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Abstract: Half-sandwich Ru(II) complexes belong to group of biologically active metallo-compounds 
with promising antimicrobial and anticancer activity. Herein, we report the synthesis and characteri
zation of arene ruthenium complexes containing benzimidazole moiety, namely, [(r|6-p-cymene)RuC 
l(bimCOO)] (1) and [(r|6-p-cymene)RuCl2 (bim)] (2) (where bimCOO = benzimidazole-2-carboxylate 
and bim  = 1-H-benzimidazole). The com pounds were characterized by 1H NMR, 13C NMR, IR, 
UV-vis and CV. M olecular structures of the complexes were determined by SC-XRD analysis, and 
the results indicated the presence of a pseudo-tetrahedral (piano stool) geometry. Interactions in the 
crystals of the Ru complexes using the Hirshfeld surface analysis were also examined. In addition, 
the biological studies of the complexes, such as antimicrobial assays (against planktonic and adherent 
microbes), cytotoxicity and lipophilicity, were performed. Antibacterial activity of the complexes 
was evaluated against S. aureus, E. coli, P. aeruginosa PAO1 and LES B58. Cytotoxic activity was 
tested against primary human fibroblasts and adenocarcinoma human alveolar basal epithelial cells. 
Obtained biological results show that the ruthenium compounds have bacteriostatic activity toward 
Pseudomonas aeruginosa PAO1 strain and are not toxic to normal cells. A molecular docking study was 
applied as a predictive source of information about the plausibility of examined structures binding 
with HSA as a transporting system.

Keywords: ruthenium com plexes; structural and spectroscopic studies; electrochem istry; X-ray 
diffraction; antibacterial and antibiofilm activity; molecular docking studies

1 . Introduction

N o w ad ay s, m ed icinal ch em istry  is facing a h u ge ch allen ge, nam ely, d ru g  resistance. 
The ap p earan ce of a red u ced  response of m icroorgan ism s to antim icrobial agen ts, as w ell 
as can cer cells' resp on se to  ap plied  ch em o th erap eu tic  d ru g s, is a  serious p rob lem  in the  
trea tm en t of different diseases. In d ru g  d iscovery , th ere has been  a p ositive trend  in  the  
design of new  m etal-com p lex-based  drugs. M etal com p lexes exhibit unique chem ical and  
b ioch em ical p rop erties th at are  ab sen t in con ven tion al bioorgan ic d ru gs [1,2] . T ransition  
m etals exhibit different oxid ation  states an d  can  in teract w ith  a v a rie ty  of m olecules. 
T hese p rop erties m ak e transition  m etals p rom isin g  p h arm aco lo g ical agen ts w ith  unique  
th erapeutic opportunities. H ow ever, their th erapeutic applications are still an unexplored  
area  of research . O n goin g  research  is exp ected  to  lead  to  the ov erco m in g  of som e of the  
d isad v an tag es associated  w ith  p resen t d ru g  th erap ies, in clu d in g  the red u ctio n  of side- 
effects, toxicity, w idening the sp ectru m  of activity  and resistance. M oreover, it is predicted
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th a t fu rth er d ev elo p m en t of m ed icinal ch em istry  w ill go  in the d irection  of establishing  
m o lecu lar activ ity  m ech an ism s of m etallod ru gs in co m p lex  biological system s. E v en  
th ou gh  the m ost com m on  m etallod ru gs h ave a few  lim itations and side effects, transition  
m etal com plexes are still the m ost w idely used chem otherapeutic agents and m ake a large  
con trib u tion  to m ed icinal th erap eu tics [3 ] . R ecently, research ers h av e been  en gaged  in  
th e d isco v ery  of the n on -p latin u m  co m p lexes for an tican cer therapy. The investigation s  
of the m ech an ism s of som e m etal com p lexes action  h av e d em o n strated  the b road  v ariety  
of cell d ea th  p ath w ay s activ ated  b y  th em  [4] . B earin g  in m in d  th a t m etal com p lexes can  
activ ate  a ltern ative  p ath w ay s of cell d eath , possible op p ortu n ities for the trea tm en t of 
tu m o rs resistan t to  the cu rren tly  available d ru g s h av e arisen. C o p p er an d  ru th en iu m  
co m p lexes p rob ably  h av e  g reater p oten tial o v e r p latin u m  co m p lexes, sh ow in g red u ced  
toxicity, a  n ew  m ech an ism  of action , selectivity  for tu m o r cells an d  the possibility of n on 
cross-resistan ce  [4 ] . Sim ilar to  an tican cer th erap y, th ere is a lso  an  u rg en t n eed  to  look  
for n ew  strategies to  co m b at m u ltid ru g-resistan t an d  infectious biofilm s. R esearch ers are  
u sin g  v ario u s ap p ro ach es to  in vestigate  n ew  co m p o u n d s w ith  an tim icrob ial activity. So  
far, v ario u s inhibitors of different p ath w ay s an d  antim icrob ial p eptid es [5- 7 ], as w ell as 
o rg an ic an d  in org an ic syn th etic co m p o u n d s [8- 12] w ith  an tib acterial activity , h av e been  
identified an d  stu d ied . A fter the success of tran sition  m etal coord in ation  co m p o u n d s as 
antibacterial and anticancer agents (A g, C u, Ru, A u , Z ń, M n) [13- 17], it w as found th at the 
u se of this grou p  of com p ou n d s has en orm ou s b iom edical potential.

A n  in terestin g  altern ative  are  ru th en iu m  co m p lexes th at are  p referable b ecau se of 
th eir unique b ioch em ical p rop erties, su ch  as the ability to  fo rm  a labile co m p lex , to h ave  
d ifferent o xid atio n  states u n d er p h ysiological con dition s an d  to  m im ic iron ions [18,19] . 
A m o n g  the different ru th en iu m  co m p o u n d s, aren e ru th en iu m  co m p o u n d s b elon g to  a 
w ell-established fam ily of robust m etal-o rg an ic  m olecules th at h ave played an im portan t 
role in  the d evelop m en t of organ om etallic chem istry. T hey h av e  attracted  a lo t of interest 
d u e to  th eir p rom isin g  an tican cer an d  an tib acterial activity , as w ell as ca ta ly tic  p oten tial 
in  a w id e  ran g e  of o rg an ic reaction s. O n e of the sou rces of aren e ru th en iu m  com p lexes  
is a  d im er form u lated  as [(p6-aren e)R u (p -C l)C l]2 . D im ers h av e been  fou n d  to u n d ergo  
c leav ag e  of the ch lorid e b rid ges w ith  v ario u s m o n o d en tate  o r b id en tate  ligand s (L )  to  
give the m onom eric com p ou nd s [(n6-arene)R uC l2L] or [(n6-arene)R uC lL]. The presence of 
th e aro m atic n -ligand  as p a rt of the ru th en iu m  co m p lex  stabilizes an d  p rotects the m etal 
cen ter, p rev en tin g  rap id  oxid ation  to  R u(III). H o w ev er, the aren e m o iety  th a t is strongly  
coord in ated  to  the ru th en iu m  can  be m odified b y sim ply attach in g  different substituents. 
T he th ree o th er coord in ation  sites op p osite  the aren e ligand  can  be o ccu p ied  b y  a w id e  
v arie ty  of ligand s w ith  N -, O -, S- o r  P  d o n o r a to m s, as w ell as h alogen  ions. T he form ed  
com plexes can  be neutral, m ono- or dicationic and often result in m etal-d on o r atom  bonds 
u seful for biological activity. A dditionally, significant in form ation  can  be ob tain ed  by  
investigating the effect of ligand stru ctu re on the properties of transition m etal com plexes. 
This is a  g o o d  w a y  to  tu n e the biological p rop erties of the aren e ru th en iu m  co m p lexes. 
R esearch on arene-ruthenium (II) com plexes, conducted in a w ide range, has been involved, 
usually in term s of their anticancer activity. Studies on this type of com plexes as antibiofilm  
ag en ts are  ra th er rare . H ow ever, con sid erin g  the etio logy  of m a n y  p ath ological ch an ges  
(e.g., bacterial and viral infections, neoplastic ulcers), it is im portant to test the antim icrobial 
activity of potential therapeutic agents. Epidem iological data indicate that w ou n d  infections 
are com m on  in cancer patients. W ounds are the result of infiltrating neoplastic cells or m ay  
be a con sequ en ce of m ed ical p ro ced u re  com p lication s [20- 22 ] . G enerally, can cer p atients  
h ave an opportunistic infections. Therefore, the com bination of b io sta tic /b io cid al activity  
of th e tested  co m p lexes an d  th eir an tican cer actio n  seem s to be justified. The possibility  
of u sin g com p lexes th at sim ultan eously  lim it the d evelop m en t of can cer cells an d  p rotect 
again st b acterial infections w ou ld  be a g reat solution. Of cou rse , it should be em phasized  
th a t th e d escrib ed  p rop erties d o  n o t a lw ay s g o  h an d  in h an d , w h ich  is con firm ed  by  
o u r p reviou s research  [23- 27] . The antibiofilm  effect d ep en d s on  m an y  factors, su ch  as 
th e stru ctu re  of the co m p lex— the ty p e  of cen tral ion, ligan d , the p resen ce  of ch loride



ions o r its p rop erties. It should  also be n oted  th at a selective effect on  specific grou p s of 
m icroorgan ism s (dep end ing on bacterial structure) is often observed.

O ur project involves studies on the chelation com plexes of ruthenium  ions in different 
oxidation states w ith benzim idazole and pyridine derivatives (N ,O - or N ,N -d o n o r ligands) 
in order to use them  as antibiofilm a n d /o r  anticancer agents [23- 27 ]. O ur previous studies  
indicated that benzim idazole and pyridine derivatives w ere able to bind m etal ions as N ,O -  
or N ,N -d o n o rs , form ing stable five-m em bered chelate rings. In an N ,N -d o n o r ligand, the 
n itrogen -d on atin g  frag m en ts (pyridine-like a to m s) ligated  to the ru th en iu m  cen ter and  
stabilized the +II or +III oxidation state of the m etal [23,2 4 ]. Thereby, the presence of an N ,N -  
d on or ligand iń [(n6-p-cym ene)R uC l(pybim )] (pybim  = 2-p yridiń-2-yl-1H -b enzim id azole) 
en han ced  the antibiofilm  an d  an tican cer activ ity  of the co m p lex  [24] . In tu rn , N ,O -d o n o r  
ligands form ed stable com p lexes w ith Ru(III) or Ru(IV) ions [25 ] . H ow ever, their presence  
dim inished the antibiofilm  effect of com p lexes.

T hus, in this w ork , w e  a ttem p t to in vestigate  h ow  the antibiofilm  an d  an tican cer  
activities w ill be affected  b y rep lacin g  th e p y rid y l su bstitu en t w ith  a carb oxy lic  on e in  
arene Ru(II) com plexes. In other w ords, w e study the effect of the N ,O -d o n o r ligand on the 
activ ity  of th e R u(II) aren e co m p lex . In ad d ition , w e  also  a ttem p t to  com b in e an tican cer  
an d  antibiofilm  p rop erties in  on e co m p o u n d , w h ich  w o u ld  lead to  the im p ro v em en t of 
n ew  and prom isin g biological active agents.

In this w o rk , w e estim ated  the biological activ ity  of tw o  h alf-san d w ich  aren e ru th e
n ium  com p lexes synthesized from  carboxylic ligand containing benzim idazole moiety.

