRUSPR; (792.16); C,
42.45; H, 3.31; N, 10.61. Found: C, 42.49; H, 312910.65 %.
2.6.2. [(benzene)RUL1CI]PFs[2]
Yield: 76%; IR (KBr, cnt): 2972v(c.hy, 1588v(c=ny, 1122v(cn), 959 vnn), 835vp-p), 778 v(c.sy H
NMR (400 MHz, CDC}, ppm) : 11.39 (s, 1H), 8.68 (s, 1H), 7.92 (s, 1TH®5 (d, 1HJ = 4Hz),
7.51 (d, 1H,) = 4Hz), 7.23 (d, 1HJ = 4Hz), 7.01 (t, 1HJ = 4Hz), 6.69 (t, 1HJ = 4Hz), 6.57 (s,
3H, J = 8Hz), 6.21 (s, 1H), 5.98 (s, 6HJC NMR (100 MHz,CDCJ, ppm): 161.40, 158.96,
150.22, 144.87, 131.92, 131.66, 129.28, 128.42,182725.22, 121.58, 108.88, 106.45, 86.56;
UV-Vis {Acetonitrile, Amax NmM @/10-4 M* cm?)}: 274.99 (7.86). Anal. Calc for
Co4H16CINsRUSPF; (736.06); C, 39.16; H, 2.46; N, 11.42. Found: €,.28; H, 2.48; N, 11.41

%.

2.6.3. [Cp*RhL1CI]PF¢[3]
Yield: 78%; IR (KBr, Crf'll)i 2995v(cH), 1606v(c=n), 1081v(c-n), 955v(n-n), 84v(p-F), 720 v(c-s) H
NMR (400 MHz, CDC4, ppm) :11.24 (s, 1H), 7.97 (s, 2H), 7.73 (s, TH6 (d, 1HJ = 4Hz),

7.15 (d, 1H,) = 4Hz), 7.08 (d, 1HJ = 4Hz), 6.97 (t, 1H) = 4Hz), 6.86 (t, 1H) = 4Hz), 6.65 (d,

10
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2H, J = 8Hz), 6.17 (s, 1H), 1.65 (s,15H); UV-Vis détonitrile, Amax NM €/10-4 M* cmih)}:
234.99 (2.78), 274.98 (4.98). Anal. Calc foild,CINRhSPR; (795.01); C, 42.30; H, 3.42; N,

10.57. Found: C, 42.28; H, 3.45; N, 10.60 %.

2.6.4. [Cp*IrL1CI] PFg[4]

Yield: 69%; IR (KBr, cn): 2967v(c.hy, 1577v(c=ny, 1121vicny, 957 vinn), 844vp.p) 786 v(c.sy H
NMR (400 MHz, CDC4, ppm): 11.24 (s, 1H), 7.97 (s, 1H), 7.74 (s, 1TH%6 (d, 1H,J = 4Hz),
7.15 (d, 1H,) = 4Hz), 7.08 (d, 1HJ = 4Hz), 6.97 (t, 1HJ = 4Hz), 6.86 (t, 1H) = 4Hz), 6.64 (s,
3H, J = 8Hz), 6.17 (d, 1H), 1.79 (s,15HJC NMR (100 MHz,CDC{, ppm): 166.26, 160.59,
154.00,145.09, 142.29, 138.93, 132.29, 129.09,2R28123.89, 106.72, 104.84, 97.27, 13.42;
UV-Vis {Acetonitrile, Amax NM €/10-4 M* cmi®)}: 229.44 (4.05), 269.96 (2.35); Anal. Calc for

CagH27CIN6IrS;PFs (884.32); C, 38.03; H, 3.08; N, 9.50. Found: C038H, 3.05; N, 9.48 %.

2.7. General procedure for the synthesis of dinuclear complexes 5-8

A mixture of starting metal precursor (0.1 mmolddigand pyrimidine based thienyl
pyrazoles (1) (0.1 mmol) and 2.5 equivalents of MM were dissolved in dry methanol (15
ml) and stirred at room temperature for 8 hoursh€aee-3). The solvent was evaporated to
dryness. The residue was then dissolved in dichidetbane and filtered through a bed of celite
to remove excess NBI. The filtrate was concentrated to 1 ml and o& #ddition of excess
hexane yellow solid precipitates out. The precipitaas further washed with diethyl ether and

air-dried.