H erein , several asp ects are  in v estigated : (i) cry sta l stru ctu re  d eterm in ation  an d  the 
p h ysicoch em ical ch aracterizatio n  of th e ob tain ed  ru th en iu m  co m p lexes, (ii) th e electro
chem ical b ehavior of Ru(II) com p lexes, (iii) the evaluation  of antibacterial and antibiofilm  
activ ity  of Ru co m p o u n d s ag ain st selected  b acteria  strains an d  th e (iv) the assessm en t of 
the an titu m or activ ity  of the exam in ed  com p lexes. To d evelop  efficient an tican cer agen ts, 
it is n ecessary  to  stu d y  the possibility  of tran sp o rt in b iom em b ran es an d  in teraction s  
w ith  seru m  p roteins actin g  as d ru g  carriers. H u m an  seru m  alb u m in  (H SA ) is the m o st  
abundant circulating protein  present in hum an  blood p lasm a, w hich  binds and transports  
en dogen ou s and exogen ous m olecules. T herefore, H SA  has been the protein  of choice for 
m a n y  in vestigators to stu d y  d ru g  p rotein  in teraction  [28- 3 3 ] . It is also  k now n  th at H SA  
accu m u lates  in tu m o r tissues, th u s d ru gs bin din g to  H S A  are carried  to  d iseased  tissues. 
A s a con seq u en ces, the toxic effect again st n o rm al cells is d ecreased  [32 ,33]. A  m olecu lar  
docking stu d y w as used as a predictive source of valuable inform ation about the plausibil
ity  of exam ined  structures binding w ith  H S A . The role of lipophilicity in d eterm in in g the 
overall q uality  of d ru g  can d id ate  m olecules is also  of p a ra m o u n t im p ortan ce . T herefore, 
such  a stu d y  w as also con du cted .

2. R esu lts
2.1. P reparation  o f  the C om plexes

The in teraction  b etw een  com m ercially  available ch loro-brid ged  dim eric aren e ru th e
n iu m  co m p lex  [(p6-p -cym en e)R u (p -C l)C l]2 an d  1H -ben zim id azole-2 -carb o xy lic  acid  in  
m ethan ol/aceton itrile  unexpectedly led to the form ation of tw o neutral m ononuclear ruthe
n iu m  com p lexes— [(n6-p-cym ene)R u C l(b im C O O )] (1) an d  [(n6-p -cym ene)R u C l2(bim )] (2) 
(Scheme 1 ) . The reaction conditions in w hich the ruthenium  com plex w as synthesized w ith  
1H -ben zim id azole-2 -carboxylic acid resulted in the d ecarb oxylation  process of the ligand. 
A s is know n, benzim idazoles containing a carboxyl group in the 2-positions readily undergo  
d ecarb o xylation  on h eatin g  [3 4 ] . A  sch em atic reaction  of the b im C O O H  d ecarb oxylation
process is p resented  in Schem e 2 .



Scheme 1. Synthetic route to the complexes [(r|6-p-cymene)RuCl(bimCOO)] (1) and [(n6-p- 
cymene)RuCl2(bim)] (2).

Scheme 2. Decarboxylation process of 1H-benzimidazole-2-carboxylic acid.

The structural characterization  of the obtained com p ou nd s w as established by IR, XH , 
13C abd 15N  N M R  spectroscopy, and the purity of the ruthenium  com plexes w as confirm ed  
by elem ental analysis. The ruthenium  com plexes are air-stable and are soluble in com m on  
organic solvents like m ethyl, ethyl alcohols, acetonitrile, DM SO and d k h lorom eth an e.

2.2. Spectroscop ic  C haracterization

Spectral d ata  assignm ent (IR, N M R  and U V -vis) for the isolated com pounds provided  
im portan t indtcations of their structuren  The FT-IR sp ectru m  of the OH-benzimidazole-2- 
carboxylic actd rev/iecil ĉ1 the e>ĉ sit<srsc:(2 of a zwitSerionic state. Tires ligan3  Iras ionized C O O -  and 
N H a groupr (Table S1). Based on the chaEiî gges in the ][R specirum  of com plex 1 (com oared to the 
u ncoordinated ligand), the existence of the chelate N ,O -d o n o r coordination w as established. 
Com p ound 1 exOibits the s0i-ts ino tOe v C=C and v C = N vibrations tow asds higher values oO ĥte 
wavenum bers tC5S0-C42e cm - 1) in relation to the free ligand (1516-1424 cm - 1 ), w hich proves  
the coordination oh fire nitrogen atom  op bim CO O H  to the m etal ion. The coordination o) the 
oxygen  atom  is evidenced b y  the ch aracieristic strong bands at 16-40 cm - 1 and 1329 cm - 1, 
corresp o n d in g  So th e rry m m e tric  an d  sym m etric stretchinp vib ration s oh iho carb oxylate . 
Thio; A v v/rćłli_ie; calcu lated  acco rd in g  t o t h e  sp sctrosoop ic criterion  given  b y  D eaco n  and  
Phillips (Av = [v(C O O - )asym — ^/(C O O -d yuJ) [3 5 ] indicates the m onodentate coordination  
of the carboxyl ate group in the c om p lex 1 (A = 31 1) .T h e  selected IR assignm ents ares given  
in Table S1. A nalysis of1 the IR sp ectru m  of co m p ou n d  2 rennaled the absence of the band  
corresp o n d in g  to  the v COO-  g rou p . H ow ev er, th e v C=C an d  v C=N stretch es in th e region  
of 1 5 4 1 -1 4 1 5  c m - 1 are  ob served . Slight ch an ges in  th e shift of these vib ration s, w h en



com p ared  w ith  the frequencies of the free ligand, su ggest th at a nitrogen atom  is involved  
in coordination  w ith  the cen tral ion.

The stru ctu res of the aren e ru th en iu m  co m p lexes w ere  established also b y  N M R  
spectroscopy. The sp ectra  of the ligand an d  the ruth en iu m (II) com p lexes w ere  con sisten t 
w ith  th e p ro p o sed  stru ctu res, an d  the assign m en ts of the 1H , 13C  an d  15N  nuclei w ere  
accom p lish ed  b y  the stan d ard  ap p lication  of 1D  an d  2D  co rrelation  sp ectra , con firm ed  
in  som e cases w ith  m olecu lar m od elin g  calcu lation s [3 6 ] u sin g  stan d ard  m eth o d o lo g y  
for the calcu lation  of ch em ical shifts [3 7 ] . The N M R  stu d y  revealed  th a t b im C O O H  w as  
surprisingly unstable in DMSO and readily decarboxylated to yield bim. The ligand sam ple 
w as oth erw ise free of im purities. In con trast, the co m p lex 1 w as stable in D M SO , an d  the 
b en zim id azole m o iety  d id  n o t d ecarb o xy late , an d , th u s, clearly, co m p lexatio n  im ped es  
decarboxylation by tying up the im ine-type sp2-hybridized nitrogen that m ust be involved  
in  the d ecarb o xy latio n  reaction  p ath w ay. The exp ected  signals of co o rd in ated  p -cym en e  
and bim C O O H  or bim  w ere observed in the p roton  sp ectra  for com p ou nd s 1 and 2. In the  
1H  N M R  sp ectra  of the com p lexes, a doublet as w ell as sep tet for protons of the isopropyl 
m oiety, a singlet for the m ethyl grou p  in the arene and tw o doublets for the proton s of the  
p-cym en e ring w ere observed. In addition, 1H  N M R  revealed singlet signals at 14.01 ppm  
(com plex 1) and 13.42 p pm  (com plex 2), w hich is assigned to the resonance of N H  protons  
on the benzim idazole ring. The resonances of the protons of the arom atic ring of the ligand  
w ere shifted upfield  w ith  resp ect to  th ose of th e u n co ord in ated  ligan d , w h ich  confirm s  
th e co ord in atio n  of th e ligand  to th e ru th en iu m (II) ion. The 13C  N M R  sp ectra  also sh ow  
signals expected for the m etal-coordinated arene group and the benzim idazole moiety. Both  
co m p lexes d isp lay  th e signals b etw een  77  an d  103  p p m  th at co rresp o n d  to  the arom atic  
carb on s of the p -cym en e. The carb o n  a to m s of the ligan d 's b en zim id azole  ring  can  be 
found in the regions 113 .71-145 .53  ppm  for 1 and 115 .02-146 .32  ppm  for 2. Their significant 
reson an ce shifts (esp ecially  C 2 an d  C 9; (AScoord.)), co m p ared  to  th e free ligan d , in d icate  
th e coord in ation  of the ligand  w ith  the cen tral ion  (Table S2). M oreover, th e 13C  N M R  
sp ectru m  of co m p lex  1 con tain s one singlet belon gin g to  the C O O -  gro u p  a t 163 .72  p p m , 
w h ich  is strongly  shifted to h igh er frequencies w ith  resp ect to the corresp o n d in g  startin g  
m aterial (AS = +4.99 ppm ). This effect is related to the coordination  of the carb oxyl grou p  
w ith  the electrop ositive m etal ion. The m o d e of co o rd in atio n  of th e ligand  in a solution  
w as also confirm ed in the ruthenium (II) com p lexes from  the 15N  N M R  data. It w as found  
th a t the reson an ce signals corresp on d in g  to  n itrogen  atom s in the b en zim id azole m oiety  
w ere shifted after coordination  w ith  the m etal ion (Table S2).

The electron ic sp ectra  (in m eth an olic solution) of th e R u(II) com p lexes an d  1H - 
b enzim id azole-2-carb oxylic acid are show n in Figure S1. The U V -vis sp ectral d ata  for the 
com p ou n d s tested are given  in Table 1 .

Table 1. UV-vis spectroscopic data for the ligand and the arene ruthenium(II) complexes.

C om p arative analysis of the U V -vis spectra of the ligand and the ruthenium  co m 
plexes indicated that strong bands below  300 nm  are related to the intraligand (IL) electronic
transitions— n ^ n * / n ^ n * .  The absorption bands found in the ran ge 326  to  411 n m  are as
sociated w ith  m etal-to-ligand ch arge transfer (M LC T) transitions. These transitions arise  
from  the excitation of electrons from  the m etal t2g level to the unfilled m olecular orbitals n* 
level of the ligands. The low est energy absorption  bands (~410 n m ) w ere also assigned as 
M LCT based on the high values of the m olar extinction coefficient (e = 2 6 2 -407  dm 3/m ol-cm ) 
(Table 1 ) . The exp ected  d -d  tran sition  b an d s are difficult to  id en tify  in th e sp ectra  of the  
ru th en iu m (II) co m p lexes d u e  to th eir low  intensity. A dditionally , ab sorp tio n  d - d  b ands

Compound Transition A, nm (e, dm3 /mol cm) 
rc^rc*/n^rc* MLCT drc(Ru)^rc*(L)/d-d

bimCOOH 
Complex 1 
Complex 2

234 (6936), 259 (7159), 291 (6665)
227 (8064), 293 (7153) 332 (1275), ~410 (405) 

213 (6554), 267 (3159), 273 (3119), 278 (2328) 326 (495), ~405 (260)



of R u(II) co m p o o n d s are irićisslceĉ  b y  th e stron ger ch arge  tran sfer b and s. In th e low -sp in  
com p lexes discussed , the electronic d -d  transitions are forbid den b y  both the L ap orte  and  
spin selection rules. This m akes the d -d  transitions very  difficult to detect w hen they occur 
in the sam e region as the CT bands [3 8 ].

2.3. D escrip tion  o f  the M olecu lar  an d  C rystal S tru ctu re o f  C om plexes 1 an d  2

Single coystels of com plexes 1 and 2 , suitable for structure determ inati on, w ere obtained 
b y the slow  evap oration  of their C H 3C N /C H 3O H /H 2O  solutions at room  tem peratu re, 
w hich crystallized in the P 2 t / n  and P na2]_ tp ace group s, respec tively (Table S3). The mol ecu- 
lar diagram s of com plexes 1 and 2 aee show n in Figures S and 2, while Tables 2 and 3 give a 
com p arison  of im portan t bond distances and angles.

(a) (b)

Figu ire 2. Molecular stsucture of complex 2 (a). Crystal panking with marked supramolecular 
interactions of C -H - Cl types constructing tetramer (view alon^  ̂c axis) (b).



Table 2. Selected bond lengths (Ä) and angles (°) for complex 1.

Bond lengths (À)

Ru1-O12 2.1163(1) Ru1-Cl1 2.4015(5)
Ru1-N3 2.0876(2) Ru1-Ct1 1.6583(6)
Valence angles (°)
O12-Ru1-N3 76.68(2) Ct1-Ru1-Cl1 128.43(1)
O12-Ru1-Cl1 84.49(4) Ct1-Ru1-N3 134.97(4)
N3-Ru1-Cl1 83.49(5) Ct1-Ru1-O12 129.74(4)

Ctl denotes centroid of C13-C14-C15-C16-C17-C18 ring (p-cymene).

Table 3. Selected bond lengths (Ä) and angles (°) for complex 2.

Bond lengths (À)

Ru1-N3 2.1120(2) Ru1-Cl2 2.4297(6)
Ru1-Cl1 2.4185(6) Ru1-Ct1 1.6574(3)
Valence angles (° )
N3-Ru1-Cl1 86.83(6) Ct1-Ru1-N3 128.25(6)
N3-Ru1-Cl2 83.76(6) Ct1-Ru1-Cl1 125.50(2)
Cl1-Ru1-Cl2 86.95(2) Ct1-Ru1-Cl2 130.72(2)

Ct1 denotes centroid of C13-C14-C15-C16-C17-C18 ring (p-cymene).

C om plex 1, as a yellow  plate, crystallizes w ith  one neutral m olecule in each asym m etric 
unit. The m o lecu lar stru ctu re  of co m p lex  1 sh ow s the m etal cen ter being co o rd in ated  by  
the N ,O -d o n o r ligand and a chloride, w hich occu py the positions like the legs of the piano  
stool, w hile the arene ring occupies the rem aining coordination site like the seat of the piano  
stool (Figure 1a). As a result of deprotonation, bim C O O H  changes from  the carboxyl to the 
carb oxylate  form . The b identate action  of the ligand allow s the form ation  of a stable five- 
m em bered chelate ring w ith  ruthenium (II) ions. The ligand (bim CO O H ) plane is situated  
perpendicular to the p-cym ene, presum ably to reduce the steric interaction w ith each other. 
The C -C  bond distances (benzene ring of benzim idazole) b ecom e m ore inequivalent, and  
tw o  sh ort C 4 -C 5  an d  C 6 -C 7  (~ 1 .389  Ä ) an d  tw o  lon g (C 5 -C 6 , C 8 -C 9 )  b ond s (~ 1 .406  Ä ) 
an d  th e rest in  b etw een  C 4 -C 9  an d  C 7 -C 8  (~ 1 .395  Ä ) in d icate  the exten sive  electron  
d elocalizatio n  alo n g  the ligand  backbone. This is in ag reem en t w ith  ob servation s of ou r  
previous w ork  [2 4 ] . The geom etry  around ruthenium  can  be described as distorted pseudo- 
te trah ed ral. The p -cym en e is 1 .6583(6 ) Ä  a w a y  from  the ru th en iu m  ion. The R u -N  and  
R u -O  bonds in com plex 1 are slightly asym m etric, and their distances range from  2.0876(2) 
to 2 .1163(1) Ä . T hey are com p arab le to those reported  for related com p ou n d s [39 ,4 0 ]. The 
R u -C l bond is definitely longer (2.4015(5) Ä ). The values of the valen ce angles range from  
76 .68 (2 ) to  134 .97(4 )° an d , as can  be seen , significantly differ from  th ose p red icted  for a  
reg u lar p olyh ed ro n . A n o th er d escrip tion  of coo rd in ation  en viron m en t is k n ow n  as the  
p seu d o -o ctah ed ral three-legged piano stool structure.

The analysis of packing in the com plex 1 netw ork indicated the presence of interm olec- 
u lar in teraction s of the N -H  -O, C -H  -Cl an d  C -H  -n typ es. The classical H -b o n d  is 
stron g, w ith  H  -A an d  D -A d istan ces of 2 .6 7 9 5 (2 ) an d  1 .8622(2 ) Ä , respectively. S tru c
tu ral units are  linked v ia  C -H  -n in teractio n  into z ig -zag  ch ain s (F igu re 1b ). The C -H  
g ro u p  of th e b en zim id azole rin g  an d  aren e p articip ate  in this in teraction . The chains  
are held  to g eth er v ia  C - H - n  an d  C -H  •••Cl in teraction s. The in teraction s in volve  the  
p -cy m en e/b en zim id azole  hydrogen  atom s (C 1 3 -H 1 3 /C 4 -H 4 ) and the benzim idazole ring  
or chloride ion (Figure 1b, Table 4 ) .



Table 4. Geometry of classical hydrogen bonds and supramolecular interactions of C-H---Cl and 
C -H ---n types for complexes 1 and 2 .

Complex D -H -A D-H (À) H—A (À) D —A (À) Z D -H —A (°)

N 1-H 1-O 11 (2- x,1-y,-z) 0.8796(2) 1.8622(2) 2.6795(2) 153.75(1)

1
C4-H4'- 'Cl1 ( - 1+x,y,z)
C21-

0.9498(2) 2.8195(5) 3.6588(2) 147.88(1)

H 21C  • •Cl1(1.5-x,0.5+y,0.5-z)
0.9795(3) 2.805(5) 3.7293(3) 157.60(2)

C5-H5•••Cg2 0.9505(2) 2.6858(1) 3.5023(2) 144.36(2)
C13-H13•••Cg3 0.9502(2) 2.5874(1) 3.505(2) 162.43(2)

N1-H1---Cl1 (x+0.5,-y+0.5,z) 0.88 1.91 3.387(2) 115.90
N1-H1---Cl2 (x+0.5,-y+0,5/z) 0.88 2.37 3.224(2) 163.80

2 C2-H2 •••al 0.9498(3) 2.7816(6) 3.2087(3) 108.27(4)
C21-H21A•••Cl(2) 0.9799(3) 2.2726(6) 3.4858(3) 134.73(2)
C 17-H 17-C l(2) (x+1,y/Z) 0.9502(3) 2.8013(6) 3.5254(3) 133.71(2)
C 1 3 -H 13-C l(2 )(_x+1,_y+1,z) 0.9501(3) 2.7195(7) 3.5293(3) 143.57(2)

Cg2 denotes center of gravity of C13-C14-C15-C16-C17-C18 ring (p-cymene); Cg3 denotes center of gravity of 
C4-C5-C6-C7-C8-C9 ring (benzimidazole).

Figure 2 a for com plex 2 show s that the R u(II) ion is coordinated w ith one m onodentate  
ligand  (bim ), on e aren e an d  tw o  ch loride ions giv in g  rise to  a {R u N C 3C l2} ch rom op h o re . 
The sim ilar structure of the arene com plex w as reported by M atveeevsk aya [4 1 ] but w ith  a 
different synthesis p roced u re  an d  X -ray  m easu rem en t conditions. The structural analysis 
confirm ed the presence of bim  that w as generated by the decarboxylation of benzim idazole- 
2-carboxylic acid. The geom etry  of the ruthenium  coordination environm ent can  be visu al
ized  as d istorted  p seu d o -te trah ed ral o r as the p seu d o -o ctah ed ral th ree-leg ged  p ian o stool 
structure. The N -d on or of benzim idazole and tw o chloride ions are in the legs positions of 
th e p ian o stool, w hile the aren e ring occu p ies th e rem ain in g  coo rd in ation  site as the seat 
of the p ian o stool. The b ond  d istan ce  of R u -N  is sh ort, w ith  a v alu e  of 2 .1 1 2 (2 ) Ä . This 
p aram eter is sim ilar to th at found in other arene R u(II) com plexes having a benzim idazole  
ligand  [41 ,4 2 ] . M oreover, the benzim id azole C -C  b ond  d istan ces b ecom e m ore  in eq uiva
lent, w ith  C 4 -C 5  and C 6 -C 7  (~ 1.375 Ä) shorter than the other one C 5 -C 6  (1.413 Ä ) and the 
oth er three C -C  b onds (C 4 -C 9 , C 8 -C 9 , C 7 -C 8 ) th at are in b etw een  (~ 1 .399  Ä ) su ggestin g  
electron delocalization in the ligand. The p-cym ene grou p  is connected  to the Ru(II) center 
b y  d istan ces ran g in g  from  2 .1 5 4 (2 ) to  2 .2 0 3 (2 ) Ä  th ro u gh  n 6 b ond in g. The lo n gest R u -C l  
b ond s reach  a v alu e  of 2 .41 8 5 (6 ) an d  2 .4 2 9 7 (6 ) Ä . The d istan ces are  also lon ger th an  th at 
observed for com p lex 1 .

Interactions of the N - H —Cl and C - H —Cl types contribute to the stability of the [(n6- 
p -cym en e)R u C l2(bim )] crystal lattice. The classical h y d ro g en  b ond s of the N - H - C l  typ e  
b elon g to  th ree-cen tered  in teraction s (b ifurcated  d o n o r h y d ro g en  b on d s), an d  th ey  are  
betw een the N1 atom  of benzim idazole and tw o chloride ions of the adjacent m olecule. A n  
interesting elem ent of this architecture are the C -H  •••Cl interactions th at w ere used in the 
co n stru ctio n  of h y d ro g en  te tram ers (Figure 2 b ). It is w o rth  em p h asizin g  th at w e  n oticed  
th e p resen ce of rare  trifu rcated  accep to r in teraction s of the C -H  •••Cl typ e in the n etw ork  
(Table 4 ) .

2.4. H irsh feld  S u rface A n alysis

The H irshfeld surface m ethod is extrem ely useful for revealing interm olecular in terac
tion s, an d  its p o p u larity  is co n stan tly  g ro w in g  [ 43] . A s a reliable p ro ced u re , it p red icts a 
m olecular stacking p attern  based on structural data and crystal engineering. Investigating  
in term olecu lar in teraction s is cru cial to  u n d erstan d in g  n o t on ly  th e m o lecu lar stacking  
stru ctu res b u t also  som e p rop erties of crystals. It is w o rth  n otin g , for exam p le , th e w id e  
range of the applications of this m ethod in describing interm olecular interactions including  
h ydrogen  bonding, n -stacking and lone p a i r - n  stacking. The m olecular H irshfeld surface  
of the Ru(II) com plexes are presented in Figure 3. Three-dim ensional (3D ) Hirshfeld surface



m ap s w ere obtained using red -w h ite -b lu e  dnorm surface m ap s (surface resolution - 0 .0 6 6 7  
to 1 .656  Ä ), w here red indicates shorter contacts w ith  negative dnorm values, w hite indicates  
close van  der W aals contacts w ith  zero dnorm values, and blue indicates longer contacts w ith  
p ositive dnorm valu es. A  shape in d ex p rovid ed  a m easu re  of the "sh a p e s" of molecules; in 
crystal lattices, enabled com plem entarity betw een m olecules to be identified and provided  
C - H - n  interaction inform ation. The overall 2D  fingerprint plots obtained by the Hirshfeld  
su rface analysis show n in Figu re 4, w ere also studied . The m ain reciprocal in term olecular  
interactions (H —H , H —Cl, C•••H, O --H ) w ere obtained u sing the; 2D fingerprint plot and  
the 3D  dnorm surfac es of the arene Ru(II) com plexes.

Figure 3. The Hirschfeld surfaces highlight the relevant dnorm surface patches associated with the 
specific contacts for arene Ru(II) complexes.

Figure 4. ' The 2D fingerprint plots of all the intermolecular interactions for complexes 1 ( a) and 2 (b) 
with percentage of interaction.