11



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

i 72PFg
M, — _ NHLPF \ \\ // y
(l/\ + \ N \N,N N\N/ 7 f $ \ S N/NY\(N\N S !
\ ! § @ S Methanol \ O /
Cl—pp NN Stirring 8h M/N\/ N\M
o Yoo
1 1
Q>0 0 A
M = Ru Ru Rh Ir
3) (6) 0 ®

Scheme 3: Synthesis of complex&s8

2.7.1. [{(p-cymene)RuCl}o(4+L1)] (PFe)2 [9]

Yield: 74%; IR (KBr, cmt): 2971vc.n), 1541vc=n), 1094vcn), 960vnn, 840v(p.r, 776v(cs)
'H NMR (400 MHz, CDC}, ppm) : 11.55 (s, 1H), 9.58 (s, 1H), 8.20 (s, 2HR9 (d, 2H,J =
4Hz), 7.35 (d, 2HJ = 4Hz), 7.08 (t, 2HJ = 4Hz), 6.57 (s, 2H), 5.98 (d, 48 = 4Hz), 5.87 (d,
4H, J = 4Hz), 2.48 (sept, 2H), 1.92 (s, 6H), 1.15 (dH12 = 4Hz); UV-Vis {Acetonitrile, \max
nm @€/10-4 M*' cm')}: 224.97 (6.33), 269.96 (5.13), 350.94 (0.32). ahnCalc for
CagHaoClNsRWLS,PF15 (1207.87); C, 37.79; H, 3.34; N, 6.96. Found: T.88; H, 3.40; N, 7.01

%.

2.7.2. [{(benzene)RuCl}o(1+-L1)] (PFe). [6]

Yield: 71%; IR (KBr, cmf): 2998v(c.+, 1588vic=ny 1118vicn), 958vinny, 843vip.r, 713v(c.s)

'H NMR (400 MHz, CDC}, ppm) : 9.24 (s, 1H), 8.51 (s, 1H), 7.55 (d, 2 4Hz), 7.41 (t, 2H,

J = 4Hz), 7.15 (s, 2H), 6.59 (s, 2H), 6.10 (s, 125187 (s, 2H)*C NMR (100 MHz, CDG,
ppm):160.56, 155.60, 144.95, 140.74, 128.85, 128129.26, 126.77, 105.56, 100.71, 85.71;

UV-Vis {Acetonitrile, Amax NmM @/10-4 M* cmi')}; 274.98 (5.99). Anal. Calc for

12
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C30H24CNeRWLS,PoF12 (1095.66); C, 32.89; H, 2.21; N, 7.67. Found: £88; H, 2.24; N, 7.71
%.

2.7.3. [{Cp*RCI}o(1+L1)] (PFe)2 [7]

Yield: 68%; IR (KBr, cni): 2992v(c ), 1605v(c=n). 1080v(c.n), 955 v(n-n), 845vp-p), 719v(c.s) H
NMR (400 MHz, CDC}, ppm) : 11.16 (s, 1H), 9.69 (s, 1H), 8.29 (s, 28iD4 (d, 2H,) = 4Hz),
7.29 (d, 2H,J = 4Hz), 7.11 (t, 2HJ = 4Hz), 6.48 (s, 2H), 1.63 (s, 30HJC NMR (100 MHz,
CDCls, ppm): 161.96, 154.33, 143.47, 138.24, 134.90,0432127.48, 121.79, 108.98, 103.54,
98.11, 9.67; UV-Vis {Acetonitrileimax Nm €/10-4 M-1 cm-1)}: 229.98 (5.94), 269.96 (5.13),
395.02 (0.15). Anal. Calc for &Hs,CLNsRLS,P,F;» (1213.56); C, 37.61; H, 3.49; N, 6.93.

Found: C, 37.66; H, 3.52; N, 6.90 %.