Definitely, H ---H  contacts have a largest share in com plex 1, the contribution of w hich  
to the overall surface con tacts w as 50 .8% (Figure 4 ) . The C - - -H /H ••• C con tacts w ith  a 18%  
p rop ortion  ap p eared  as a p air of ch aracteristic w in gs in the 2 D fingerprint plot. "The p res
ence of a p air of characteristic w ings in the fingerprint plot decom posed into O ---H /H -- -0  
co n tacts, contrib  utin g 14.2%  to the H S . "The 44•• • C l/C l-H  c on tacts (Figure 4 ) contributed  
11.1%  to the HS and form ed a pair of spikes. The other contacts accounted for a total of 4.6%  
to  the overall surface. F o r co m p lex  2 , th e H  -H co n tacts w ere  d o m in an t an d  con stituted  
56.6%  con trib u tion  to  th e 14irshfeld  su rface. The H  -C l/C l -H in teraction s con tribu ted



vVi

second-m ost (23.2% ) to the total H irshfeld surface. A nother significant spot in the Hirshfeld  
su rfaces corresp o n d ed  to recip rocal C  ■ ■ ■ H  in term olecu lar co n tacts , th e con trib u tion  of 
w h ich  w as 13.8% . The C  ■■ ■ C , C  ■ ■ ■ C l, C  ■ ■ ■ N  an d  H  ■ ■ ■ N  co n tacts w ere  in terp reted  as m in or  
and had a share of 1.1 to 2.9% .

2.5. Electrochemical Behavior of Ruthenium Complexes

C yclic  v o ltam m etry  (C V ) is a  p ow erfu l an d  p o p u lar electro ch em ical tech n iq u e th at 
can  be used for analyzing drugs and other antim icrobial agents. We em ployed CV to study  
qualitative inform ation about electron transfer processes under various conditions, such as 
the diffusive or adsorptive nature of electrode process, its reversibility and the form al redox  
p oten tial. The C V  cu rv es w ere  reco rd ed  from  th e initial p oten tial 0 .3  vs. A g /A g C l (1M  
N aC l) w ith  scan  rates of 5 0 ,1 0 0  an d  2 0 0  m V /s  on  glassy  carb on  electrod es. To verify  the 
reversibility  of the red o x  cou ples an d  the n u m b er of electron s exch an g ed , C V  diagn ostic  
criteria , AEp = Epa — Epc (Epa, Epc d enote the potentials of the anodic an d  cath od ic peaks, 
resp ectiv ely ), w ere  ap plied  [44 ,45 ] . It should  lie n oted  th at the ligand  ap p ears to  t o t  be 
electroactive in the experim ental conditions. The voltam m ptric cu rves of arene ruthenium  
co m p lexes are  illuotrated in Figu re  5 . Table 5 lists th e v o ltem m etric  d a ta  of the studied  
co m p o u n °s .

(a) (2)

Figure 5. Cyclic voltammograms of complex 1 )a) and complex 2 (b) (each at a concentration of 
1 mM!) recorded in acetonitrile-ethanol mixture containing 0.1 M TBAPFg. Lines (-) and (— ) represent 
the curves of the ruthenium complexes and the ligand/supporting electrolyte, respectively (CV 
conditions: GCE, 0  = 2 mm, T = 25 °C).

Table 5. Electrochemical data [in V vs. Ag/AgCl] of the Ru(II) arene complexes obtained by CV.

Complex Scan Rate R u(II)^R u(III)
V -s—1 Epa/V Epc/V AEp/V E1/2/V

0.05 ~0.635 ~0.565 ~0.07 ~0.60
1 0.10 ~0.640 ~0.560 ~0.08 ~0.60

0.20 ~0.645 ~0.5 55 ~0.09 ~0.60

0.05 ~0.780 ~0.720 ~0.06 ~0.75
2 0.10 ~0.780 ~0.720 ~0.06 ~0.75

AEp  =  I Ep a  —  Ep c  I

0.20

,  E1 / 2  =  2 ( Ep c  +  Epa

~0.790

).

~0.730 ~0.06 ~0.76

The voltam m ogram s o p R o(n ) com plexes show  only one redox pair. In both CV curves  
of com plexes, the enodic signal 4p peared  (Figore 5 ) as a poorly  shaped peak, as w ell as the; 
ca tpod ic peak. A s w e established, the red o x p air correspon d s to  the o x id atio n /red u ctio n  
process of Ru(II)-tnRu(III). F o r com p lex 1, w e  ob served  th at, as the scan  rate  increases, the



valu e of the p eak-to-p eak  separation  also  increases significantly (Table 5 ) . This feature  
indicates the irreversible nature of the electrode process. M oreover, the calculated AE p values 
are w ell above the theoretical valu e of 0 .058  V, especially at higher scan rates (Table 5 ). The 
applied  criterion , Ep — Ep/2 = 0 .0 4 7 .7 V / (n a ) (w here a  is the transfer coefficient, the valu e  
of w h ich  is close to 0 .5 ) [4 5 ] m ad e it possible to specify th at one electron is exch an ged  in 
the process. It w as found that the dependence of the peak current, I pa, on the square root of 
the scan  rate is non-linear. This d iscrep an cy  w ith  the R and les-Sevcik  equation  proves the 
adsorption-controlled redox process. It is also confirm ed by the linear dependence of log Ipa 
on log v, for w hich the slope of 0.93 is a value close to the theoretical one (1.0) [45 ]. In turn, in 
com plex 2 , the peak-to-peak separation for the R u(II)/Ru(III) redox pair does not change with  
the scan rate. The constant potential of the anodic and cathodic peaks (Table 5 ), for w hich the 
AEp values of 0.06 V are sim ilar to the theoretically expected, indicates a reversible character 
of the electrode process. The diagnostic criterion used, E pa — E pc =  0 .058 V /n , indicates that 
on e electron  is tran sferred . F o r this electroch em ical p rocess, w e  n oticed  th at, acco rd in g  
to  the R an d les-S ev cik  eq u ation , p eak  cu rren t Ipa in creases linearly  w ith  th e sq uare root 
of th e scan  rate  v, w h ich  in d icates the diffusion-controlled  red o x  p rocess. M oreover, the  
diffusive n ature of the process is also confirm ed by the linear dependence of log Ipa on log  
v, for w hich  the slope of 0 .56 is a v alu e close to the theoretical one (0.5) [4 5 ] .

2.6. A n tim icrob ia l A ssays

The b acteriostatic  activities of the co m p o u n d s (arene R u co m p lexes, R u(II) p recu r
sor an d  ligand ) ag ain st rep resen tative  G ram +  an d  G ra m — b acteria  w ere  ev alu ated  by  
d eterm in in g  their m in im u m  inhibitory con cen tration  (M IC ), u sin g a b roth  m icrod ilu tion
assay. The M IC p aram eter is considered a valuable tool to verify the in vitro  activity of new  
antim icrobial agents. The antibacterial efficacy of the com p lexes exam ined w as com p ared  
w ith  a com m on ly  com m ercial d ru g, streptom ycin . The results are su m m arized  in Table 6 .

Table 6 . Results of the minimum inhibitory concentration (MIC) for Ru compounds evaluated, 
expressed in mM and pg/m L.

Compound

BACTERIA

S. aureus ATCC 6538P E. c o li  ATCC 8739 P. aerugin osa PAO1 P. aeruginosa LES B58

mM pg/mL mM pg/mL mM pg/mL mM pg/mL

Ru(II) precursor >1 >612 >1 >612 >1 >612 >1 >612
bimCOOH >1 >162 >1 >162 1 162 >1 >162
1 >1 >432 >1 >432 1 432 1 432
2 >1 >424 1 424 1 424 >1 >424
Streptomycin 0.0625 36 0.125 73 0.0625 36 0.5 291

W h en  all of the strains w ere incubated in the presence of the ruthenium (II) precursor, 
no re lev an t effects ag ain st either con trol strains w ere  ob served . In tu rn , fairly  m o d erate  
effectiveness w as exhibited by bim C O O H , w hich  acted at the highest concentration  tested  
tow ard s P. aeru g in osa  PAO 1. A s show n in Table 6 , the ru th en iu m  com p lexes h ad  different 
activ ity  profiles across th e strains. The R u(II) co m p lexes w ere  effective ag ain st G ram 
n eg ative  ro d s, generally. C o m p lex  1 inhibited th e g ro w th  of tw o  of the fou r b acteria  a t a 
con cen tration  of 1 m M  (432 p g /m L ). T hese results refer to  the op portu nistic P. aeru g in osa  
species. M eanw hile, com p lex 2 exhibited inhibitory action against P. aeru g in osa  PAO1 and  
E. coli. This is an interesting observation, taking into account that the P seudom onas aeruginosa  
species exhibit great phenotypic and genetic diversity. In other cases, the com plexes turned  
o u t to  be ineffective ag ain st b acteria  a t th e h igh est tested  co n cen tratio n s. O n  this basis, 
th e an tib acterial activ ity  of the ru th en iu m  com p lexes can  be assessed  as rath er w eak  to  
m od erate.

To d eterm in e the efficacy of p oten tial an tim icrob ial agen ts to  p rev en t th e form ation  
of biofilm s, a  cry stal v io let assay  is frequ en tly  u sed . C ry sta l v io let staining is a  sim ple



test p erform ed  to  d e tect the m ain tain ed  ad h eren ce  of cells, an d  it p ro vid es q uan titative  
in form ation  ab o u t the relative d en sity  of cells ad h erin g  to  the m aterial. The effect of the  
ruthenium  com plexes on biofilm form ation by laboratory P. aeruginosa  strain w as analyzed, 
in  term s of to tal b iom ass an d  cellular m etabolic activity, b y  ep ifluorescence m icroscop y. 
The results of the b iological activ ity  of th e co m p ou n d s ag ain st the P. aeru g in osa  PAO 1 are  
presented  in Figu re 6 .

Figure 6. P. aeruginosa PAO1 biofilm formation in the presence of Ru(II) precursor, free bimCOOH 
and arene Ru complexes (concentration of compounds— 1 mM). The absorbance of the control 
was considered to represent 100% of biofilm formation (results were considered significant when 
compared to control; * p < 0.05. Data are presented as mean ±  SD, n = 4).

A s the results in d icate , th e free b im C O O H  exhibited  ra th er w eak  effectiveness (23%  
of inhibition) at the tested con centration  and w as m ore active than its ruthenium  com p lex  
(F igu re 6 ) . M oreover, it seem ed  co m p lex  1 p ro m o ted  biofilm  form ation . It is w o rth  
m en tion in g  th a t th e system  w e stu d ied  p reviou sly  w ith  the sam e ligand  an d  R u(III) ion  
sh o w ed  an  activ ity  of 17%  [2 5 ] . In co m p ariso n , co m p o u n d  2 w as able to inhibit biofilm  
form ation , reducing biom ass by 34%  w hen the con centration  w as 1 m M .

To investigate the cell viability  an d  m orph ological ch an ges of the P. aeru g in osa  PAO1 
biofilm  treated  w ith  ru th en iu m  co m p lexes, a  L IV E /D E A D  b io film v iab ility  kit (Invitro- 
g en ) w a r u sed  , an d  flu orescen ce m icroacop e (E FM ) ob servation s w ere  p erfo rm ed . The  
L IV E /D E A D  as say  sCaining solu tion  is a  m ixtu re  of tw o  fluorescent d yes (SY TO -9 anti 
p rop id iu m  iodide) th at differentially lattei live an d  d ead  cells. The live cell d y e , SYTO -9, 
p ene)ra/es bacterial m em branes freely and fluoresce s w he n bound to D N A , staini ng intact, 
vrnble cells green . P rop k liu m  iodide en ters on ly  tire cells w ith  com p ro m ised  m em branes  
an d  stains the d ead  cells, g en eratin g  rrd  fluorescence. F igu re  7 sh ow s tire effect of the  
ruthenium  com plexes on the P. aeruginosa  PAO1 biofilm architecture. A s can  be seen in thus 
representative insages, ohe cells a rew ell spread and viable on tic«/ co n tr/l surface. C ontrary  
to  the su rfaces treated  w ith  com  p lex  2, th e aren e R u( II) ro m p o u n d  w iih  bim  leal to  the  
m o rp h olo gical an d  steucCural d nm age af the P. aeru g in osa  PA O 1 bkfiihn a n d c a u s e d  the  
aggregation  of cells, although, t /  a s m all exten t, it led to the death of b acterial cells , w hich  
w e ob served  as red  areas. F o r co m p lex  1, th e im age show s the area  w ith  live cells even ly  
distributed, sh ow in g no ch araeteristic aggregates.



Figure 7. Epifluorescence microscopy images of P. aeruginosa PAO1 biofilm treated with 1 mM of arene 
Ru(II) complexes. Biofilm was stained with nucleic acid stains using the FilmTracer™ LIVE/DEAD  
Biofilm Viability Kit (live cells are represented by the color green; dead cells are represented by the 
coloe red). The epifluorescence microscopy images were captured at 1000 x magnification.

2.7. C ytotox icity  A ctiv ity

To ev alu ate  the cy to to xicity  of th e ru th en iu m  co m p lexes, a  co lorim etric  M TS assay  
w as carried  o u t ag ain st p rim ary  h u m an  fibroblasts (V H 10) an d  ad en o carcin o m a h u m an  
alveolar- b asal epithelial cel°s (A 549). In ad d ition , a  q u an titative a ss issm e n t of ap optosis  
w as p erform ed  b y  flow  cy to m e try  b a s td  on  A n n exin -V  FIT C  an d  p cop id iu m  iod id e (PI) 
d ouble staining. The results obtained in both  the M TS assay  an d  floro cy to m etry  show ed  
th at the tested ruthenium  com plexes in the concentration tan ge of 30 to 1000 -M  aire neither 
cy to to x ic  to  A 549  lu n o can cer cells n o r to  n ocm al V H 10 skirt cells (IC 50 ab ov e 0000  pM ) 
(F igu re S2, Table S4). Tw o otOer research  team s also stu d ied  tho cy to to xic  activ ity  of tire 
ru th en iu m -b en zim id azo le  co m p lex  [41 ,4 6 ] . The R u co m p lex , sy n th eiized  b y  scientists  
from  R ussia, w as  ev alu ated  again st h u m an  b reast ad en o carcin o m a (M C F-7) an d  h u m an  
hepatocellular carcinom a (H epG 2) cell lines [41 ] . The half m axim al inhibitory ton cen tration  
(IC51) af this com pound on M C F-7 w as 47.3 ±  0.8 pM (toncentration  of 25 pM). In turn, the 
H epG 2 c ell counO decreased by m ore than half ait 50 pM concentration. Vock and cow orkers 
co n d u cted  a cy to to xicity  exp erim en t on  m ou se T S /A  tu m o r cells an d  n o n tu m origen ic  
h u m an  breash (H B h -100) cells. The IC 50 valu es for T itC t  an d  H B L -100  w ere  O73 pM  und 
601 pM , resp ectiv ely  [4 6 ] . W e su sp ect th at the o u r ru th en iu m  com p lexes d o  n ot sh ow  
cytotoxic activity  b ecause th ey di ffute n oorly  acro ss cell m em brones.

2.8. S olu tion  S tab ility  an p Lin op h ilic ity  o f  C om plexes

The stability of a co m p o u n d  in solution  an d  lipophilicity  are  im p o rtan t p rop erties  
con sid ered  in  d ru g  m olecu le d esign  [47 ] . The stability of the syn th esized  ru th en iu m  
co m p lexes w as  assessed  u sin g  U V -v is  sp ectro sco p y  in a m eth an o lic solution  an d  in an  
aq u eo u s solution  w ith  the ad d ition  of d im eth yl su lfoxide ( 4 9 /1  v /v ) .  The exp erim en ts  
w ere perform ed by m onitoring the solutions at different tim e intervals up to 24 h to m im ic 
the biological test conditions. N o significant changes in the U V -v is spectra over tim e w ere  
n oticed, signifying that the com plexes are stable in the teeted solvents. The U V -vis spectra  
of the tom p lexes in H 2O /D M S O w c te  also recerdod a pter 481 h. In the case oc com p lex 2, a 
slight band shift n ear to 330  nm  w as observed. The tim e-d ep end en t electronic absorption  
sp ectra  of the co m p e x e s  nre depicted in Figures S3 and S4.



The lipophilic properties of com pounds can help to explain the distribution of the drug  
candidates and predict their transport in different biological system s. In our experim ent, the 
lipophilicity of the ru th en iu m  com p lexes w as estim ated  b y the n -o c ta n o l/w a te r  p artition  
coefficients (log P), w h ich  w ere d eterm ined u sing the shake-flask m ethod . The calculated  
log  P  valu es for co m p o u n d s 1 an d  2 w ere  0 .525  an d  0 .497 , respectively. A cco rd in g  to  
th e literatu re [4 8 ], su bstan ces w ith  log p  valu es in the ran g e  from  —2 to  0 are  p o lar and  
a ccu m u late  m ain ly  in the nuclei an d  lyso so m es, w hile co m p o u n d s w ith  log p  > 0  are  
lipophilic an d  accu m u late  p referentially in m itoch on d ria  an d  the en dop lasm ic reticulum . 
O ur results indicate that the studied com pounds possess a rather hydrophobic character and  
p rob ably accu m u late  in the m ito ch o n d ria  an d  en dop lasm ic reticu lu m , b u t this statem en t 
needs further experim ents.

2.9. B in d in g  A b ility  o f  the S tu d ied  R u(II) C om plexes w ith  H SA

H u m an  serum  album in (HSA) is the m ain binding protein for m etallodrugs present in 
b lood  p lasm a, an d  its ability to  bind m etal-b ased  d ru g s is w ell stu d ied . H S A  b elon gs to  
th e g ro u p  of seru m  p roteins th a t can  a c t as a d ru g  carrie r of an tican cer ag en ts ; h en ce, it 
is essential to  stu d y  th e bin din g of ru th en iu m  com p lexes w ith  this k ey p rotein  [49 ] . Two 
p rim ary  d ru g-b in d in g  sites of H S A  are  w ell established. T hey  differ in size an d  b inding  
specificity  an d  are called  site I an d  site II. The m ain  p rop erties of site I are  a large size 
an d  flexibility. This bin din g site is located  aro u n d  T rp 214, w h ich  is an  im p o rtan t am ino  
acid capable of form ing n -n  interactions w ith  ligands. O ther characteristics are four basic 
residues, L ys195, L ys199, A rg218  and A rg 222, located at the en tran ce to binding site I [50 ] . 
The in teractions of synthesized  com p lexes w ith  H S A  w ere p red icted  u sing the m olecular 
docking m ethod . Sim ulations w ere perform ed  for com p ou n d s 1 and 2 w ith  H S A  binding  
site I, and the best results for th ose stru ctu res, w ith  a scorin g  function only slightly w orse  
com pared to w arfarin  re-docking results, are presented in Figure 8 . The G O LD score results 
for the b est-ran k ed  p oses w ere  6 6 .60  for w arfarin , 5 5 .84  for co m p o u n d  1 an d  4 2 .6 7  for 
co m p o u n d  2. The cru cial p ro te in -lig an d  in teraction s stabilizing the H S A -co m p o u n d  1 
co m p lex  are  h y d ro g en  bonds. A tom s in volved  in the m en tioned  in teraction s are  o xy g en  
atom s of the carboxyl group of Ru(II) com p lex 1, w hich is located in the vicinity of A rg218  
an d  A rg 222 , w ith  the sh ortest d istan ces b etw een  in teractin g ato m s being 2 .8  A  an d  2.9 A , 
respectively. A dditionally, a  few  w eak er in teraction s are stabilizing com p lex 1 w ith in  the 
H S A  b in din g site I, e .g ., w eak  h y d ro g en  b ond s w ith  G lu450; h yd ro p h o b ic co n tacts  w ith  
Val343, Lys444 and Pro447; and interactions involving n-electrons w ith Lys195, A sp451 and  
Tyr452 (Figure 8 B). In the case  of the H S A -co m p ou n d  2 ad d u ct, the im p o rtan t stabilizing  
in teraction s are  fo rm ed  b etw een  tw o  ch lorine ligand s of the R u(II) co m p lex  w ith  L ys199  
and A rg257, for w hich distances are 3.5 A  and 4.0 A , respectively. The additionally form ed  
in teraction s w ith  residu es co n stitu tin g  bin din g site I are  sh ow n  in Fig u re  8D . A m o n g  
th ose w eak  h y d ro g en  b ond s w ith  H is288  an d  G lu 153 can  be d istin gu ish ed , as w ell as 
h yd rop h ob ic co n tacts w ith  th e side ch ain s of L ys195 an d  G lu 292, o r the aro m atic  ring  
interacting w ith Gln196. Furtherm ore, 2D p rotein-ligand interaction m aps of the best poses 
for each  co m p o u n d  w ere  g en erated  an d  are p resen ted  in Figu re  8C  an d  8F for 1 an d  2, 
respectively. A  m olecular docking stu d y  can  be applied as a p red ictive sou rce of valuable  
inform ation about the plausibility of exam ined structures binding w ith  H SA. D ata obtained  
for com pounds 1 and 2 suggest th at both investigated com pounds are capable of interacting  
w ith  H S A  a t a  level co m p arab le  to w arfarin  an d , potentially, m a y  be d istrib uted  b y  this 
protein  in the h um an  circu latory  system .



Figure 8 . The best-scored poses obtained by molecular docking experiments for HSA with Ru(II) 
complex 1 (A) and Ru(II) complex 2 (D). HSA residues involved in forming interactions with com
pounds 1 and 2 are shown in panels (B,E), respectively. Furtheemor-, 2D ligand-protein interactions 
plots were generated for HSA with compound 1's (C) and compound 2's (F) best poses.

3. D iscu ssion

A s in d icated  b y  biological stu d ies, tested  ru th en iu m (II) co m p lexes are  ch aracter
ized  b y  low  antibiofilm  an d  an tican cer activity. C o m p arin g  the antibiofilm  activ ity  of 
com p lex  1 to  the p reviou sly  stu d ied  Ru(II) ch elate com p lex w ith  a benzim id azole d eriv a
tive co n tain in g  a  p y rid yl su bstitu en t (p yb im  = 2 -p y rid in -2 -yl-1 H -b en zim id azole) [(n6-p- 
cym en e)R u Q (p yb im )] (78%  inhibition of P. aeru g in osa PAO (  biofilm form ation), a significant 
d ecrease  in activ ity  can  lie seen  [27] . B oth  com p lexee con tain ed  a ru th en iu m  ion in the  
+eI o xid ati on  state , p -cym en e, a  ch lorid e ion  an d  a b en eim id azole de rivative  ligand  w ith