2.7.4. [{Cp*IrCl}(1-L1)] (PFe)2 [8]

Yield: 60%; IR (KBr, cm): 2997vc.hy, 1613v(con), 1077v(cn), 960v(n.n), 843p.) 722v(c.s), H
NMR (400 MHz, CDC4, ppm) : 11.66 (s, 1H), 10.09 (s, 1H), 7.94 (s,,ZH37 (d, 2H,) = 4Hz),
7.33 (d, 2H,J = 4Hz), 7.09 (t, 2HJ = 4Hz), 6.64 (s, 2H), 1.66 (s, 30HFC NMR (100
MHz,CDCls, ppm): 162.69, 154.52, 149.93, 140.68, 134.80,08127.37, 123.82, 106.63,
102.58, 99.33, 9.01; UV-Vis {Acetonitriléymax NmM €/10-4 M* cmi)}: 285.41 (2.20), 350.16
(1.69). Anal. Calc for ggH4CloNglroS,PoF12 (1392.18); C, 32.78; H, 3.04; N, 6.04. Found: C,

32.84; H, 3.00; N, 6.01 %.
3. RESULT AND DISCUSSION
3.1  Synthesis of complexes

Pyrimidine based ligands are widely used in medicanemistry for their anti-bacterial

and antifungal properties. These pyrimidine baggghtls have a variety of binding modes when

13
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they coordinate with the metal atoms. In this wonle substituted thienyl pyrazole in the
pyrimidine moiety (Scheme 1) and studied the wapariding towards the®dnetal complexes.
The synthetic routes to pyrimidine-based pyrazalesillustrated in scheme 1. These ligands can
bind to the metal either through NN or NS but iesé complexes sterically hindered N, N
bonding occurred instead of a less sterically boganode of N, S site. Treatmentlof with the
d° configured halo bridged metal dimers at room temafpee in methanol results in the yellow-
colored solution. After being stirred for one hawbsequent adding of NP gave the
complexes as yellow-colored precipitates. All thesenplexes are air and moisture stable, the
solubility of these complexes is good in polar oigasolvents like DCM, chloroform and
acetonitrile whereas insoluble in solvents likedrex and diethyl ether. All complexes are fully
characterized by elemental analy$isNMR, *C NMR, IR, UV-Vis spectroscopy.
3.2 IR studies of metal complexes

Complexesl-8 exhibits characteristic stretching frequenciesviery, vic=ny V(c-Ny V(N-N),
v(c-s)andve_p. The IR spectrum of the complexes was compared tit of the free ligand. The
free ligand shows a characteristic stretching feegy at 1559 cihfor thevc=n) Whereas in the
metal complexes thec-n) absorbs at higher frequency region in the rangé/i%13 crit.
Since all the complexes are cationic a charackesstetching and bending frequencies gtr)
appeared as a sharp band around 84#ad 550 crit respectively.
3.3  NMR studies of the complexes

The 'H NMR spectra of ligand and complexes are depidtedigures S1-S8The
coordination of the ligand to the metal atom waghier confirmed by carrying out the NMR
analysis. In the metal complexes, the signals &sacwith the aromatic ligand protons were

observed in the downfield region as compared tdréeligand which suggests the coordination
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284

of the ligand to the metal atoms [35]. After tleemhation of complexes, the aromatic proton of
the ligand was observed in the range 6.17-11.66 whioh are downfield shifts. The aromatic
proton signals of thp-cymene ligand in complexdsand5 are observed as two doublets around
5.87- 6.06 ppm, one septet around 2.21-2.48 pprtheomethine protons of the isopropyl group
and a singlet at 1.79 and 1.92 ppm for the methyfoms and doublet at 1.12-1.15 ppm for the
isopropyl group. The benzene proton resonancenmptexes2 and6 is observed as a singlet at
5.98 and 6.10 ppm respectively. In addition, a glenglet is observed for the rhodium and
iridium complexes around 1.63-1.79 ppm for the mieghiotons of the Cp* ligand. Upon the
formation of mononuclear complexes, the two sidati® ligand are no longer equivalent as one
side of the ligand bind to the metal center sopiteeon for both sides of the ligand was observed
in different chemical shift whereas in dinucleamgexes the chemical environment for both
sides are equivalent so it exhibited same shifttheumore, the formation of mononuclear and
di-nuclear complexes is confirmed by the integaailor of the ligand with respect to the precursor
complexes

The*C NMR spectra of the complexes further justify to@rdination of the ligands and
formation of complexes. THEC NMR spectra of the representative complexes areiged in
the supplementary information (figures S9-S14). @ NMR spectra of the complexes
displayed signals associated with the ligand caly@oymene ligand carbons, methyl carbon of
Cp* and ring carbon of Cp*. The aromatic carborgmals for the ligands were observed in the
range of 166.26 to 102.58 ppithe methyl, methine, and isopropyl carbon resorané¢hep-
cymene ligand were observed in the region aroun@41-730.87 ppm. Complexand complex6
displayed a sharp signal at 86.56 and 85.71 pprthocarbon of the benzene ring. The signals

associated with the ring carbons of the Cp* ligandomplex4, complex7 and complex8 were
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observed at 97.27, 98.11 and 99.33 ppm respectivelyontrast, the methyl carbon resonances
were observed as a sharp peak at 13.42, 9.67 @hgpPm respectively. Overall results from the
NMR spectral studies strongly support the formabbthe metal complexes.
34 Ultraviolet-Visible spectra of the complexes