a su bstitu en t in th e 2 -p osition  (-p y  o r -C O O H ). P ybim  as ligan d , u sed  in o u r p reviou s  
p ap ers [24,27], b elon gs to  the gro u p  of N ,N -d o n o r  ligan d s, an d  the on e stu d ied  in this 
p ap er b elon gs to  th e gro u p  of N ,O -d o n o r  ligand s. It seem s th a t the p resen ce of ligands  
from  the last group generates com plexes w ith low er antibiofilm activity [25] . A lthough the 
carb o xy l g ro u p  an d  th e p yrid in e n itrogen  a to m  give a stable system  w ith  th e cen tral ion  
(bond lengths indicate a high affinity of the donor atom s to the Ru(II) ion) resulting from  the 
form ation  of a five-m em b ered  ch elate ring. A s is k now n  [5 1 ], the presen ce of the -C O O H  
g ro u p  in th e ligand  affects the electron  d en sity  d istrib ution  in the b en zim id azole m oiety  
(pulling the electron density aw ay  from  the ring) and im pacts on the electron -d onor p rop 
e rty  of th e ligand. It is im p o rtan t to  n ote th at the in crease in electron  d ensity  a t the m etal 
cen ter has consequences in the w eak  reducing properties of the com p ou n d . This m ay  also 
be the reason for the w eak antibiofilm activity of the com plex presented in this w ork. On the 
other h and , although the p yrid yl substituent in the com p lex [(n6-p-cym ene)R uC l(pybim )] 
pulls the electron  d en sity  aw a y  from  the ring, it show s w eak er electron  d o n o r properties. 
This cau ses th e significant antibiofilm  activ ity  in crease. It should  also be n oted  th a t the 
co m p lex  of Ru(III) w ith  b im C O O H  [25] sh ow ed  a lo w  antibiofilm  activ ity  of 17% . B ased  
on  o u r p reviou s stu d ies, w e  can  p ostu late  th a t good  activ ity  (64%  inhibition of biofilm  
form atio n ) w as  exhibited  b y  the R u(IV ) co m p lex  w ith  a p yrid in e d erivative  su bstituted  
w ith  as m an y  as tw o  carb oxy l g ro u p s [2 5 ] . In the case  of co m p lex  2, w h erein  th e ligand  
(bim ) is a  m o n o d en tate , a  system  co n tain in g  tw o  ch lorid e ions is form ed . The prem ises  
indicate th at the analogous literature com plexes of R u(II) and R u(III) sh ow  good  and v ery  
good antim icrobial activity [5 2 ,53]. Therefore, the m oderate antibiofilm activity of com plex  
2, rep resen tin g  on ly  34%  of the red u ction  in biofilm  form ation , is p u zzlin g . It should  
also  be con sid ered  w h eth er th e co n d u cted  an tican cer studies reflect th e real effect of the 
com p lexes on cell lines and do not reveal the significant role of the solvent used in the test 
an d  th e co m p osition  of th e m ed iu m  for cell lines. A s w as in vestigated , the p resen ce of a 
m ixtu re of H 2O /D M S O  (2% ) or m ethanol did not affect the stability of com p lexes 1 and 2 
(24 h ), b u t the use of D M SO  m a y  lead  to  th eir d estab ilization . In ad d ition , o u r p reviou s  
stu d ies [5 4 ] sh ow ed  th a t ru th en iu m  co m p lexes h ave a h igh  affinity for am in o acid s and  
proteins (BSA, KSV = 5.2-104 M —1). In this paper, the plausible binding of Ru(II) com plexes  
to H SA , the d ru g  carrier of an tican cer agents present in blood plasm a, w as studied  b y the  
m o lecu lar d ock in g  m eth o d . The cap ability  of th e in teractin g  of th e stu d ied  com p lexes  
w ith H SA at a level com parable to w arfarin  suggests a possible transp ortin g system  of the  
investigated com pounds in the hum an circulatory system . H ow ever, this can  be a problem  
in  th e assay, b ecau se  co m p o u n d s w ith  p ep tid e grou p s will effectively co m p ete  w ith  the  
p ro p er target— eu k ary otic  cells— an d  th u s cau se  too w eak  of a th erap eu tic effect. O n the  
o th er h an d , it is k now n  th at carb oxyl substituents in ligand s m ay  affect the w eak en in g  
of bioactive ag en t p erm eation  across the b iom em brane. It can  be also  con clu d ed  th a t the  
ruthenium  com p lexes are hy-drophobic in n atu re as lipophilicity p aram eters indicated.

4. M ateria ls  an d  M eth od s

1H -benzim idazole-2-carboxylic acid and (p-cym ene)ruthenium (II) chloride dim er w ere  
purchased from  Sigm a A ldrich and used as received. A nalytical-grade solvents (acetonitrile, 
m ethan ol) w ere  purchased  from  C hem pur.

4.1. C hem ical E xperim ents

4.1 .1 . Syntheses of [(n6-p-cym ene)R uC l(bim C O O )] (1) and [(n6-p -cym ene)R u C l2 (bim)] (2 )

C om plexes (1) and (2 ) w ere synthesized by the reaction of [(n6-p-cym ene)R u(p-C l)C l]2 
(0 .1531  g; 0 .25  m m ol) w ith  1H -b en zim id azole-2-carb oxylic acid  (b im C O O H ) (0 .0811  g ; 
0 .5  m m ol) in  a 20  m L  m ixed  solution  (acetonitrile: m eth an ol; 1V: 1V) an d  a few  d rop s  
of w ater. The m ixtu re  w as  h eated  (ca. 6 5  ° C ) a t reflux an d  stirred  for 10 h. A fterw ard s, 
the reaction  solution  w as left to  crystallize slow ly at room  tem p eratu re . A fter a few  d ays, 
yellow  crystals of com plex 1 suitable for X -ray  investigation w as obtained. C om plex 1 w as



filtered off an d  d ried  in a v acu u m  b ox. The p ro d u ct w as collected  w ith  88%  yield , w ith  a 
m elting point of 288 to 289 °C .

A n al. C alc. (% ) for R u C i8H 19N 2C lO 2 : C , 50 .05 ; H , 4 .4 4 ; N , 6 .49 ; Fo u n d : C , 4 9 .8 4 ; H , 
4 .3 7 ; N , 6 .44 ; FT-IR  (c m - 1): 3 0 7 0  (m ), 3039  (w ), 29 6 0  (m s), 2 9 0 6  (m s), 1640  (vs), 1590  (s), 
1530  (s), 1492 (s), 1477  (vs), 1426  (m s), 1391 (v s), 1329  (vs), 1308 (s), 1160 (m ), 1148 (m ), 
1059 (m s), 1028 (vs), 870 (vs), 834 (vs), 747 (vs), 650 (s), 604 (vs), 528 (s). 1H  N M R  (400 M H z, 
D M SO -d6, 5 p p m ): 1 .0 9 ,1 .1 4  (6H , d , (C 21/22H 3)2C 20H , J h 16 = 6 .9  H z); 2 .1 7  (3H , s, C 19H 3); 
2 .71  (1H , m , (C 21/22H 3)2C 20H , Jh 21,H22 = 6 .9  H z); 5 .8 1 -6 .0 6  (4H , C 13H , C 14H , C 16H , C 17H  
(p -cym ene), JH13,H14 = 6 .0  H z , JH16,H17 = 5 .9  H z); 7 .4 9 -8 .0 7  (4H , C 4H , C 5H , C 6H , C 7H  
(ligan d )); 14.01 (1H , s, N -H ) ; 13C  N m R  (100  M H z, D M SO -d6, 5 p p m ): 18 .34  (C WH 3); 
21.72 , 21.78 (C 21/22H 3)2C 20H ); 30.69 (C21/22H 3)2C 20H ); 7 7 .3 0 -1 0 0 .7 0  (C 13- C 17 (p-cym ene)); 
1 1 3 .7 1 -1 4 5 .5 3  (C 2- C 9 (b en zim id azole rin g)); 163 .72  (C 10); 14N  N M R  (50 M H z, 5 p p m ): 
—228.41 (N 3); peff = 0 pB for a low -spin Ru2+ (electron configuration  of 44R u2+ [Kr] 4d 6).

The oran ge filtrate w as left. The slow  evaporation  of the filtrate afforded a v ery  small 
quantity of sm all red crystals (com plex 2 , 9%  yield), one of w hich  w as em ployed for X -ray  
structure determ ination. M elting point: 2 3 1 -2 3 2  °C . Anal. C alc. (% ) for R u C 17H 20N 2C l2: C, 
48 .11 ; H , 4 .76; N , 6 .60; Found: C , 47 .69 ; H , 4 .71; N , 6 .59; FT-IR (cm - 1): 3140 (m s), 3105  (m ), 
3034  (w ), 2970  (m s), 2922 (m s), 1541 (m s), 1489 (s), 1473 (m s), 1415 (s), 1384 (m s), 1305 (m s), 
1246 (s), 1145 (w ), 1058 (m s), 1009 (m s), 891 (m s), 872 (s), 743 (vs), 669 (s), 616  (s), 552 (s), 
522 (s). 1H  N M R  (400 M H z, DM SO-d6, 5 p pm ): 1.18, 1.21 (6H , d , (C 21/22H 3)2C 20H  Jh 16 =
6.9 H z); 2.09 (3H , s, C 19H 3); 2 .84 (1H , m , (C21/22H 3)2C 20H , Jh 21,H22 = 6.9 H z); 5 .6 3 -6 .0 5  (4H, 
C 13H , Q 4H , C 16H , C 17H  (p -cym ene), J h 13,H14 = 6.1 H z , Jh 16,H17 = 5 .8  H z); 7 .2 7 -7 .7 6  (4H , 
C 4H , C 5H , C 6H , C 7H (ligan d)); 8 .38  (1H , s, C 2H ) 13.42 (1H , s, N -H ); 13C  N M R  (100  M H z, 
D M SO -d6, 5 p p m ): 18 .42 (C 19H 3); 2 2 .1 2 , 2 2 .1 9  (C 21/22H 3)2C 20H ); 30 .71  (C 21/22H 3)2C 20H ); 
79 .83-102 .71  (C 13- C 17 (p-cym ene)); 115 .02-146 .32  (C2- C 9 (benzim idazole ring)); 14N  N M R  
(50 M H z, 5 p p m ): —219 .76  (N 3); peff = 0 pB for a low -sp in  R u2+ (electron  con figu ration  of 
44R u2+ [Kr] 4d 6).

4 .1 .2 . P hysical M easurem ents

The p ercen tag e  com p osition s of the elem ents (C , H  an d  N ) of th e syn th esized  co m 
p lexes w ere  d eterm in ed  u sin g  a Vario M icro  C ub e E lem en tal A n aly ser C H N S . The IR  
sp ectra w ere recorded on a N icolet 380 FT-IR type spectrop h otom eter in the spectral range  
4000  to 500 c m - 1 u sing the ATR-diffusive reflection m ethod . N M R  sp ectra  w ere acquired  
u sing a Bruker A vance III in strum ent equipped w ith  a 5 m m , n orm al configuration  probe 
w ith  z -axis g rad ien t cap ability  a t  a  field stren gth  of 9 .4  T o p eratin g  a t 4 0 0 .2 6 , 100 .64  and  
4 0 .5 6  M H z for 1H , 13C  an d  15N  nuclei, respectively, in d6-D M SO  a t 2 5  °C . P ulse w id th s  
w ere calibrated  follow in g the d escrib ed  p ro to co l [5 5 ] . The ch em ical shifts of 1H  an d  13C  
nuclei are reported relative to internal TMS (61H,TMS = 0 ppm  and 6 13C,TMS = 0 ppm ), while 
the chem ical shifts of 15N  nuclei are reported relative to external 90%  C H 3N O 2 in C D 3N O 2 
(615n,CH3n O2 = 0 p pm ). G eneral N M R  experim ental and acquisition details for 1D 1H , 13C, 
13C -D EPT, 15N -IN E P T , an d  selective 1H {1H }-N O E S Y  an d  stan d ard , g rad ien t-selected  2D  
1H {1H }-C O SY, 1H {13C / 15N }-H S Q C , 1H {13C / 15N }-H M B C , an d  f1-d ecou p led  C , H  correla
tion have been previously described [56- 59] for routine spectral assignm ent and structural 
an alysis. F u rth erm o re , 2D  sp ectra  w ere  gen erally  acq uired  u sin g  N U S. The m olecu lar  
m o d elin g  of ligand s u sin g G au ssian  03  [3 6 ] w as co n d u cted  a t the R B 3 L Y P /T Z V P  level 
of th eo ry  for geo m etry  op tim ization  an d  at the R B 3L Y P /C C -P V T Z  level of th eory  for the 
calcu lation  of ch em ical shifts th a t w ere  su bsequ en tly  calib rated  u sin g  the results from  
a set of sm all m olecules w ith  k now n  ch em ical shifts as p er stan d ard  m eth o d o lo g y  [3 7 ] . 
U V -v is  m easu rem en ts in m eth an olic solutions w ere  p erform ed  on  a V -630 U V -v is  sp ec
troph otom eter from  Jasco using 1 cm  cu vettes against m ethanol as reference solutions. All 
absorbance m easurem ents w ere recorded at room  tem perature and the concentrations w ere
3 .09  x  1 0 —5 M  an d  3 .14  x  1 0 —5 M  for ru th en iu m  co m p lexes an d  4 .1 0  x  1 0 —5 M  for the  
ligand . M agn etic  m easu rem en t w as carried  o u t w ith  a m agn etic  su sceptibility  b alan ce  
(S h erw ood  Scientific) a t ro o m  tem p eratu re  b y  G o u y 's m eth o d , u sin g  H g[C o (N C S )4 ] as a



calibrant. The voltam m etric experim ents w ere con du cted  on a M odel M 161E electrochem i
cal an aly zer coop eratin g  w ith  the E A L ab  2 .1  softw are (m tm -an k o, C racow , P olan d). In a  
con vention al th ree-electrod e cell, a  g lassy  carb on  electrod e (G C E) w ith  a 2 m m  d iam eter, 
A  = 0 .0314  cm 2 (M ineral, W arsaw , P olan d ), an d  a platinu m  w ire w ere  u sed  as a w ork in g  
electrod e an d  a co u n ter (au xiliary) electrod e, respectively. The poten tial w as m easu red  
again st the extern al s ilv e r/s ilv e r ch loride reference electrod e (A g /A g C l)  w ith  1 M  N aC l 
solution  (M ineral, W arsaw , P olan d ). To avoid  w ater leakage, the reference electrode w as  
isolated from  the solution by a salt bridge w ith a frit of Victor Glass. Pure argon w as used for 
deoxygenating the solutions prior to voltam m etric investigations. The electrochemical studies 
of the ruthenium(II) com plexes and free ligand w ere carried out in a m ixture of CH 3C N /E tO H  
(3:2, v/v; Chem pur, analytical-grade) w ith  0.1 M  tetrabutylam m onium  hexafluorophosphate  
(TBA PF6)  (Fluka, electrochem ical grade) as a supporting electrolyte. The concentration of the 
ligand and the Ru(II) com plexes for the cyclic voltam m etry  m easurem ents w as 1 x  10—3 M. 
The m easurem ents w ere perform ed at room  tem peratu re (25 ±  1 ° C).

4.1 .3 . C rystal S tructure Seterm ination and Refinem ent (SC-XRD)

F o r the aren e ru th en iu m (II) co m p lexes, sin gle-crystal X -ra y  d a ta  w ere  collected  on  
a STO E IPD S 2T  d iffractom eter, eq uipp ed  w ith  a STO E 6 .6 7  IP d etector. A  X -ra y  M o K a  
radiation  sou rce w ith  a grap h ite m on och rom ato r w as u sed . The d eterm ination  of the unit 
cell an d  diffraction  d ata  collection  w ere  carried  o u t a t 120 K in a stream  of d ry  n itrogen  
(O xford  C ry o S y stem , L o n g  H an b o ro u g h  O X 29 , U K ). The d ata  collection , d a ta  red u ction , 
ab sorp tion  co rrectio n  an d  refin em en t w ere  p erform ed  u sin g  the X -A rea  1 .75 (STO E and  
Cie G m bH , D arm stad t, G erm any, 2015) softw are package [60 ] . The structures w ere solved  
b y  d irect m eth o d s, an d  all n on -h y d ro g en  atom s w ere  refined w ith  an iso trop ic th erm al 
p aram eters by the full-m atrix least squares p roced ure based on F 2 . Final refinem ents w ere  
carried out using the SH ELX system  [61] run under the control of the W inGX program  [6 2 ]. 
W inG X  w as also  u sed  to  p rep are  the final v ersio n  of the C IF files. H y d ro g en  a to m s w ere  
refined in a geom etrically idealized position w ith  isotropic tem perature factors 1.2 tim es the 
equivalent isotropic tem p eratu re factors U eq of their attached atom s (1.5 for C H 3 groups). 
The crysta llo g rap h ic  d a ta  an d  som e details of the stru ctu ral refin em en t are  su m m arized  
in  Table S5. The figures w ere  m ad e  u sin g  D IA M O N D  [63] softw are. C C D C  2 223311  and  
2 223312  con tain  the su p p lem en tary  crystallograp h ic d a ta  for 1 an d  2, respectively. These  
d ata can  be obtained free of ch arge from  the C am b rid ge C rystallograp hic D ata C enter v ia  
h ttp s ://w w w .c c d c .c a m .a c .u k /s tru c tu re s / (accessed  on 30 N o vem b er 2022).

4.1 .4 . H irshfeld Surface A nalysis

M olecu lar H irshfeld  su rface calculations w ere p erform ed  u sing the C rystal E xp lorer  
package ver. 3.1 [64 ] . W h en  the .cif file of the title com p ou nd s w as entered into the C rystal 
E xp lorer p rogram , all of the bond lengths to hydrogen  w ere au tom atically  m odified to the 
standard  neutron values (C H  = 1.083 A). H irshfeld surface analysis included the descriptor 
dnorm an d  the sh ap e  in d ex  [43 ] . The calcu lation s an d  details of an alysis w ere  m ad e  as 
describ ed  in [25 ] . The m olecu lar H irshfeld  surfaces of com p lexes 1 an d  2 w ere gen erated  
using a standard  (high) surface resolution w ith  the 3D dnorm surfaces m ap p ed  o ver a fixed 
color scale of —0.0667  (for 1 ) / —0.432 (for 2) (red) to 1.656 (for 1 ) /1 .4 5 3  (for 2) A  (blue). The 
sh ap e  in dex  w as m ap p ed  in the co lo r ran g e  of —1 to 1 (for 1 an d  2). The co lor en cod es the  
n orm alized  distan ce to the n earest nuclei an d  thus con veniently  illustrates the "stren g th "  
of all typ es of the in term olecu lar con tacts present. In tu rn , the fingerprint plots p rovid e a 
q uantitative m easu re of the interm olecu lar interactions on the surface.

4.2. B io log ica l Tests
4.2 .1 . A ntibacterial A ctivity— M inim um  Inhibitory C oncentration

The in vitro  an tibacterial activ ity  of the free ligand an d  the ruthenium (II) com p lexes  
w as in vestigated  b y  the broth  m icrod ilu tion  m eth od  in o rd er to  d eterm in e the m inim u m
inhibitory con centration  (M IC). The b acteria used in this stu d y  w ere  S taphy lococcu s aureus
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A T C C  6538P, E sch er ich ia  co li A T C C  87 3 9  P seu d om on as aeru g in osa  PA O 1 an d  P seu d om on as  
aeruginosa  LES B58 (clinical isolate). The E. coli ATCC 8739 and S. aureus  6538P  w ere selected  
for m in im u m  inhibitory con cen tratio n  tests d u e to their origin al u se as m od el strains for 
an tim icrob ial testing. The P. aeru g in osa  PA O 1 an d  L E S  B 58 w ere  u sed  b ecau se  of their 
m u ltid ru g  resistance. The P. aeru g in osa  PAO1 an d  LES B58 isolates w ere d erived  from  the  
international P seu dom on as aeru g in osa  reference panel [65] .

The bacteria w ere cultivated in TBS (Trypticasein soy broth) m edium  (Biocorp, W arsaw , 
Poland) for 18 h at 37 °C  w ith  shaking (160 rpm ). O vernight bacterial cultures w ere diluted  
w ith  fresh TSB m ed iu m  a t a  ratio  of 1 :100 . The su sp ensions w ere  p laced  in  the 96  w ells  
of m icrotiter p lates an d  su p p lem en ted  w ith  solutions of th e ru th en iu m  com p lexes o r the  
ligand at concentrations of 1 m M , 0.5 m M , 0 .25 m M , 0 .125  m M  and 0 .0625  m M . A fter that, 
the plates w ere  incubated overn igh t at 37  °C . C ontrol tubes w ere m aintained for each  test 
batch . These in clu d ed : n egative  con trol (b acterial cu ltu re in the m ed iu m  w ith o u t grow th  
inhibitory agent) and p ositive control (antibiotic control— streptom ycin ). C om p ou n d s for 
testing w ere stored as 2  m M  stock  solutions in aqueous solutions w ith  dim ethyl sulfoxide. 
The final concentration  of DMSO did not exceed 2%  by volu m e, and an equivalent volum e  
of DM SO w ith  no com p ou nd  w as ad ded  to the control cultures. It is to be m entioned th at 
DMSO did not show  any traceable antim icrobial activity at the studied concentrations, and  
thus the solvent did not influence the biological activity of the tested com pounds. The MIC  
param eter w as recorded as the low est concentration of the test substance that had no visible 
tu rb id ity  (n o b acterial g ro w th ) w h en  co m p ared  w ith  the con trol, u sin g th e Infinite M 200  
PRO  m icroplate read er (Tecan, M annedorf, Sw itzerland). All experim ents w ere conducted  
in triplicate.

4 .2 .2 . Inhibition of P. aeru g in osa  PAO1 Biofilm Form ation

P seu d om on as aeru g in osa  P A O 1, a m od el strain  for biofilm  form ation  testin g , w as  se
lected  to  in vestigate  the biofilm  inhibition p rocess. C rystal v io let staining w as u sed  to  
evaluate the inhibition effect of the ruthenium  com plexes on biofilms of P. aeruginosa  PAO1. 
Briefly, a  b acterial cu ltu re for biofilm  m easu rem en ts w as in cu b ated  overn ig h t a t 3 7  °C  as 
d escrib ed  in th e p reviou s p arag rap h . The d ilu ted  cell su sp ension  of P. aeru g in osa  PAO 1  
w as p laced  into  the w ells of a 96-w ell m icro titer plate con tain in g  the test co m p o u n d s in  
a con cen tra tio n  ran g e  of 0 .0 6 2 5  m M  to  1 m M  (the ru th en iu m  com p lexes w ere  p rep ared  
b y dissolving com p ou n d s in distilled w a te r w ith  the ad dition  of d im ethyl sulfoxide (2% ), 
w h ich  w as  p revio u sly  tested  for antib acterial activ ity  an d  found to  h av e  n o  antib acterial 
activity. The startin g  stock  solution  w as of 2 m M  con cen tration ). The in ocu lated  plates  
w ere in cu b ated  a t  3 7  °C  for 24  h. The n egative  con trol (b acterial cu ltu re in the m ed iu m ) 
and positive control (antibiotic control— streptom ycin) w ere used as references. A fter 24 h, 
planktonic cells w ere rem oved, and the w ells w ashed thrice w ith  sterile w ater. The biofilm  
w as stained b y  ad d in g  0 .01%  crystal v io let solution  to  w ells for 15 m in. T hen, the plates  
w ere w ash ed  th rice w ith  w ater to  rem o v e  u n b ou n d  crystal violet. The elution  of the d ye  
from  th e biofilm  w as ach ieved  b y  ad d in g  80%  eth an ol into  th e w ells an d  in cu b atin g for 
15 m in at room  tem peratu re. To estim ate total biofilm b iom ass, the optic density of the re
sulting solution w as m easured  at 595 nm  on an Infinite M 200 PRO m icroplate reader. Tests 
w ere perform ed in three independent experim ents. The m easurem ent results, expressed in 
ab sorb ance units, w ere  con v erted  into p ercen tag es to allow  the com p ariso n  of n u m erical 
d ata obtained in different experim ents.

4 .2 .3 . L iv e /D e a d  Staining of the Bacterial Biofilm

The cell viab ility  an d  m orp h olo gical ch an ges of P. aeru g in osa  P A O 1  biofilm  after the  
ruthenium  com plexes treatm ent w as analyzed using fluorescence m icroscop y Initially, the 
P. aeru g in osa  PA O 1 cells w ere  cu ltivated  in  6 -w ell m icro titer p lates on  glass cov erslip s in  
TSB b roth  a t 3 7  °C  for 24  h  w ith o u t shaking. T hen the cu ltu re  w as su p p lem en ted  w ith  
solutions of the stu d y  com p o u n d s (con cen tration : 1 m M ). A fter 2 4  h  incu b ation  a t 3 7  °C , 
th e coverslip s w ere  carefully  w ash ed  w ith  sterile w ater to  rem o v e  n on -ad h eren t cells.