The electronic spectra of the complexie8 along with the corresponding ligandd
have been recorded in acetonitrile solutions inrémge 200-600 nm at a concentration oftlD
and were depicted in figure S15. The free liganmi @mplexes exhibit two characteristic high
intense absorption bands, peaks at around 277n@8are due to n#* transition, peaks in the
range 230 nm are tentatively assignedrten* transitions. In addition, the complexds8
exhibit a weak band or a small hump in the visitggion at around 410 nm of the spectrum,
which arises due to the excitation of electronsnfimetal 34 level to the emptyt* level of the
ligand (MLCT). Such weak bands may be ascribedeeiftom the low concentration of the
solutions or obscured by the high intense bands.
35 Sngle-crystal X-ray structure deter mination of complexes

The molecular structures of some complexes weebksthed by carrying out the single
crystal analysis. The solid-state structures wasbéshed and the thermal ellipsoid plot along
with crystallographic numbering schemes is depidte&figure 1. The summary of the crystal
data, data collection, and structure refinemenampaters are summarized in Table 1, selected
bond lengths, bond angles values are listed inerabl

By single-crystal X-ray diffraction studies, we weable to establish the coordination
modes associated with these ligands. Complexystallized in the monoclinic crystal system
with space groupC2/m. X-ray crystallographic studies showed that com@econtained the

cationic species of [ffcymene)RuCl}(p-L1)] and counter anion contained two molecules of
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317
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322

PFR. The crystal structure of compléxcontains the disordered of acetone molecule irr thei
solved structure. The coordination sites aroundib&al is occupied by the arene liggadene =
p-cymene/benzene/Cp*) iné/m° manner, terminal chloride and a chelating NN atlid, arene
ligand occupies the three facial coordination s#eing as seat of “piano-stool” and nitrogen’s

donor atoms from pyrimidine and pyrazole ligand #archinal chloride acting as legs.

Figure 1. ORTEP plot of comple’ with 50% probability thermal ellipsoidslydrogen atoms

and counter ion (RF are omitted for clarity

The molecular structure of this complex revealet the ligands coordinated metal in a
bidentate chelating NN" fashion through pyrimidingrogen and pyrazole nitrogen. This
coordination of the ligands in a bidentate manmel fo the formation of a five-membered
chelate ring with the metal center. The molecularcsures of complek revealed that the ligand
is symmetry in which both sides of the ligand hagsentially identical coordination geometry,
and the corresponding bond lengths and bond argkexactly the same. The arene ring is

essentially planar and the metal to the centroithefarene ring distances is { 1.68 A}. The
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M-N1 bond length is shorter compared to M-N3 bagrahth which indicates that the metal binds
strongly to the Nitrogen atom of the pyrazole rattiean the nitrogen atom of the pyrimidine.
The observed M-N and M-CI bond lengths in thesepleres are found to be in close agreement
with reported complexes with nitrogen donor ligaf@®]. The bond angle values N-M-CI (M =
Ru and Rh) are close to 9@hich is consistent with the piano-stool arrangeiaf various

donor groups about the metal atom [37].
3.6  Antibacterial activity

Antibacterial activities of the ligand and complexgave been tested against the Gram-
positive Staphylococcus aureus and Gram-negativé&scherichia coli, Klebsiella pneumoniae
strains. The result was compared to the correspgngositive controls and the zone of
inhibition (in mm) was given in Table 3. The histagn of the antibacterial activities of the
complexes is shown in figure 2 and the Agar platesomplexes againghe tested bacterial
strains were shown in figure S16- S18. It has bm#served that ahe complexes displayed
effective antibacterial activity against the testganisms but ruthenium chelates have high
antibacterial activity. The antibacterial activity the starting metals precursor was found to be
inactiveas previously reported [38]. This specified that #ntibacterial activity ascribed to the
ligands and the metal complexes. The better agtivit the metal chelates compared to the free
ligands can be elucidated on the basis of chelatimory [39]. The activity of the metal
complexes may also be engaged to the lipophilicaditer of the central metal atom which arose
from the chelation pattern; this consequently faube permeatiowia the lipid layer of the cell
membrane [40]. The difference in the effectivene$sthe complexes against the tested
organisms is based on the ribosome of the micralailid or the impermeability of the cells of

microbes [41]In-vitro assay results revealed that com@ef20 £ 0.76 mm), compleg (20 *
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355