A fterw ard s, m icrocolon ies form ed  on  the glass su rface w ere  stained w ith  a Film T racer™  
L IV E /D E A D ®  Biofilm  V iability K it (In vitrogen , C arlsb ad , C A , U S A ) in acco rd an ce  w ith  
the m an u factu rer's protocol. Im ages w ere collected w ith  an A xio Scope.A 1 epifluorescence 
m icro sco p e (C arl Z eiss, Jen a, G erm an y). The exp erim en ts w ere  rep eated  th ree tim es to  
obtain consistent results.

4 .2 .4 . C ytotoxicity  A ctivity  (MTS A ssay  and A p op tosis Test b y  Flow  C ytom etry)

P rim ary  h u m an  fibroblasts (V H 10) w ere  cu ltu red  a t 3 7  °C  in a hum idified  5%  C O 2 
atm o sp h ere  in p lastic dishes in D u lb ecco 's  m odified  eagle m ed iu m  (D M EM ) su p p le
m ented w ith  10%  heat-inactivated fetal bovine serum , 2 m M  of l-glutam ine and antibiotics 
(100 u n its /m L  penicillin and 100 p g /m L  streptom ycin). A d en ocarcin om a hum an  alveolar 
basal epithelial A 549  cells (ATCC® C C L -185™ ) w ere  p ro v id ed  b y  A m erican  Tissue Cell 
Collection. A 549 cells w ere cultured in F-12K  m edium  (Sigma A ldrich Chem icals, Rockville, 
M D , U S A ) su p p lem en ted  w ith  10%  fetal b ovin e seru m  (Invitrogen , C arlsb ad , C A , U S A ), 
2 m M  L -glu tam in e (Sigm a A ld rich  C hem icals, U S A ) an d  antibiotics (100  u n its /m L  peni
cillin an d  100  p g /m L  strep tom ycin  (In vitrogen , C A , U S A )) a t  37  °C . B oth  cell lines w ere  
cultu red  in a hum idified 5%  C O 2 atm osphere.

C y to to xic  p rop erties of th e ru th en iu m (II) com p lexes w ere  m easu red  b y a M TS Cell 
P roliferation  A ssay  K it (A b cam , ab 197010) in acco rd an ce  w ith  the m an u factu rer 's  in
stru ction s. Cells w ere  seed ed  into  a 96-w ell p late  an d  in cu b ated  w ith  the ru th en iu m  
co m p lexes in the co n cen tratio n  ran g e  of 30  to  1000 pM  for 24  h a t  3 7  °C  in a hum idified  
atm osphere of 5%  C O 2 . A fter incubation, a solution of MTS (3-(4,5-dim ethylthiazol-2-yl)-5- 
(3-carboxym ethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium ) w as added to each well and  
in cu b ated  a t 37  ° C  for 4  h. The m easu rem en t of th e ab sorb an ce of th e solution  related  to  
th e n u m b er of live cells w as co n d u cted  on  a T E C A N  Spark  M icrop late  R ead er (T E C A N , 
M ännedorf, Sw itzerland) at 490 nm . All sam ples w ere tested in three independent exp eri
m en ts. R esults w ere n orm alized  to  the control. Inhibitory con cen tration s (IC50) rep resen t 
the concentrations of the tested sam ples required to inhibit 50%  cell proliferation and w ere  
calculated  from  the m ean  valu es of the d ata from  the w ells.

The A n n exin  V -FITC  ap optosis d etection  test w as u sed  to  confirm  the M TS test. The  
an alysis of ap o p to tic  an d  n ecro tic  cell d eath  w as carried  o u t in th ree in d ep en d en t exp er
im ents acco rd in g  to  the m an u factu rer 's  in stru ction s u sin g  a A n n exin  V-FITC ap optosis  
d etection  K it I (BD  P h arm in gen , Fran k lin  L akes, N J, U S A ) an d  B ecton  D ickinson LSR  II 
flow cytom eter. Briefly, cells w ere suspended in 100 pL of the binding buffer and incubated  
w ith  5 pL of an n exin  V -FIT C  an d  5 pL of p rop id iu m  iod id e (PI) a t ro o m  tem p eratu re  
for 2 0  m in  in  the d ark . The fluorescence w as  d eterm in ed  u sin g  a B ecton  D ickinson LSR  
II flow  cytom eter. A  co m p u ter sy stem  (C ellQ uest P ro , B ecton  D ickinson) w as u sed  for 
d ata  acq uisition  an d  an alysis. D ata for 2 0 ,0 0 0  even ts w ere  stored . A  cell g ate  co n tain in g  
A 549 or V H 10 cells w as established on the basis of forw ard in g and side light scatter. Fo u r  
d ifferent p op u lation s of cells w ere  d etected  w ith  the A n n exin  V-FITC kit: n orm al cells 
th a t w ere  A n n exin -n egative  an d  P I-n egative  an d  th a t exp ressed  n o fluorescence, early  
ap optotic cells th at w ere  A nnexin -p ositive and PI-negative and th at exp ressed  green  fluo
rescence, late ap op to tic /n ecro tic  cells th at w ere A nnexin-positive and PI-positive and that 
exp ressed  green  an d  oran g e  fluorescence, an d  n ecro tic  cells th at w ere  A n n exin -n egative  
and PI-positive and th at exp ressed  oran ge fluorescence.

4.2 .5 . D eterm ination of Stability and Lipophilicity

The solution  stability of the ru th en iu m (II) co m p lexes w as stu d ied  b y  U V -v is  sp ec
troscopy in a m ethanolic solution and in an aqueous solution w ith  the addition of dim ethyl 
su lfoxide (the final con cen tratio n  of D M SO  did  n ot exceed  2 % b y  v o lu m e— conditions  
as in biological stu d ies). The co n cen tratio n s of the p rep ared  solutions of the ru th en iu m  
co m p lexes w ere  1 x  1 0 —4 M . The U V -v is  sp ectra  w ere  reco rd ed  on  a Jasco  630  U V -v is  
spectrophotom eter, after the dissolution of the investigated com pounds, after 2 h, after 24 h 
as w ell as after 48 h , over the w avelen gth  range of 200 to 600 nm .



The lipop h ilicity  of the syn th esized  co m p lexes w as  d eterm in ed  b y  the shake-flask  
m eth o d  [66 ] . Solutions of the in vestigated  co m p o u n d s w ere  p rep ared  a t co n cen tratio n  
of 3 x  1 0 —4 M  in the D M S O + w ater m ixtu re . T hen, an  eq ual v o lu m e of n -octan ol w as  
a d d ed  to  th e ru th en iu m -con tain in g  aq u eou s solutions, an d  the m ixtu res w ere  shaken  
m ech an ically  for 72 h a t ro o m  tem p eratu re . A t th e equilibrium  con dition , th e n -octan ol 
lay er w as sep arated  carefu lly  from  th e w a te r  lay er for th e m etal co m p o u n d  analysis. 
The co n cen tratio n  of the co m p lex  in each  sep arated  p h ase  w as ev alu ated  u sin g U V -v is  
sp ectroscop y  and used for the calculation  p artition  coefficient (log P) valu es, accord in g  to  
th e follow in g equation : log  P  = log([complex]octanol phase/[com plex]Water phase). F o r each  
co m p o u n d , three m easu rem en ts w ere  p erform ed  (the valu es of the log P are the m ean  ±  
stan d ard  deviation).

4.2 .6 . M olecular D ocking Study

The crystal structure of H SA  (hum an serum  album in) in com plex w ith w arfarin  bound  
to the binding site I (PDB ID 1H 9Z [6 7 ]) w as dow nloaded from  Protein D ata Bank (PDB) [68 ] . 
The initial geom etries of th e stu d ied  R u 2+ com p lexes w ere  tak en  from  the final .cif files. 
The protein and ligand structures' preparation and generation of 2D interaction m aps w ere  
co n d u cted  u sin g  the M aestro  12 .7  p ro g ram  [6 9 ] . M olecu lar d ock in g  exp erim en ts w ere  
p erform ed using G O LD  2021 .3 .0  (Genetic O ptim isation for Ligand D ocking) softw are [7 0 ]. 
The region  of b in din g  site I w as  defined in a w a y  to  in clu d e all of its resid u es w ith in  the 
docking sphere, centered at Trp214 (w ith a radius of 15 A). The num ber of genetic algorithm  
runs w as set to  20  for each  com p ou n d . The G O LD score scoring  function  [71] w as u sed  in 
this stu d y to assess the obtained poses. W arfarin w as re-docked as a reference ligand. Data 
obtained from  m olecular docking w ere analyzed and visualized  using PyM O L [72] .

4 .2 .7 . Statistical A nalysis

S tatistical an alysis w as  p erfo rm ed  u sin g  o n e-w ay  an alysis of v arian ce  (A N O V A ). 
Significance w as set at p  < 0.05.

5. C o n clu sion s

W e h ave d evelop ed  a p ro ced u re  for the synthesis of R u(II) co m p lexes w ith  a b en z
im id azole d eriv ative , w h ich  allow s us to  obtain  tw o aren e com p o u n d s of this m etal w ith  
th e follow in g form u las: [(n6-p -cym ene)R u C l(b im C O O )] an d  [(n6-p -cym en e)R u C l2(bim )]. 
The com p lexes w ere ch aracterized  by crystal stru ctu re, spectroscopic and electrochem ical 
techniques. In b oth  com p ou n d s, the geo m etry  arou n d  the Ru(II) ion is pseudo-tetrahedral. 
P ack in g  an alysis p oin ted  o u t th at th e in term o lecu lar classical h y d ro g en  b ond s an d  rare  
w eak  in teraction s (su ch  as trifu rcated  C -H  •Cl in teraction ) significantly con trib u te to  
stru ctu re  stabilization  an d  p layed  a d ecisive role in th e su p ram o lecu lar arch itectu re  and  
th e ap p lication  of th e exam in ed  co m p lexes. M oreover, the sp ectroscop ic d a ta  p resen ted  
correlate well w ith  the structural p aram eters observed. Electrochem ical results pointed out 
th at the ruthenium  ions are in a +II oxidation state and th at the com plexes exhibit reducing  
prop erties. Such valuable properties can  be useful related to a m echanism  of action in bio
logical structures. R uthenium  is considered an iron hom ologu e, w hich  suggests its affinity 
to cancer cells. It is very  im portant for transp ort in a biom em brane to com bine lipophilicity  
an d  h yd rop h ilicity  in on e co m p o u n d . In tu rn , tran sp o rt in biological m ed ia  cou p lin g  
w ith  m olecules w ith  an im portan t biological function could allow  targeted  chem otherapy. 
A lth ou gh  the cy to to xicity  p aram eters  for ru th en iu m  co m p lexes, related  to  the A 5 4 9  line, 
are not the best, m olecu lar docking studies suggests th at both exam ined Ru(II) com p lexes  
are cap able of in teractin g  w ith  H S A  an d , potentially, m ay  be d istrib uted  b y this p rotein  
in  th e h u m an  circu lato ry  system . The bin din g w as  con firm ed  u sin g  m o lecu lar d ock in g  
stu d ies th at revealed  th e b in din g  site of R u  com p lexes an d  the typ e of b on d in g, as w ell 
as th e residu es an d  fu n ction al grou p s in volved  in th e b inding. A ren e R u(II) com p lexes  
bind exclu sively  to site I of H SA  th rou gh  w eak  h ydrogen  bonds, hydrophobic con tacts or 
arom atic ring interaction w hich  are the p rim ary  forces stabilizing the p rotein -ligan d  com -



plex. Biological studies show  that the antibiofilm activity of com plex 2 tow ard  P seudom onas 
aeruginosa  PAO1 strain is rather m edium  but better than for com plex 1. M oreover, the EFM  
m icrop hotograp hy reveled m orphological and structural changes of the P. aeruginosa  PAO1 
biofilm , w hich  w ere  the result of the form ation of cell aggregates.
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