356

357

358

359

0.96 mm) and complex (20 1.09 mm), has the highest potential againsinGpositive
Saphylococcus aureus. Complex 6 showed the highest activity against Gram-negative
Escherichia coli (17 + 0.56 mm) an&lebsiella pneumonia (17 £ 0.86 mm). Even though all the
studied complexes are active, but they did nothrehe effectiveness of the positive control

ciprofloxacin.

40 -
35 -
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8=
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Compounds in comparison with ciprofloxacin

Figure 2: Histogram of the zone of inhibition (mm) of thegdhd and complexe$-8 in
comparison with ciprofloxacirAll the complexes data are means (n = 3) + Stahdaviation of
three replicates.

3.7 MIC and MBC

The minimum inhibitory concentration (MIGnd minimum bactericidal concentration
(MBC) results were listed in Table 4 or Figure $ieTMIC and MBC values of ligand and
complexesl-8 ranged from 0.125 to 1.0 mg/ml against all thee¢hbacterial organisms. The

MIC and MBC values of comple% complex5 and complex’ values ranged from 0.125 to 0.25

19



360 mg/ml for S. aureus andKlebsiella Pneumoniae. The values of complex ranged from 0.25 to
361 0.5 mg/ml forE. coli. The MIC and MBC values of standard ciprofloxaange from 0.031 to
362 0.062 mg/ml and 0.062 to 0.0125 mg/ml against éiséetl organisms. It was found that the MBC
363  values attained for the ligand and complexes acetingher than the corresponding MIC values. As
364 the MBC values were twice to MIC values it can baduded that the ligand and complexes are

365 bacteriostatic rather than bactericidal.

E 12
oD
=
<
~
=
= W S. aureus MIC
=)
'%‘ S aureus MBC
E W E.coli MIC
2 W E.coli MBC
S m K. pneumonia MIC
§ m K. pneumonia MBC
= NN D b. °> b
vl ‘)Qb \Qﬁ' \é’ \%A’ \é’ \Qﬁ' \z‘*’ *' \Q‘f' 4}
SIS e S
Ve e
O
366 Compounds with antibiotic
367 Figure 3: MIC and MBC of the ligand and complexes.
368
369  Conclusion
370 In this study, we have successfully introduced mageaof ruthenium, rhodium, and

371 iridium half-sandwich 8 metal complexes containing pyrimidine based tHipgyazolesligand.

372 The complexes are fully characterized by analytezad various spectroscopic methods and the
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solid-state structure of compl&has been determined by single-crystal X-ray ditfoacstudies
to confirm the binding mode of the ligand to thetaheAll the complexes were isolated as
cationic salts with Pfas the counterion. The ligand understudy preferblrgs to the metal in
a bidentate NNmanner using pyrimidine and a pyrazole nitrogemafll the eight complexes
investigated in the present study were screenedhfgr in vitro antibacterial activity against
three human pathogensz, S. aureus, E. coli, and K. Pneumoniae. The antibacterial data
showed that all the complexes have the capacitynlmbiting the metabolic growth of the
investigated bacteria to different extents, whicyrmdicate broad-spectrum properties;
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Appendix A. Supplementary data
Crystallographic data for the structural analyses Hbeen deposited with the Cambridge
Crystallographic Data Centre, CCOO67663 (Complex 5). Whole information can be attained

free of charge by e-mailing data_request@ccdc.@aukaor by contacting from The Cambridge

Crystallographic Data Centre, 12 Union Road, Cadgwj CB21 EZ, UK(fax: +44

1223336033).
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488

Table 1: Crystal data and structure refinement detailsoofgexes

Complexes Complex 5

Empirical formula Gs Hios ClsFos N1 Oy Py Rw Sy
Formula weight 2648.03

Temperature (K) 294(2)

Wavelength (A) 0.17073

Crystal system Monoclinic

Space group C2/m

a (Ao (°) 16.1473(7)/90

b (A)/B (°) 23.1541(8)/ 101.163(4)
c (A (°) 14.4650(6)/90

volume (A3) 5305.8(4)

z 2

Density (calc) (Mg/m-3) 1.657

Absorption coefficient (1) (mm-1) 0.894

F(000) 2664

Crystal size (mm3)

0.25x0.21 x0.12

Theta range for data collection

3.954 to 28.923°

Index ranges

-20<=h<=21, -31<=k<=28,
-19<=I<11

Reflections collected 11322
Independent reflections 6230 [R(int) = 0.0231]
Completeness to theta = 25.00° 98.9 %

Absorption correction

Semi-empirical from equivaken

Refinement method

Full-matrix least-squares on F

Data/restraints/parameters

6230/23/363

Goodness-of-fit on ¥

1.059

Final R indices [I>2sigma(l)]

R1 = 0.0402, wR2 9966

R indices (all data)

R1 = 0.0589, wR2 = 0.1097

Largest diff. peak and hole (€’

0.623 and -0.462

CCDC No.

1967663

Structures were refined o> WR, = [Z[W(Fo® - F&)?7] 1 TwW(Fo9)F™?, wherew™ = [E(Fy%)+(@P)*+bP] and P =

[max(Fo?, 0)+2F /3.
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489  Table2: Selected bond lengths (A) and bond angles (°pofutex5

Complex 5

Ru-CNT 1.68:

Ru-N1/N€ 2.091(2
Ru-N3 / N4 2.117(2
Ru-ClI1/ Clz 2.388(9
N1-Rul-N3/ Né€-Ruz-N4 76.34(9
N1-Rul-Cl1 / N€-Ruz-CI2 85.81(7
N3-Rul-Cl1 / N4-Ruz-Cl2 85.09(7

490 CNT represents the centroid of hreymene ring)

491  Table3: Antibacterial activity (Agar well) of ligand and oplexes

492
493

494

Zone of inhibition (Diameter in mm)
S. No. Compound Names at concentration 200 pg

S. aureus E. coli K. pneumoniae
1 Ligand 13+0.16 17 +0.36 14 +0.16
2 Complex 1 13+0.22 15+0.28 09 £0.10
3 Complex 2 20 +0.76 15+0.26 15+0.21
4 Complex 3 18 £ 0.54 16 £0.34 16 £0.38
5 Complex 4 17 +0.48 16 +0.42 16 +0.29
6 Complex 5 19+0.76 16 £ 0.39 15+ 0.36
7 Complex 6 20 £ 0.96 17 + 0.56 17 +0.86
8 Complex 7 21 +1.09 16 +0.85 16 +0.73
9 Complex 8 16 £0.35 13+£0.24 16 £0.54
10 Ciprofloxacin 32 +0.40 29 +0.15 31+£0.20

S. aureus =Saphylococcus aureus; E. coli = Escherichia coli; K. pneumoniae Klebsiella

pneumoniae, and Data are means (n = 3) £ Standard deviafitimree replicates.
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495

496
497

498

Table4: MIC & MBC of ligand and complexes

Stock concentration in 2.0 mg/ml
S Compound S. aureus E. coli K. pneumoniae
No. Names
MIC MBC | MIC | MBC MIC MBC
1 Ligand 0.5 1.0 0.25 0.5 0.5 1.0
2 Complex 1 0.5 1.0 0.25 0.5 0.5 1.0
3 Complex 2 0.5 1.0 0.25 0.5 0.5 1.0
4 Complex 3 0.25 0.5 0.25 0.5 0.25 0.5
5 Complex 4 0.125 0.25 0.5 1.0 0.125 0.25
6 Complex 5 0.125 0.25 0.5 1.0 0.125 0.25
7 Complex 6 0.25 0.5 0.5 1.0 0.25 0.5
8 Complex 7 0.125 0.25 0.25 0.5 0.125 0.25
9 Complex 8 0.125 0.25 0.5 1.0 0.5 1.0
10 Ciprofloxacir 0.031 0.062| 0.031 0.062 0.062 0.125

S.aureus =Saphylococcus aureus; E. coli = Escherichia coli; K. pneumoniae =Klebsiella

pneumoniae.
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HIGHLIGHTS

1. Pyrimidine based thienyl pyrazole complexes of Ru, Rh and Ir have been isolated.
2. All the complexes shown potent activity against tested bacterial strain.

3. Both sides of the ligand having identical metal coordination geometry.
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